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bBasic Research and Development Program
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This volume contains the proceedings of the Second International Conference on Drug
Research in Immunologic and Infectious Diseases: AIDS. The conference, which was
organized under the auspices of the New York Academy of Sciences and the National
Institutes of Health, was dedicated to recent advancements in drug research and
treatment of the acquired immune deficiency syndrome (AIDS). The topics discussed
include the latest developments in design and synthesis of anti-HIV agents, their
preclinical and clinical investigation, and new therapies involving both known and
experimental drugs and vaccines against AIDS and AIDS-associated opportunistic
infections. At the conference, leading experts on AIDS shared their views and expecta-
tions of how to meet the challenge to society posed by this disease and how to combat
most effectively what now appears to be a truly global epidemic.

Current statistics indicate that whereas tens of thousands of cases in five continents
have been reported to the World Health Organization, in reality, hundreds of thousands
of additional cases still remain unreportzd and thus represent a threat to society. In
addition, there are an estimated 5 to 10 million more people worldwide who are
infected with HIV but who show no symptoms of the disease. It is from this pool of
asvmptomatic carriers that the virus undoubtedly will be transmitted to many thou-
sands of healthy individuals. If not resolved quickly, the social, economic, and political
impacts of AIDS will create an enormous burden on society.

The aim of the conference upon which this Annal is based was to bring together
scientists from all areas of drug research— from design and synthesis to preclinical and
clinical evaluation. It is hoped that such an interdisciplinary approach will provide an
impetus for the examination and exchange of knowledge, helping to generate new
insights and ideas that will set new directions for future AIDS research. To this end.
we gratefully acknowledge the contributions of the two guest speakers, Anthony S.
Fauci (National Institute of Allergy and Infectious Disease, NIH) on the immuno-
pathogenesis of HIV infection, and Gary R. Noble (Centers for Disease Control) on
the epidemiology of the AIDS epidemic. Their excellent presentations were certainly
well-appreciated by the large audiences attending their lectures.

We trust that this volume will not only serve as a useful resource for both established
investigators and new researchers in the field, but will also facilitate the understanding
of those areas that are still not well-understood. Qur aim is to encourage scientists to
explore new avenues in their search for novel and more effective drugs against AIDS.

In conclusion, we would like to express our gratitude to the Conference Committee
and the Conference Department of the New York Academy of Sciences for their help
in organizing this conference, and to the Editorial Department of the Academy, which
saw the proceedings to print.
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Acquired Immune Deficiency
Syndrome (AIDS)

Progress in Drug Research and Therapeutic
Potential

VASSIL ST. GEORGIEV %¢ AND
JOHN J. MCGOWAN?4

“Pennwalt Corporation
Fhiladelphia, Pennsylvania

bBasic Research and Development Program
Division of AIDS
National Institute of Allergy and Infectious Diseases
National Institutes of Health
Bethesda, Maryland 20892

The human immunodeficiency virus (HIV) is the causative agent of the acquired
immunodeficiency syndrome (AIDS). The virus is classified as member of a rare but
highly organized group of retroviruses that possess, in addition to frans-acting cellular
genes, their own set of regulatory elements.' After invading the human body, HIV will
gradually erode the ability of the immune system to resist various pathogens, thus
making the patient increasingly vulnerable to a number of opportunistic infections and
cancers. With the lack of any meaningful treatment, death from AIDS will occur
within 2 to 4 years of its clinical diagnosis.

Currently, three major ways of transmitting AIDS are known: by sexual intercourse.
by transfusion of contaminated blood or sharing of tainted needles, and through one's
progeny. Although presently very small, the risk of contracting AIDS through occupa-
tional exposure by health care workers is still real and should not be overlooked. In
general, high-risk groups for HIV infection include: (a) homosexual and bisexual men
as well as heterosexuals who maintain sexual contacts with HIV-infected persons; (b)
intravenous drug abusers who share needles; and (c) patients receiving blood transfu-
sions or clotting factors. In the latter case, the thorough screening of blood supplies
for HIV antibody would, essentially, eliminate the risk of infection. Because of better
education about prevention, the spread of AIDS among homosexual and bisexual men
is believed to have leveled off. However, transmission of the virus to newborn infants
by HIV-infected mothers (most likely intravenous drug abusers) has been on the rise.

¢ Address for correspondence: Division of Life Sciences, Orion Research and Technologies Corpo-
ration, P.O. Box 463, Tampa, FL 33601-0463.

9 Address for correspondence: National Institute of Allergy and Infectious Diseases, NIH, 6003
Executive Blvd., Room 247P, Bethesda, MD 20892.
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Although early cases of AIDS in the United States have largely been identified with
adult male population, in many underdeveloped nations men and women have been
equally affected by the syndrome.

Current information indicates that, worldwide, through March 1989, 146,569 cases
of AIDS from 148 countries have been registered with the Global Programme on AIDS
at the World Health Organization (WHO/GPA). In reality, however, literatly hundreds
of thousands of additional cases remain unreported, thus representing an awesome
threat to society as one continuing source of spreading AIDS. This is true not only for
the United States but also for Europe and especially for developing nations of Asia and
Africa where the AIDS epidemic is taking devastating proportion. 3ecause of lack
of access to health-care and proper (or limited) disease surveillance, in Latin America
alone 50% of all AIDS cases are usually not reported, whereas in many African
countries only one in every five or ten cases is believed to be reported. According to
estimates by WHO/GPA, presently there are over 450,000 cases of AIDS worldwide,
and between 5,000,000 and 10,000,000 more people are infected with the virus but
showing no symptoms of the syndrome. It is from this pool of asymptomatic carriers of
HIV that the virus would, potentially, be transmitted to many more healthy individuals.
Again, WHO/GPA estimates that within the next five years, approximately 1,000,000
new cases of AIDS can be expected. If not resolved in proper time, the social, economic,
and political impact of AIDS will create an enormous burden on any society. The lack
of an effective vaccine or anti-H1V drug, coupled with the high cost of present treatment
available and a fatality rate of over 90% after four years from the time of clinical
diagnosis, would be hard to contain and control not only in the advanced nations of
the industrialized world but even more so in the economically poor and underdeveloped
countries of the Third world. These are grim statistics that not only illustrate the
seriousness of the problem of AIDS but that also serve as a reminder that this problem
is still with us and will stay with us for some time to come before it is resolved.

A schematic representation of HIV is depicted in FIGURE 1. Two glycoproteins,
gp120 and gp41 are embedded in the lipid bilayer. gp120, which is the major extracellu-
lar envelope glycoprotein, is located over the coat, whereas the gp4] transmembrane
glycoprotein passes through the coat. Within the outer coat there is a protein core
containing the two stranded viral RNAs and the reverse transcriptase (RT) enzyme.

Structurally, the HIV genome (F1G. 2) encodes all of the proteins required for
retrovirus replication; that is, the four capsid proteins derived from the gag gene, the
three enzymes (protease, reverse transcriptase, and endonuclease) derived from the pol
gene, and the major exterior glycoprotein and transmembrane protein, both derived
from the env gene. In addition, the HIV genome was found to possess at least five other

FIGURE 1. Schematic depiction of
HIV. gp120 = major extracellular en-
velope glycoprotein; gp41 = transmem-
brane envelope glycoprotein; p24 =
major core antigen; pI8 = myristylated
gag protein; RT = reverse tran-
scriptase.
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FIGURE 2. Structure of the HIV genome.’

accessory genes, namely, sor. 3'orf, tat, trs (also known as art), and the R gene.! All
of the HIV genes are immunogenic and therefore able to trigger the production of
corresponding antibodies. Among the HIV genes, sor is a unique protein that is not
only critical for the formation of infectious particles,’ but together with the envelope
proteins determines the infectivity of the virus particles. The rar gene product, on the
other hand, seems to activate the expression from the long terminal repeat (LTR) at
both transcriptional and posttranscriptional stages and is considered absolutely essen-
tial for the viral reproduction.’

As with other retroviruses, the replication cycle of HIV (FiG. 3) is regulated by
cellular factions. In addition, the expression of HIV is facilitated by a complex regula-
tory pathway involving virus-encoded genes.'

The immunosuppressive effect associated with HIV is largely based on its ability
to destroy a subpopulation of T lymphocytes, the host CD4 helper cells. It is thought,
however, that the immunosuppressive action of HIV is controlled by at least two of its
accessory genes, ¢rs and 3'orf, which may serve as down-regulators of the viral expres-
sion. From an evolutionary standpoint this is understandable inasmuch as such func-
tions would be directly related to the need for the virus to preserve (or at least delay)
the destruction of the host T cells in order to promote its own replication cycle and
survive. Therefore, the viral survival would necessitate a symbiotic existence with the
host cell for at least some period of time.' Alternatively, there is experimental evidence
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suggesting the opposite: some environmental agents have been actually shown to en-
hance HIV expression uy stimulating thc transcription from viral LTR.? * Also, Sieke-
vitz et al.® have reported that some rrans-activating genes [such as those of the human
T-cell lymphotropic virus type I (HTLV-I) and perhaps of HTLV-II] were capable of
trans-activating HIV transcription. Because HIV, HTLV-1, and HTLV-II may also
attack the same host cells and because coinfections with these viruses are known to
exist among some risk groups. trans-activation of HIV expression may become a factor
of great practical relevance.'
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FIGURE 3A. Virus replication cycle. Left panel: early phase of infection (establishment); right
panel: late phase of infection (expression).’

It is postulated that initially, the human immunodeficiency virus infects the mono-
cyte, producing chronic or latent infections without destroying the cell.® Subsequently.
the infected monocyte by acting as an antigen-presenting cell may come into contact
with an antigen-specific CD4 lymphocyte. During the antigen-induced activation, the
CD4 cell will bind the monocyte-processed viral antigen, causing monocyte-derived
interleukin-1 (IL-1) to interact with the CD4 cell. The activated T lymphocyte will
become highly ansceptible to infecti~n by HIV, which, in turn, is being released in large
numbers by the already infected monocyte (F16G. 4).* The gp120 envelope glycoprotem
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FIGURE 3B. HIV budding from a T lymphocyte (electron micrograph by Tom Folks. NTH).
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of HIV that binds to the CD4 receptor of the CD4 helper cell is crucial to the entry
of the virus into the host cell.” It is clear that HIV, which appears to elude the human
immune system through a highly variable envelope, cannot afford to vary the gpl120
domain that recognizes and binds to the CD4 complex of the T lymphocyte.
Research on HIV directed towards the prevention and treatment of people suffering
from AIDS has led to a renewed interest in antiviral drug development in academic,
private, and governmental sectors. The work presented at the Second International
Conference on Drug Research in Immunologic and Infectious Diseases, Acquired
Immune Deficiency Syndrome (AIDS) is a culmination of research efforts aimed at the
rapid identification of new potential therapies fo- the treatment of HIV infection. New
anti-HIV drugs have been identitied by the design, application, and implementation of

Antigen Ant igen Receptor

Class Il MHC Molecule

.

M4 Camplex

=
<

FIGURE 4A. A hypothetical model for the antigen-specific T-cell defect in AIDS:” M. virus-
infected monocyte/macrophage: T, antigen-specific T4 lymphocyte.

HIV molecular biology either to rational drug screening programs or through targeted
drug design and development programs.

The successes and failures of candidate drugs for HIV treatment in both kinds of
programs will be discussed in detail by invited speakers. In particular, this volume
presents detailed discussions on points in the viral replication cycle that have been
targetad for attack (F1G. S).

The HIV reverse transcriptase and protease have been the maost intensively studied
viral targets for the development of anti-HIV drugs. These two enzymes are attractive
targets since their specificities for HIV replication are unique compared to analogous
proteins found in the human cell. In addition, a large base of information on the reverse
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transcriptase and protease of other animal retroviruses or human cells is available.
Knowing the differences between the viral and cellular enzymes would lead to the
design of drugs that are specific for the virus and less toxic to the host cell.
Considerable progress was made by the early identification of drugs such as 3'-
azido-3'-deoxythymidine (AZT, zidovudine). Zidovudine was the first drug discovered
and shown to be effective in blocking HIV in cell cultures as well as in animals and
humans infected with the virus. The rapid clinical development and licensure of AZT
have established criteria by which other nucleosides are compared for efficacy and
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toxicity in hoth preclinical and chaical studies. Already novel nucleosides that have
potentially more desirable characteristics to treat HIV infections have been identified
(e.g. AzDU, D4T, ddl, and BCH-189). It is hoped that each of these new drugs
will possess a wide cytotherapeutic index, high bioavailability, a broad spectrum of
antimicrobial activity, an ability to cross the blood-brain barrier, and a more convenient
dosing schedule. It is important that the AZT-resistant viral solates are not cross-
resistant towards the new anti-HTV drugs.

With regard to HIV protease, the three-dimensional structure of the enzyme is
already known, and inhibitors have been identified by several research groups. It s
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expected that HIV protease-specific inhibitors will enter clinical trials within the next
year.

Viral attachment as a potential target for anti-HIV therapy has been most aggres-
sively pursued. First generation drugs have been produced and shown to block viral
attachment. Of particular interest is the use of a portion of the cellular receptor for the
virus (CD4 protein) as a therapy. Recombinant production of soluble CD4 is aimed
primarily at preventing viral attachment. Second generation molecules of soluble CD4
linked to toxins or antibodies were reported capable of not only blocking the viral
attachment but also of targeting and killing those cells already infected with HIV.

The HIV reverse transcriptase, the protease, and viral attachment are but three of
the attack points in the HIV replication cycle. Other targets in the viral life cycle that
hold promise in controlling HIV replication in people with AIDS wiil be the subject
of discussion by various contributors to this volume.

Because of their impaired immune responses. patients with AIDS are subject to
attack by various opportunistic pathogens. With the reclassitication of Preumocysiis
carinii as a member of the fungi, fungal infections now account for over 30 of all
opportunistic infections, a major factor for morbidity and mortality in the acquired
immune deficiency syndrome. The obligate intracellular parasite Toxoplasma gondii is
another leading cause of opportunistic infection among AIDS patients. As compared
to immunocompetent hosts, treatment of such infections in immunocompromised pa-
tients is often inadequate. difficult to manage, and may require a long-term therapy in
order to mamntatn remission. In recent vears, pernamidine has been increasingly used
as the drug of choice in the treatment of pneumocysiic pueumonia. In the case of
toxoplasmosis and other parasitic infections, combination therapy with antifolate drugs
and sulfonamides (or trisulfapyrimidines) is considered the most efficient today. With
the exception of amphotericin B, the majority of systemic antifungal agents are azole
compounds that act by the fungistatic mechanism of action. Current efforts are directed
at the discovery of less toxic and fungicidal antimycotic drugs with a broad spectrum
of activity. Various pentamidine analogues are also being synthesized in order to
broaden their activity. These and other aspects of drug development and therapy m
the area of opportunistic infections in AIDS patients will be discussed at length by a
number of authors in this volume.

Our hope is that the present .4nnal will serve as a forum for discussion and sharing
of knowledge and experience. Novel directions for future research, it is hoped. will
emerge as a result of it.
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PART I: RATIONAL TARGETS FOR DESIGN AND SYNTHESIS OF ANTI-HIV
AGENTS

Structure-Function Studies of HIV
Reverse Transcriptase®

VINAYAKA R. PRASAD AND STEPHEN P. GOFF

Department of Biochemistry and Molecular Biophysics
College of Physicians and Surgeons
Columbia University
New York, New York 10032

Reverse transcriptase (RT) plays a central role in the retroviral life cycle, copying the
genetic information in the genomic RNA into a double-stranded DNA form. The
process of DNA synthesis is complex, involving several steps unique to the viral life
style and not normally occurring in host cellular processes.! Soon after infection and
entry into a cell, the reverse transcriptase enzyme begins the synthesis of a complemen-
tary DNA copy of the viral genome using a cellular tRNA as a primer. During
DNA synthesis, the RNA genome of the RNA.DNA duplex is degraded by a special
ribonuclease activity, termed RNAse H, associated with the reverse transcriptase mole-
cule. As synthesis of the first strand of DNA occurs, a portion of the RNA that is
resistant to RNAse H cleavage—the so-called polypurine tract—serves as primer for
the synthesis of the second strand of the DNA. This process requires the DNA-
dependent polymerase activity of the RT enzyme. Thus, RT is a multifunctional protein
consisting of RNA-dependent DNA polymerase, DNA-dependent DNA polymerase,
and ribonuclease H activities.?

Due to the pivotal role of RT in retroviral replication, the enzyme is an attractive
target for antiretroviral therapy.’ To develop better drugs targetted to RT, we need to
understand the structure and function of this enzyme and the organization of the
various catalytic domains on the molecule. We have initiated a series of genetic studies
directed towards delineating the various functional domains of HIV RT.

BACTERIAL EXPRESSION OF HIV-1 RT

The RT enzyme of all retroviruses is synthesized as a part of a large gag-pol
polyprotein precursor that is initially translated and incorporated into assembling
virions. During the maturation of virion particles, the gag-pol polyprotein is processed
by the viral protease into its individual components. The mature RT of different viruses
shows considerably different structures (Fi1G. [). The murine and feline retroviruses
encode a simple monomeric enzyme, produced by complete cleavage of the precursor.
The avian viruses encode a heterodimeric enzyme consisting of a large beta subunit

2This work was supported by Public Health Service Grant 1 UO1 AT 24845 and by a Grant from
the American Foundation for AIDS Research.
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MuLV | 1 | | 1

ALV |

.

HIV [ | 1 1

P51

FIGURE 1, Biosynthesis and structure of various reverse transcriptase enzymes. Schematic
structures of the gag-pol precursor and the mature RT derived by proteolysis for each of the three
major classes of retroviruses are shown. Boxes with heavy outlines denote the gag and pol regions:
thin vertical lines mark the boundaries in the pol gene products between the PR, RT, and IN
domains. (S. P. Goff.? With permission from the Journal of AIDS.)

and a smaller alpha subunit. The larger subunit is formed by incomplete cleavage
between the RT and IN domains of the precursor. The HIV enzyme is also a hetero-
dimer, but of different structure: the RT domain is separated from the PR and IN
domains by complete cleavage but then undergoes an additional cleavage in one of its
two subunits near the C terminus, forming a 66 kDa suburit and a 51 kDa subunit.
Thus, the two polypeptides of the HIV-1 RT, the p66 and p51 kDa proteins, share a
common N terminus and differ at their C termini.**

Although all of these enzymes have been isolated from virion particles, only very
limited quantities can be obtained. To facilit - the isolation of large quantities of
enzyme, we have expressed the RTs of Moloney murine leukemia virus (M-MuLV),*
of the HIV-1,” and of simian immunodeficiency virus (SIV) 251mac (Prasad and Goff,
in preparation) in bacterial expression systems. In each case, we overexpressed the pol
region of the relevant virus as a fusion protein with a fragment of the bacterial trpE
enzyme in E. coli. The large polyprotein encoded by the HIV fusion gene, in crude
extracts, displayed the characteristic Mg® * -dependent RNA-directed DNA polymerase
activity of HIV RT. This construct was then subsequently optimized by removal of pol
sequences flanking RT to produce a highly active and very stable fusion protein that
corresponds to the p66 version of the HIV RT found in the virions.? All the subsequent
mutagenesis studies were performed on this construct.

DOMAIN STRUCTURE OF HIV REVERSE TRANSCRIPTASE

We wished to localize the RNA-dependent DNA polymerase and RNAse H activi-
ties of HIV-1 RT. We resorted to linker insertion mutagenesis of HIV RT as a robe
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of the domain structure of the protein. To introduce defined localized alterations in
the HIV RT molecule, we created a battery of in-frame Eco RI linker insertion mutants
at various positions along the RT coding region.’ A total of 21 distinct mutations with
net insertions ranging in length from 6 to 24 base pairs were obtained and mapped
(F1G. 2). To test the variants for enzymatic activity, cultures of E. coli containing each
mutant plasmid were starved for tryptophan to induce expression of the fusion protein,
and the cells were harvested and lysed. Crude lysates were assayed for the stable
accumulation of fusion protein by SDS polyacrylamide gel electrophoresis and then
for the level of RNA-dependent DNA polymerase and ribonuclease H activities.

Testing Mutants for DNA Polymerase Activity

The RNA-dependent DNA polymerase activities were measured on homopolymer
substrates (poly(rC) primed with oligo(dG)) with magnesium as the divalent cation.
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FIGURE 2A. Positions of linker insertion and deletion mutations and the effects of these muta-
tions on DNA polymerase activity of HIV RT. The line at the top represents the sequences of
the HIV pol gene encoding the p66 RT (nucleotides 2583-4262 of clone HXB2. numbered from
the left edge of the left LTR). The position of each triangle indicates the position of a linker
insertion mutation; the size of the insertion in base pairs is indicated in parentheses. Lower lines
indicate the structures of proteins encoded by various deletion mutants; boxed areas represent the
retained sequences. The level of DNA polymerase activity demonstrated by each mutant is
indicated by the shading of the triangle or box, ranging from wild-type (white) to inactive (black).
as keyed at the bottom of the FIGURE.
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The results showed that most insertions mapping to the N-terminal part of the protein
abolished DNA polymerase activity, whereas most mapping to the C terminal part did
not (F1G. 2). These results are similar to those obtained for the M-MuLV RT," and
they suggest that the DNA polymerase function is similarly localized to the N-terminal
region. There were several exceptions, however, to this general behavior. For HIV RT,
we noticed several mutations in the N-terminal region that did not have any effect on
the polymerase function. Furthermore, the boundary between the two domains was
only poorly defined.

To confirm the localization of the polymerase domain to the N-terminal region, we
created a series of deletion mutants from the linker insertions. Analysis of these mutants
showed that the C-terminal region could be trimmed away substantially without loss
of polymerase activity; specifically, constructs that include only the N terminal 50 kDa
of the RT protein retained the activity. These results suggest that the p51 subunit of
natural RT contains sufficient sequence information necessary for polymerase function
and therefore should be active. Deletions that intruded further into the pS1 region
abolished polymerase activity. Thus, as for the M-MuLV RT, virtually all of the N-
terminal region of the protein is essential for DNA polymerase activity.

One mutant with an unusual phenotype was obtained. This mutation, AS, a 6 base
insertion located in the presumed RNAse H domain, profoundly affected the polymer-
ase function. Deletions of the entire C-terminal region spanning this mutant, however,
displayed wild type levels of activity. Therefore, this mutation showed a sort of domi-
nant disruptive effect on the polymerase domain in the context of the complete p66
molecule.

Testing Mutants for RNAse H Activity

In an attempt to localize the RNAse H domain, we assayed all the mutants for
RNAse H activity using an in situ gel electrophoresis assay.'' Radiolabeled RNA in
RNA.DNA hybrid form was uniformly distributed in the gel matrix of a polyacryl-
amide gel before polymerization, extracted proteins were applied and fractionated by
electrophoresis, and the enzyme was allowed to renature and digest the substrate in
the gel. Active species were identified by their ability to form zones of clearing in the
uniform label, visualized by autoradiography. In this assay, the protein is initially
denatured and must renature to recover an active site. As was found for the murine
enzyme,'® most insertions in the C-terminal region eliminated the RNAse H activity,
whereas many insertions in the N-terminal region had little or no effect on the activity
(F1G. 2B). The results are consistent with the notion that much of the C-terminal region
is important for the RNAse H activity. Many mutations in the N-terminal region did
affect the RNAse H activity, however. Thus, we conclude that alterations in many
parts of the RT protein, at both N and C termini, can affect the recovery of this activity.
Deletions of the N-terminal region, which we expected to express the RNAse H domain
separately, abolished the RNAse H activity (F1G. 2B). This result suggests that, at least
in the context of this expression system, the RNAse H domain requires the full protein
for its proper folding or for its activity.

In summary, the mutagenesis studies have showed that the N-terminal 50 kDa of
the p66 subunit of HIV-1 RT is necessary and sufficient for the RNA-dependent DNA
polymerase function. A number of insertions in this region are tolerated, however. In
addition, one mutation, localized in the C-terminal region dispensable for polymerase
activity, was found to affect the polymerase function. Such “folding™ mutants may be
useful for genetic reversion studies. The studies have also shown that the RNAse H
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function was often affected by mutations in the C terminal 15 kDa region. Interestingly,
many insertions in the N-terminal region also abolished the RNAse H activity. Further-
more, efforts to localize the RNAse H domain by N-terminal deletions were unsuccess-
ful. These studies indicate that the RNAse H domain is dependent on the N-terminal
domain either for folding or for its activity.
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FIGURE 2B. Effects of linker insertion and deletion mutations on RNAse H activity HIV RT.
The levels of RNAse H activity of each mutant, as judged from the in situ gel assay. are indicated
by the shading. (Prasad & Goff.” From Proceedings of the National Academy of Sciences USA.)

In Situ COLONY SCREENING FOR HIV RT

Linker insertion mutagenesis studies coupled to biochemical analyses have helped
us understand the gross localization of the polymerase and RNAse H domains. To
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obtain further insights, however, into the organization of the polymerase domain—the
spatial arrangements of binding sites for various substrates, viz., dNTPs, primer and
template RNA, and DNA —it would be helpful to be able to carry out more extensive
genetic studies. For instance, the isolation of intragenic second site revertants of the
linker insertion mutants would be of great help. The identity and position of the change
present in the revertant often reveal important features of a protein and can pinpoint
sites of contact between regions located at a distance in the primary sequence of the
protein. To isolate such pseudorevertants, it is necessary to examine a lzrge number of
clones arising after mutagenesis, selecting or screening for an active variant. Because
a biological selection for HIV RT is not available, we developed a screening technique
for HIV RT."?

The screening method is based on the detection of the enzymatic activity of HIV
RT expressed in bacteria, in situ, in a replica of the colonies. We begin with the HIV
RT expression plasmid in bacteria grown on ordinary petri plates and prepare a lift of
the colonies on a nitrocellulose filter. The expression of the fusion protein is induced
in situ in the colonies on the filter, followed by lysis of the bacteria in the colonies and
immobilization of the proteins released. The filter is then directly incubated in RT
reaction cocktail, yielding an assay for the synthesis, on RNA templates, of radioac-
tively labeled complementary DNA. The labeled reaction product is retained on the
filter until fixation and is detected by autoradiography.

Methods were devised for inducing the expression of the enzyme, lysing the bacteria,
and fixing the proteins present within each colony onto nitrocellulose filters. The
detailed procedure is as follows (FIG. 3): Bacteria carrying the HIV RT expression
plasmid were plated on M9 plates with casamino acids (5 mg/mL) and tryptophan (20
pg/mL) to form about 10 colonies per 10 cm dish. After incubation at 37°C for 12-14
h, at a time when the colonies were still very small (diameter <1 mm), the colonies
were lifted onto nitrocellulose filter circles, and the filters were placed, colony side up,
on M9 plates containing casamino acids but lacking tryptophan. The colonies were
incubated for 2 h at 37°C. The filters were then transferred to M9 plates containing
casamino acids plus 10 ug/mL 38-indole acrylic acid, and the colonies were incubated
an additional 6 h at 37°C to induce the tryptophan operon. The filters were then placed,
colony side up, on 0.4 mL drops of lysozyme solution, and then on detergent solutions
to lyse the bacteria. The proteins were linked to the filters under a hand held UV torch
set at long wavelength for 10 minutes. Then the filters were soaked in a solution of
bovine serum albumin to saturate nonspecific binding sites. The excess debris was
removed by washing the filters overnight. The filters were soaked for 30 min in RT
reaction mixture containing template and primer but lacking triphosphates, and then
the reaction was initiated by transfer of the filters to RT mixture containing triphos-
phates (10 uM [a-?P]dGTP; 1 Ci/mmol) and was allowed to proceed for 30 min at
room temperature. Finally, the filters were fixed in 10% trichloroacetic acid, air-dried,
and exposed to X-ray film for 3-4 hours. An autoradiogram of a typical screening is
shown in FIGURE 4.

The success of this protocol is partly due to the fact that under the conditions in
which the HIV RT activity is assayed, the endogenous DNA polymerase | enzyme is
not active. The DNA polymerase I of E. coli displays RNA-dependent DNA polymer-
ase activity in poly(rA)-oligo(dT) template primers with manganese as the divalent
cation. In this procedure, however, the HIV RT is assayed with poly(rC)-oligo(dG),
with magnesium as the source of divalent cation.

Several applications of this technique can be foreseen: (1) isolation of second-site
revertants of linker insertions of HIV RT; (2) isolation of drug-resistant variant reverse
transcriptase molecules; (3) isolation of enzymatically active hybrid RT molecules,
starting with overlapping, inactive fragments of RT genes from different retroviruses,




PRASAD & GOFF: HIV REVERSE TRANSCRIPTASE 17

forcing homologous recombination in bacteria to form active recombinants. We will
discuss below our efforts to achieve some of these goals.

ISOLATION OF INTRAGENIC REVERTANTS

We first applied the in situ screening method to the isolation of an intragenic
suppressor mutation capable of restoring activity to an inactive mutant of HIV-1 RT."?
The procedure involved in vitro mutagenesis of a selected inactive mutant to generate

grow coloniles
<107 /dish

!

replicate to o o
nitrocellulose o ©

move filter to plate lacking trp

move filter to plate lacking trp, with lAA
soak in YEMD clus lysozyme, 20 mg/mi; 30 min
soak in TEND plus NP40, 0.4%; 15 min

'

UV irradiate 10 min
block filter with BSA
wash filter overnight in detergent

|

incubate in RT cocktail w/o dGTP, 30 min
incubate in RT cocktail plus dGTP, 30 min
fix, dry, expose for autradiography

FIGURE 3. Flow chart for the in situ screen for HIV RT activity in bacterial colonies. (Prasad
& Goff."? With permission from the Journal of Biological Chemistry.)

a pool of random mutations, followed by screening among the collection of mutagenized
clones for the presence of a rare, active variant.

We selected the mutant AS as parent because this mutant has an interesting pheno-
type (see above): the mutant shows very low DNA polymerase activity (about 1% of
wild-type), though the only change is an insertion in the C-terminal domain. The ability
of this mutation to affect the polymerase function despite its localization in the RNAse
H domain indicates an interaction of the RNAse H domain with the upstream sequences
in some way. The mutant plasmid was subjected to mutagenesis with ethyl methanesut-
fonate (EMS), and the pool of mutant plasmids was transformed into HB101 and
plated for screening. Upon screening 50,000 colonies, one revertant was obtained.
This revertant, termed ASrev, displayed 10-20% of the wild-type level of activity, a
significant increase above that of the original mutant. Analysis of fusion protein encoded
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by the mutant plasmid showed a 100 kDa protein, much smaller than the parental 110
kDa protein. Examination of the ASrev DNA by restriction analysis showed no gross
rearrangement or deletions, and the Eco RI site of the A5 was retained in the ASrev.
The results suggest that a small change made in the RT sequence resulted in a shorter
and more active protein.

To identify the region in which the second genetic change had occurred, we gener-
ated hybrid constructs containing various regions of the A5 and ASrev clones. In one
pair of constructs, the HIV RT insert region was exchanged between the two clones
(ex] and ex2); in another pair the small fragment downstream of the Eco RI site was
swapped (ex3 and ex4). Bacteria carrying each construct were grown and induced for
the expression of the hybrid protein, and lysates were assayed for the RT activity. The
increased RT activity of the ASrev correlated with the HIV RT sequences and not
with the vector; the critical area was the small region 3’ to the insertion.

To identify the mutation precisely, we determined the nucleotide sequence of clone
ASrev in the vicinity of the original A5 mutation. A single nucleotide change, a C to
T transition, was fourd just 3 of the original insertion (Fi1G. 5); all the remaining
sequences matched that of the parent. The new base change resulted in the conversion
of a glutamine codon into a terminator codon. The encoded protein would be 79 amino
acids shorter than the parental protein, the missing residues accounting for loss of
about 9 kDa, in good agreement with the observed shift in the migration of the ASrev
protein.

The result, first, supports our initial finding that the C terminus is not essential for
prlvmerase activity. Second, it suggests that the original A5 mutation blocks polymer-
ase activity only when present in the full RNAse domain. It is noteworthy that the
truncation occurred 3’ to the parental linker insertion mutation; the ASrev protein
actually retains the inserted amino acids present in the AS parent, residues that in the
context of the whole protein were profoundly inhibitory. This suggests that they could
act to reduce the activity strongly only when embedded in the complete C-terminal
domain. We have previously described a similar mutant, A23, in this region in the M-
MuLV RT;'” when the two genes are aligned, the HIV A5 and M-MuLV A23 mutations
map only 8 residues apart. Thus, this region of RNAse H domain mav be able to
interact with the polymerase domain in several different RT enzymes.

ISOLATION OF DRUG-RESISTANT HIV RT VARIANTS

Recent reports of isolation of AZT-resistant HIV variant viruses from patients
receiving therapy against AIDS have important implications in the design of treat-
ments.'? It has been shown that these AZT-resistant viruses contain specific genetic
alterations in the RT gene.'* Therefore, it appears that during replication, mutations
are introduced into the genome that can confer selective growth advantages to the
virus. Rare variants containing an appropriate mutation in the reverse transcriptase
gene produce an altered enzyme that can function in the presence of a nucleoside
analogue inhibitor. The strong selection operating in patients receiving long-term ther-
apy would favor the growth of the resistant variant.

We have employed the in situ screening assay for HIV RT in combination with in
vitro mutagenesis to isolate drug-resistant reverse transcriptases. The technique involves
the mutagenesis of the HIV RT expression plasmid to generate a pool of random
mutations and then to screen several thousand colonies for enzymatic activity in the
presence of inhibitory concentrations of nuclenside analogue drug. In our initial studies
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we employed dideoxyguanosine triphosphate as the inhibitor, and by screening approxi-
mately 50,000 colonies, we obtained one clone exhibiting significantly higher activity
in the presence of the inhibitor than the wild-type enzyme (Prasad and Goff, in prepara-
tion). The mutant enzyme was found to exhibit a normal specific activity in the absence
of the inhibitor and to be capable of extensive synthesis. Tests of the enzyme in standard
assays showed that it was indeed altered in its sensitivity to ddGTP; the concentration
required for half-maximal inhibition was approximately 10-fold higher than for the
wild-type enzyme. Further analysis of this mutant should allow us to determine the
nature and location of the mutation responsible for the resistance and to test the mutant
for cross-resistance to other compounds.

The ease with which resistant enzymes such as this one are isolated bodes ill for
the developmemt of drug resistance in patients undergoing treatment with simijlar
antiviral compounds.

SUMMARY AND CONCLUSIONS

The retroviral RT is properly under intensive study as the major target of antiviral
therapy. The enzyvme exhibits a number of features that make it an attractive target: it
is crucial for viral replication; its RN A-dependent DNA polymerase activity is probably
unique to viral replication, or if not unique, is generallv unimportant in host cell
function: its activities are readily monitored; and powerful lead compounds in the form
of nucleotide analogues are already in hand. Our laboratory has been involved in studies
to elucidate the structure and function of the HIV-1 RT and to develop a formal
genetics of the enzyme. Working with constructs expressing RT in bacteria, we have
been able to use in vitro mutagenesis to localize functions on the molecule; by coupling
mutagenesis with high-throughput screening of colonies, we have been able to isolate
mutants with specific, rare, phenotypes. We oeieve tnat eaensiois of these efforts will
help us to understand the functions of the protein and, coupled to a detailed three-
dimensional structure, should facilitate the development of new and better inhibitors.
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Subsequent to the discovery of the poicat activity of 3'-azido-3'-deorythymidine (AZT)
against human immunodeficiency virus (HIV)," dideoxynucleoside analogues as a class
were discovered to possess anti-HIV activity.® As a result. we and many other institu-
tions embarked on research programs directed towards the identification of nucleoside
analogues with optimal therapeutic potential. The disclosure that AZT is not only
efficacious in patients with AIDS® but is also substantially texic* provided additional
momentum to this research. Finally, the recent report of AZT resistance® provided a
further urgency to the search for new therapeutic agents. A major portion of our
research has been focused on the synthesis and evaluation of compounds in the pyrimi-
dine series, analogues of 2-deoxycytidine and thymidine. Comparative studies led to
the selection of 2,3’ -didehydro-2,3'-dideoxythymidine (D4T) as a candidate for clinical
development.

RESULTS AND DISCUSSION

Cytidine analogues prepared included 2'-fluoro-2°,3'-dideoxycytidine (FddQ), 3'-
hydroxymethyl-2',3'-dideoxycytidine (HMddC), and 2’,3’-didehydro-2’,3'-dideoxycyti-
dine (D4C), which were evaluated in comparison to 2’,3'-dideoxycytosine (ddC).’Fi1-
GURE 1. The synthesis and evaluation of FddC has been reported by three other

“Present address: Gilead Sciences, 346 Lakeside Dr.. Foster City, CA 94404,
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groups.*® We prepared FddC by deoxygenation and amination of 1-(2-deoxy-2-
fluoro-B-p-arabinofuranosyluracil (FAU).® The novel analogue HMddC. not pre-
viously reported in the literature, was synthesized from a ribose homologue precursor.™”
Our evaluation of D4C was carried out in a collaborative effort with Dr. Lin and
Professor Prusoff of Yale University.'"'* Other groups have reported on the anti-HIV
activity of D4C,"* the synthesis of which was first described by Horwitz

The in vitro antiviral potencies of the cytidine analogues are compared to that of
ddC in TABLE 1. where IDy, is the 50% inhibitory dose. Although all were found to
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FIGURE 1. 2-Deoayey tidine analogues

be active against HIV, none of these analogues showed a potency comparable to that
of daC. HMddC is unique among the compounds discussed 1 this article i that 1t
exhibited in vitro activity against herpes simplex virus types 1and 2 (HSV 1 and HSV
2) and human cytomegalovirus (HCMV), Because severe herpesvirus infections are a
common consequence of the immunosuppression in AIDS patients, such a broad
spectrum activity may offer an intriguing therapeutic opportunity

Because these cytidine analogues were found to be less active than ddC in vitro
against HIV, they might offer a more narrow therapeutic index. The clinical evaluation
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TABLE 1. Antiviral Activity of Cytidine Analogues

1Dy, pg/mL
Compound HSV 1 HSV 2 HCMV HIV
FddC — — —_ 0.6
D4C ~ - _ 0.4
HMddC 2.8 1.4 1.7 0.6
ddC — — — <0.05

of ddC has been difficult because of the dose-limiting toxicity of peripheral neuropa-
thy.'® The lack of a predictive animal model for this toxicity is of concern when
considering the further evaluation of the less active cytidine analogues. Therefore, we
turned our attention to the evaluation of thymidine derivatives. Inasmuch as AZT was
already proven efficacious,” our goal was to identify a substance that would rely on the
same enzymes for its metabolism but have an improved therapeutic index.

The *hymidine analogues chosen for comparison with AZT were D4T and FddT,
FIGURE 2. Like D4C, the substance D4T was identified through the collaboration with
Yale,'>17!® and others have also noted the activity of D4T.!*!* Although a synthesis of
DA4T has been known for some time,’® we optimized the earlier route'® and then
developed new approaches®’ to allow for the efficient preparation of this substance.
Our evaluation of FddT?? followed the observation of its activity by the Max-Planck
Institute.?* Several other reports of the activity of FddT also have been published.***

In vitro data have shown that D4T and AZT have comparable potency against
HIV, but FddT was at least tenfold more potent.?* Against human bone marrow stem
cells, D4T was substantially less toxic than the other two thymidine analogues.?® These
results led to the prediction that D4T would be less likely than the other two analogues
to show dose-limiting bone marrow suppression.

In order to follow up on the in vitro observation that D4T might not be as toxic to
bone marrow stem cells, the thymidine analogues were evaluated in a one month mouse
studv.?® The three substances were given orally to mice once a day for 30 days. The
dose levels were 100, 250, 500, and 1000 mg/kg/day. AZT and FddT did show similar
spectra of hematopoietic toxicities. With FddT, these toxicities occurred at a much
lower dose than with AZT, indicating that FAddT may not have a therapeutic advantage
over AZT. By contrast, the dose-limiting toxicity of D4T in mice was hepatotoxicity,
which was observed at a higher dose level than bone marrow toxicity due to AZT.
Because D4T has an in vitro antiviral potency comparable to that of AZT, these results
indicated that D4T might offer a sup rior therapeutic index relative to AZT and led
to the decision to evaluate this thymidine analogue further in clinical trials.

Because no animal model is available that would be predictive for clinical efficacy,
biochemical and pharmacokinetic studies were initiated in order to provide a scientific
basis for the clinical development of D4T. These studies were carried out to furnish
predictions for efficacious dose levels and dosing frequescies. The biochemical studies
were performed to compare the cellular metabolism of D4T with that of AZT. To exert
an antiviral effect these substances are first enzymatica'ly phosphorylated in cells to
their corresponding triphosphates, which then block vir 1s replication by inhibition of
the viral enzyme reverse transcriptase. Inasmuch as triphosphates of D4T and AZT
were shown to be comparable inhibitors of reverse transcriptase, ' predictions of efficacy
covld be derived by comparing the levels of triphosphate metabolites in cells.
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AZT had already been shown to be rather inefficiently metabolized to its corres-
ponding triphosphate because the conversion of the mono- to the diphosphate pro-
ceeded poorly.?” This led to excessive accumulation of AZT monophosphate. Recent
results have shown that the cellular pharmacology of D4T differs favorably from that
of AZT.2® The rate-limiting step in D4T metabolism is the initial phosphorylation to
the monophosphate, and unlike AZT, excessive quantities of D4T metabolites do not
accumulate in cells. In large quantities, such metabolites could interfere with normal
cellular metabolism, a phenomenon that has been postulated to be responsible in part
for the toxicity seen with AZT.”

Another important feature of the cellular metabolism of D4T is that the level of DAT
triphosphate increases in proportion to the concentration of the nucleoside analogue
incubated with the cells. This contrasts with AZT where the monophosphate increases
in a dose-proportional manner, but the level of triphosphate remains relatively constant.
Because the active form of a nucleoside drug is the triphosphate, these results predicted
that D4T would be more likely to provide a clinical benefit proportional to dose
administered.

A final point is that the triphosphates of both D4T and AZT have long intracellular
half-lives (3.5 hours).*® This result lead to a prediction that dosing less frequently than
the 5 or 6 times a day currently used for AZT could have utility.?®?° To gain the benefit
of less frequent dosing, more drug would be given per dose; therefore, the possibility
of less frequent dosing for D4T depends on the proportion of the triphosphate formed
in cells relative to the dose administered.

Differences in the celiular pharmacology between D4T and AZT have been observed
by others* and recently extended in experiments carried out at St. Jude Children’s
Research Hospital, TABLE 2. CEM cells were incubated with D4AT or AZT over a
concentration range of 5 to 50 uM and the levels of metabolites measured. Qver this
range, the concentration of D4T triphosphate (D4T-TP) produced increased frem 5.5
to 22.5 pmol/10° cells. By contrast, the amount of AZT triphosphate (AZT-TP)
produced was lower and relatively constant, 2.5 to 3.2 pmol/10° cells. Additionally,
AZT monophosphate (AZT-MP) accumulated to excessive levels whereas D4T mono-
phosphate (D4T-MP) did not.

Before initiating pharmacokinetic studies, the stabilit; of D4T was assayed in acidic
solutions inasmuch as instability could lead to poor or variable oral bioavailability. In
spite of the allylic acetal functionality in the D4T sugar that might be expected to be
acid-sensitive, this compound was found to be quite stable at pH 2, a result recently
observed by others.™!

0 0 0
CH CH CH
HN 3 HN 3 H 3
N N '

H HO! HO

0 0 9
F N3
D47 FddT AZT

FIGURE 2. Thymidine analogues.
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TABLE 2. Metabolism of D4T and AZT in CEM Cells

pmol/10° cells of metabolite at nucleoside concentrations in uM

Metabolite 5 10 25 50
D4T-MP 1.7 33 6.6 11.5
D4T-TP 55 7.3 14.5 22.5
AZT-MP 165 261 465 742
AZT-TP 2.5 29 3.1 32

Pharmacokinetic studies were carried out in mouse, rat, dog, and monkey by Russell
et al.*23% The oral bioavailability of D4T in the rat was found to be 98%, and the
pharmacokinetic parameters were similar to that of AZT. In the mouse, D4T and AZT
were shown to cross the blood-brain barrier to about the same extent. Most important
was the discovery that D4T, unlike AZT, was not glucuronidated in the dog or monkey.
Because AZT is glucuronidated in humans, this result led to the prediction that D4T
would have a greater oral bioavailability and area under the curve (AUC) in humans
than does AZT.

The phase I clinical trials of D4T were initiated recently. The compound is being
evaluated at dosing intervals of 6 and 8 hours. Some initial pharmacokinetic data
are now available and summarized in TABLE 3. These results have confirmed the
prediction??3 that the oral bioavailability (F, %) of D4T would be greater than that
of AZT, 86% and 65%, respectively.* The AUC for D4T is also approximately
fourfold that seen with comparable doses of AZT. Inasmuch as D4T and AZT have
similar in vitro antiviral potencies, these pharmacokinetic data indicate that a therapeu-
tic benefit might be achicved with D4T at lower doses. These favorable results have
led to the decision to include lower doses and less frequent dosing (twice a day) in the
phase I studies.

The limited clinical experience to date has provided some preliminary indications
of efficacy at doses as low as 2 and 4 mg/kg/day. These doses are lower than the
therapeutic doses for AZT. The prediction that bone marrow toxicity would not be the
dose-limiting toxicity did prove accurate. The major toxicity seen to date, however,
has been peripheral neuropathy, which was not predicted. Because this toxicity has
now also been observed with ddC'® and ddl,* peripheral neuropathy appears to be an

TABLE 3. Human Pharmacokinetic Data on D4T

Patient | Patient 2

Parameter Lv. p.o. LV, p.o.
dose, mg 70.5 280 69 250
Crnan” pg/mL 1.31 376 1.38 5.22

o 0.75 1.50 1.00 0.50
Thae” b 1.09 1.11 1.03 1.26
AUC, h.ug/mL 222 7.60 2.07 6.55
F. % 86 87

“ Maximal concentration.
" Time that maximal concentration is achieved.
* Elimination half-life.
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adverse effect common to this class of compounds. Research on the mechanism by
which dideoxynucleoside analogues induce this toxicity is important to enable develop-
ment of predictive assays for the peripheral neuropathy. These assays could then be
used to enable selection of new compounds for clinical development.

The selection of DA4T as a clinical candidate was based on comparative preclinical
studies with other dideoxynucleoside analogues, including AZT. These studies also led
to successful predictions for the evaluation of this substance in humans. The results of
the ongoing clinical studies with D4T are expected to provide useful information for
feedback into our preclinical research process to help improve the correlation between
preclinical data and clinical efficacy and safety.
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The enzyme reverse transcriptase (RTase) of the human immunodeficiency virus type
1 (HIV-1) is an attractive target for the treatment of AIDS"? because of its role in the
introduction of the viral genetic material into the genome of the host cell. The retroviral
RTase displays transcriptase, RNase H, and DNA-polymerase activity in producing
DNA from the viral RNA template. Nucleoside analogues have long been known as
antiviral agents because of their ability to interfere with DNA synthesis by inhibiting
DNA polymerases. It is therefore not surprising that the first effective agent against
HIV-1 was the nucleoside analogue 3’-azido-3'-deoxythymidine** (AZT, retrovir, zido-
vudine) and that much effort in AIDS research has been focussed on the search for
more effective analogues.’® No rational approach to the design and development of
these analogues has emerged, however. Large numbers of analogues have been synthe-
sized and tested, but very few have been proven to be viable candidates for clinical
testing, either for lack of activity or for excessive toxicity. Much effort has been devoted
to compounds that lack the 3'-hydroxyl substituent of the natural nucleoside because
they can act as chain terminators after incorporation into the DNA chain being formed.
Although chain termination by AZT has been demonstrated, however, it has not been
fully established that it is an essential requirement for activity or that, alternatively,
binding of the inhibitor to RTase, at least temporarily blocking the active site, is
sufficient for activity.

The design of RTase inhibitors is complicated by the intricate process of drug
activation, the need for selectivity for RTase over other DNA polymerases, the lack of

%This research was supported in part by Grants RR-05761 (P. Van Roey), AI-26055, and Al-
25899 (C. K. Chu and R. F. Schinazi) of the National Institutes of Health, DHHS, and the
Veterans Administration (R. F. Schinazi).
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knowledge of properties of the active site of RTase or other polymerases, and the
conformational fiexibility of the nucleoside molecule. The nucleoside analogues need
to be converted to their respective 5'-triphosphate nucleotides by nucleoside and nucleo-
tide kinases of the host cell.'" Different enzymes are involved in the phosphorylation
of nucleosides with different bases. Hoe ef al.!! have shown that the rates of phosphory-
lation differ for nucleosides with different bases, leading to differences in apparent
RTase activity because of differences in the pool size of the 5'-triphosphates rather
than in RTase binding efficiency. Therefore, structure-activity studies of the nucleosides
need to take the phosphorylation process into account.

Because of the large number of nucleoside analogues synthesized and tested and
the extensive literature on the conformational properties of nucleosides, the database
required for structure-activity studies is available. FIGURE 1 shows the basic template
and numbering scheme of pyrimidine nucleosides. The nucleoside analogues that have
been studied most thoroughly as potential anti-HIV-1 drugs include various 2',3'-
dideoxyribose,'? 2'3’-didehydro-2’,3'-dideoxyribose,'* and 3'-substituted 2’,3’-dideoxy-
ribose'* analogues of thymidine, uridine, 5-alkyluridine, 5-halouridine, cytidine, adeno-

FIGURE 1. Schematic diagram showing the essen- ?2\ /6
tial components and numbering scheme used for the O Nt
description of thymidine and uridine analogues.

’

05/—‘5 7 04/ X
\4// \1/
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sine, inosine, and guanosine. Other analogues with modified ribose moieties include
compounds in which a methylene group replaces O4''* or where oxygen or sulfur is
substituted for C3'.'¢ More novel compounds are adenallene and cytallene,'” shown in
FIGURE 2,where the ribose ring is replaced by a rigid allene group. Closely related
compounds from this list can differ greatly in anti-HIV-1 activity levels."® The 2',3’-
dideoxy and 2',3’-didehydro-2’,3’-dideoxy analogues of thymidine, adenosine, and cyti-
dine are very active but not those of uridine. 2’,3’-Dideoxy analogues of 5-ethyluridine,
5-halouridine, 5-aminouridine, inosine, and guanosine are active but much less so.
2',3"-Didehydro-2’,3'-dideoxyguanosine and inosine have poor activity. The 3’-azido
derivatives of 2',3’-dideoxyuridine,3’-deoxythymidine,2’,3'-dideoxy-S-ethyluridine, and
2',3'-dideoxycytidine are more active than their unsubstituted analogues. Other 3'-
substitutions of thymidine or uridine have very different effects: the fluoro derivative
is very active but the activity of the other 3'-halo compounds decreases with size of the
substituent. 3’-Amino, cyano, methoxy, and alkyl analogues are inactive. TABLE 1 lists
the potency and toxicity determined in vitro in infected peripheral blood mononuclear
cells (PBM) for the 2',3’-dideoxypyrimidine and 3'-substituted 2',3'-dideoxypyrimidine
analogues for which the crystal structures are available.
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| O;:<N / FIGURE 2. Schematic diagram of the rigid analogue
HoC 4, / cytallene.
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Substantial modification of the base reduces the activity, which is not surprising
given the base specificity of the nucleoside and nucleotide kinases. Many compounds
with identical sugar moieties but different natural bases, however, are often similar in
activity. For example, 2',3'-dideoxythymidine, -cytidine, and -adenosine are all very
active. For 3'-substituents two effects can be observed: highly electronegative substitu-
ents enhance and electropositive substituents reduce the activity. This would suggest
that one should be able to correlate the effect of the substitutions with the activity
differences. The goal of our study is to determine if these activity properties can be
correlated with conformational features of the nucleoside. This would then become a
parameter in the rational approach to the design of new compounds. The study of the
causes for the toxicity and the specificity for RTase over DNA polymerases of the host
cell are, however, beyond the scope of the present study.

No detailed structural information, such as the active site geometry or details of the
protein-substrate interactions, is presently available for the nucleoside and nucleotide
kinases or for RTase. In the absence of detailed information about the mechanisms of
action of the various kinases, one must assume that the active sites are similar, except
for the area that accommodates the base, that the mechanisms of phosphorylation are
similar, and thus that the intermediate state and binding conformations of the ribose
part of the substrates are to be similar. The basic assumption of this analysis is that,

TABLE 1. Potency (EC,,, 50% efficiency) and Toxicity (ICs, 50% inhibitory
cytotoxicity) in Infected PBM Cells of the Nucleoside Analogues Included in This
Study

R, R; ECy (kM) ICy (M)
2’,3’-Dideoxynucleosides
Uridine ddU H H 96.8 ND?
Thymidine ddT CH, H 0.17 > 100
5-Ethyluridine dd U CH,CH, H 4.90 > 100
Cytidine ddC H H 0.011 ND

3'-Substituted 2’,3’-dideoxynucleosides

Azido uridine N,ddU H N, 0.18-0.46 1000
Azido thymidine N,ddT CH, N, 0.002-0.009 200
Azido S-ethyluridine  N,dd U CH,CH, N, 0.056-1.00 1000
Propylene uridine peddU H CH,-CH=CH, > 100. ND
Fluoro thymidine FddT CH, F 0.0089 > 100
Amino thymidine NH,ddT CH, NH, > 100. > 100

2 Not done.
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among closely related nucleosides, those that most easily adopt the ligand conformation
will be preferentially phosphorylated. This would build a larger pool of 5'-triphosphates
of these compounds, leading to apparent higher RTase inhibition activity without
necessarily better RTase interaction. This would require this ligand conformation to
be a low energy conformation of the nucleoside. The conformations observed in crystal
structures are low energy conformations, within the limitation of the crystal con-
straints—an environment that is determined by favorable intermolecular interactions
such as hydrogen bonds and hydrophobic contacts. The high flexibility, especially of
the ribose ring, of the nucleoside molecules is well-documented.'™ 2! Barriers to rotation
between different low energy conformations often do not exceed 5 kcal/mole. This
conformational freedom precludes conclusions from a single crystal structure because
packing effects may influence the conformation, but analysis of a larger sample of
compounds should indicate trends that certain conformations may be favored.

RESULTS

Nucleoside Conformation

The conformations of nucleosides and their analogues have been extensively re-
viewed by Sundaralingam,'® by Saenger,?* and by Pearlman and Kim.?’ Structural data
are available from X-ray crystallographic studies of more than two hundred nucleoside
analogues, NMR studies, and molecular energy calculations. The three parameters that
are essential for the description of the nucleoside conformation are the geometry of the
glycosyl link between the base and the ribose ring, the rotation about the exocyclic
C4'-C5’ bond, and the puckering of the ribose ring. FIGURE 3 illustrates the definitions
of the three parameters. The torsion angles y (C2-N1-C1°-04’) and -y (C3'-C4'-C5'-
0O5") describe the orientations of the base and the 5’-hydroxyl group relative to the ribose
ring. The puckering of the five-membered ribose ring is a continuous displacement of
one (envelope) or two atoms (twist) out of the plane of the others. This puckering can
be described by two parameters:*? the pseudorotational phase angle P, which depends
on all endocyclic torsion angles and indicates which atoms are displaced out of the
plane and the direction of the displacement, and the maximum torsion angle v
which corresponds to the magnitude of the displacement.

Detailed analysis of the preferred conformations has led to the following observa-
tions: (1) Glycosyl link: preference for an anti conformation —180<y < —115° in
pyrimidine analogues with high anti (x = —60°) allowed for purine analogues. These
conformations are preferred over syn conformations in which the base would have
possible steric contacts with the ribose ring. (2) Ribose ring puckering: two conforma-
tions are preferred: C3'-endo (0 < P < 18°) and C2'-endo (162 < P < 180°). Endo
and exo refer to displacement of the atom above or below the plane of the other
atoms in the five-membered ring, respectively. 2'-Deoxyribose analogues have a strong
preference for C2’-endo. These preferences are in general caused by steric effects of the
substituents and the gauche effect.>* (3) O5'-hydroxyl group: three possible orientations
have been observed: ap, +sc, and —sc, with y angles of approximately 180°, 60°, and
—60°, respectively. Pyrimidine analogues have a strong preference for +sc, whereas
purine analogues are about cqual ap or +sc. All three conformational parameters are
correlated, the strongest link being between the glycosidic link and the ring puckering:
C3¥-endo with —180 < x < —138°and C2"-endo with — 144 < y < —115°

max®
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Observed Conformations of Anti-HIV-1 Nucleosides

TABLE 2 lists the conformational parameters for ten compounds studied by X-ray
crystallograpliic analysis and that are included in this analysis. The set includes four
2',3'-dideoxypyrimidings, three active and one inactive, and six 3'-substituted 2',3'-

o4 x o4
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o4 05 of od
b) \I \ 4 \
05 BASE s BASE
ko S
c3—c2 c3—C2' C3—-C2'
+5C ap -sC

<)
C

5 3 N
ENVELOPE N\ A~ /e
O > v

C3tendo 4

Csy N
C2lendo |\ A S
43 v
G5 N
t_
C3'-exo >v02-’-1’/ €
Y
TWIST s Ny
C3-endo N\ _AQ 2
C2'-exo 4 Y

FIGURE 3. Definition of (a) the glycosyl link (angle x), (b) rotation about the C4'-C5" bond
(angle x), and (c) the ribose ring puckering (angle P) of nucleosides.

dideoxypyrimidines, four active and two inactive. Details of the crystal structure analy-
sis of these compounds have been published elsewhere.?*2¢ Many of these compounds
crystallize with two or four independent molecules in the asymmetric unit. Theretore,
there are seven independent observations of the 2’,3'-dideoxypyrimidines and 13 obser-
vations of 3'-substituted 2’,3’-dideoxypyrimidines. FIGURE 4 shows histograms for all
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three parameters for the nucleoside analogues included in this study compared with
those of all 2'-deoxyuridine and thymidine analogues found in the Cambridge Crystallo-
graphic Database.” Inasmuch as only one 2',3'-dideoxypurine analogue (adenosine)
has been included in our study so far, this analysis will be focused on pyrimidine
analogues.

Two anti conformations are observed for the glycosyl link: one group of seven
observations have a x angle of approximately — 125°, and the other 12 have a y angle

TABLE 2. Conformational Characteristics of Nucleoside Analogues Used in This
Study?

Compound Activity X 4% P

2'.3'-Dideoxynucleosides

ddC 0.011 —~156.9 164.5 208.2 E
ddT A 0.17 -1702 63.5 12.8 T
B —128.9 66.0 166.0 I
ddu 96.8 —~163.5 177.9 7.2 ST
dd.U A 49 —129.7 —78.2 186.8 ST
B —167.4 57.8 12,5 ST

3'-Substituted 2',3'-dideoxynucleosides

N.ddT A 0.002 —1244 50.9 174.9 T
B —1736 173.4 215.3 ST
N,dd.U A 0.56 ~129.9 54.0 169.3 T
B —170.8 175.1 203.3 E
C —108.8 48.6 168.5 ST
D -170.6 49.6 209.6 E
N, ddU 0.18 —~159.8 57.3 176.3 ST
PeddU > 100. —161.6 179.4 15.8 E
FddT A 0.0089 —~153.2 51.9 175.2 ST
B —149.4 50.6 176.3 ST
C —137.6 483 173.5 JT
D —129.5 45.8 171.1 ST
NH,ddT > 100. —~167.4 57.0 3.8 T

“ Letters A through D following the compound name indicate multiple independent molecules
observed in the crystal structure. In the last column, codes E and T refer to envelope or twist
conformations. Superscript or subscript number refers to endo and exo, respectively, for example,
,'T means C2'-exo/C3 -endo twist.

of about — 165°. The former conformation is more common than the latter. No direct
correlation between this conformation and biological activity is observed.

The orientation about the C4’-C5’ bond is primarily +sc (13 observations), but the
ap conformation is more populated (5 observations against only one for —sc) than
expected on the basis of previous observations. The ap conformation appears to be
observed mostly when the pseudorotation angle P is greater than 180°.

A correlation between the deoxyribose ring puckering and the biological activity
becomes apparent when the sample of compounds is reviewed. Although for 2'-deoxy-
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active
a) =

B3 mnactive
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T
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FIGURE 4. Histograms showing comparisons of the characteristics of the molecular conforma-
tions of the nucleoside analogues inciuded in this study compared with those of other 2'-deoxyuri-
dines and thymidines in the Cambridge Crystallographic database: (a) glycosyl link, (b) C4'-C¥
rotation. and (¢) ribose ring puckering. Analogues included in this study are indicated by hori-
zontal shadings (active compounds) or crossed diagonal shading (inactive compounds). Note the
large number of X angles in the range of 150 to 175° and especially the large number of active
conformations with 170 < P < 220° and inactive compounds with0 < P < 20"
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£
i

FIGURE 5. Stereodiagrams showing the typical conformations of active (N,ddT) and inactive
(peddU) anti-HIV nucleosides: (a) overlap of both conformations of N.ddT (AZT) (molecule A

bold, molecule B fine), (b) PeddU (bold) overlapped on N.ddT molecule A, and (¢) peddU
overlapped on N.,ddT molecule B.
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pyrimidines one would expect to find most conformations mn the C2"-endo/C3'-exo
twist conformation (P = 162°), tlere is a strong tendency among active compounds
towards C3’-exo envelope (P = 198°) or the extreme C3'-ex0/C4'-¢ndo twist conformia-
tions (P > 198°). Furthermore, the three inactive compounds 2,3’ -dideoxyuridine. 3 -
(propyl-2-ene)-2',3’-dideoxyuridine (peddU), and 3'-amino-3'-deoxythymidine have the
opposite C3'-endo conformations. Only two of the 16 observations of active compounds
have this conformation: one of the two observations of 3’-deoxythymidine and one of
the two observations of 2’,3'-dideoxy-3-ethyluridine. FIGURE 5 shows the comparison
of the molecular conformations of the most and least active compounds included in
this study: AZT and peddLl. These stereodiagrams show the mclecules superiniposed
by the least-squares fitting of the respective N1.C1',C2’, and O4’ atoms, thereby empha-
sizing the differences in the ribose ring puckering.

F

FIGURE Sc. See legend on p. 16,

DISCUSSION

Effect of Conformation on Molecular Properties

The active anti-HIV-1 nucleosides studied show a strong preference for a C3'-
exo sugar ring conformation with a tendency towards the unusual C3'-exo/C4'-endo
conformation. Associated with this extreme sugar ring conformation is a tendency to
a glycosyl link geometry (x ~ — 170°) that nearly eclipses Ct »f the base with Q4 of
the ribose ring and an ap C5-05’ orientation. Taylor et al.** have demonstrated, on the
basis of molecular mechanics calculations, that these C3'-exo conformations are the
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minimum energy conformations for the 3-azido compounds. Their analysis of the
factors®® involved in promoting the C3’-exo conformation, especially in 3'-substituted
analogues, has indicated that highly electronegative substituents, such as the azido and
the fluoro groups, promote the C3'-exo conformation because of a gauche-effect™
interaction of the 3’-substituent with O4'.

The conformation of the deoxyribose ring determines the relative location »f the
substituents. Specifically, C3'-exo and C3'-endo conformations place the C4'-substituent
in axial and equatorial positions, respectively. This severely a{lects the distance between
CS and N1 of the base, as can be seen in FIGURE 6, and the direction of the C5'-O%’
bond. The closer contact between C5’ and N1 in the C3-exo confurmation may be held
responsible for the destabilization of the +sc conformation about the C4'-C5’ bond.

Significance for Anti- HIV-1 Activity

The phosphorylation of nucleoside analogues is known to be essential for their
activity as RTase inhibitors. More efficient phosphorylation of one nucleosidc may be
crucial to the activity of that compound because it allows the formation of a pool of

FIGURE 6. Ribose ring conforma-
tions of (a) N.ddT. C3'-exo and (b)
ped2U, Cl3-endo. illustrating the
effect of the ribose ring puckering on
the relative positions of the base and
the C§' substituent.

aj C3 EXO v {3 ENDO

5'-triphosphate substrates for RTase. We have determined that active analogues have
a tendency to adopt a specific conformation, namely C3'-exo with a trend towards the
unusual C4'-endo/C3’-exo twist conformation. It may well be that this conformation.
which is a low energy conformation, is close to the conformation required for binding
to the active site of the nucleoside kinases, thereby facilitating phosphorylation of these
analogues over those that do not readily adopt this conformation. This preferred
conformation differs mainly from the standard 2’-deoxynucleoside conformation by
influencing the location of the 5'-hydroxyl group relative to the rest of the molecule:
C5’-axial and an ap conformation about the C4'-C5’ bond. This is consistent with other
results. Studies® of rigid analogues of adenosine monophosphate have indicated that
the ap conformation ot the C4-C5' rotation is favorable for phosphorylation. [he allene
analogues of adenosine and cytidine are active anti-HIV compounds'™ and are known
to require phosphorylation for activity. The minimum energy conformations of these
rigid analogues most closely mimic the C3'-exo conformativit with an ap C4'-C¥
conformation.

On the basis of our results, the development of a rational approach to the design
of new potentially active anti- HIV-1 nucleosides would need to be based on the search
for compounds that have the C3'-exo conformation as a low energy conformation and
that have the O5'-hydroxyl group in the up conformation.
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HIV-1 Protease as a Potential
Target for Anti-AIDS Therapy

THOMAS D. MEEK AND GEOFFREY B. DREYER

Department of Medicinal Chemistry
Smith Kline Beecham Pharmaceuticals
King of Prussia, Pennsylvania 19406

Human immunodeficiency virus (HIV), the causative agent of the acquired immune
deficiency syndrome (AIDS), is a member of the family of retroviruses, Retroviridige.!
As the genome of the retroviruses consists of RNA, the hallmark of retroviral infection
of a host cell is the conversion of this RNA genome to DNA by virus-mediated reverse
transcription, followed by the stable integration of the retroviral DNA genome into
the cell's chromosomes.? From this point the expression of the integrated retroviral
genes, known as the provirus, by the replicative machinery of the host cell, produces
new retroviral particles that effect either cytopathogenesis or cellular transformation
and advance infection to other cells.

Following the installment of the provirus into the host cell genome, the proviral
genes of HIV and other retroviruses are expressed, and their products are assembled
into new virion particles. The RNA transcripts of the provirus are synthesized by the
cellular RNA polymerase 11, which then undergo posttranscriptional processing. These
primary transcripts serve two functions: as the source of mRNA from which viral
proteins are made and as the genomic RNA that is ultimately packaged into new
virions. Translation of the proviral mRNA results in the synthesis of viral structural
proteins and enzymes, many of which exist as precursors within polyproteins.® Post-
translational modifications of the proviral gene products are performed by cellular
enzymes to prepare the viral proteins for proper packaging within new virions. These
processes include myristoylation® of the N-termini of the viral polyproteins and glyco-
sylation of the envelope proteins. Virion assembly is initiated within the cell membrane
when “immature” particles, composed of a glycoprotein envelope, genomic RNA, and
viral polyproteins, begin to form and bud from the cell. Maturation of fully formed
immature virion particles that have budded from the cell is effected by the action of a
virally encoded enzyme, the retroviral protease.’*-° The protease specifically cleaves
the encapsulated viral polyproteins into the functional enzymes and structural proteins
of the virion core. The resulting mature virion particles are now able to promote a new
infection in an adjacent T lymphocyte.

In retroviruses, the proteins that ultimately make up the virion core and the enzymes
essential to viral replication are the respective products of the gag and pol genes (FiG.
1). Direct translation of gag results in a 55 kilodalton (kDa) polyprotein, Pr55¢. This
precursor contains the precursor forms of the structural proteins of the virion core in
a single polypeptide chain, arranged as H,N-p17-p24-p1-p9(p7)-p6-COOH (Fic.
1).'* The eventual proteolytic processing of Pr55¢% generates the gag proteins, each
of which has a specific role in the fully formed virion: the matrix protein (p17, MA;'%)
constitutes the membrane-associated outer shell of the virion capsid; the rod-shaped

41



42 ANNALS NEW YORK ACADEMY OF SCIENCES

virion capsid itself consists of the capsid protein p24 (CA); and within the capsid, the
nucleocapsid protein, NC (p9 or p7) and pb, is associated with the genomic RNA. In
the Pr558% precursor, p9 (NC) is presumably responsible for conveying the genomic
RNA from the cytoplasm into the forming virion.?

The pol reading frame is translated as a fusion polyprotein of both gag and pol
products, which requires evasion of the termination codon of gag. In HIV-1, this is
accomplished by a ribosomal frameshift to the po/ reading frame at a specific nucleotide
sequence located approximately 230 nucleotides upstream of the termination codon of
gag."” The translated fusion product is a 160 kDa polyprotein, Pr160¢+#, containing
in precursor form the gag proteins, the protease (PR), reverse transcriptase-ribonuclease
(RT-RN), and endonuclease (integrase, IN) in the sequence, H,N-p17-p24-p15-PR-
RT-RN-IN-COOH (Fi1G. 1).'®-2! This frameshifting occurs with an efiiciency of 11%,
resulting in a ratio of Pr558% to Pr160s%+" of 8:1."’

The assembly of virion particles is apparently initiated by the migration of the
myristoylated gag and gag-pol polyproteins to the cellular membrane.?2* Myristoyla-
tion of the retroviral polyproteins is essential to their proper assembly into virion
particles,?*-2* presumably because this lipid substituent directs the Pr55¢% and Pr160s
ol polyproteins to the cellular membrane and “anchors” their N-termini into the lipid
bilayer?® (F1G. 2A). Upon concentration, the lipid-embedded polyproteins collect into
a crescent shape and begin to bud from the cell beneath the viral envelope.?* Eventually,
a spherical virion particle is formed that contains an annular core composed of the
unprocessed polyproteins (F1G. 2B). Retroviral particles of this morphology are consid-
ered to be immature?® and are unable to infect cells.’*?° Reverse transcriptase in
the immature HIV-1 particles is either diminished or almost completely absent,24?°
indicating that the precursor form of the enzyme within the gag-pol polyprotein is in
a less active form.

Activation of the retroviral protease within the immature virion apparently occurs
following its detachment from the cell membrane. The retroviral protease specifically
cleaves Pr558% and Pr160s#7 at discrete sites (F1G. 1) to release and activate the
structural proteins and enzymes, thereby rendering the virion replication-competent.
This maturation process is manifested in the conversion of the annular virion to one
containing a condensed, cone-shaped core,” composed of p24, which constitutes the
mature virion capsid (F1G. 2C). These virions have the more familiar mature morphol-
ogy and are infectious and replication-competent. The virion capsid houses the genomic
RNA, the nucleocapsid protein p9 and p6, and the retroviral enzymes reverse tran-
scriptase and endonuclease. Recent studies indicate that active protease exists within
the capsid of the equine infectious anemia virus and proteolyzes the nucleocapsid
proteins after formation of the capsid.* The protease may therefore have an important
role in early events of the retroviral life cycle, such as destabilization of the virion
capsid or activation of the endonuclease, and as such, inhibition of the protease may
prevent proviral integration.

In order to study the role of the retroviral protease of HIV-1 on the infection
competence of the virus, we prepared several restriction fragments of the BH10 clone
of HTLV-III' (HIV-1), which encode the protease sequence, and inserted them into
a bacterial expression system.?' Expression of two of these recombinant constructs in
E. coli resulted in the following observations: (a) apparent autoprocessing at these
consensus cleavage sites resulted in the release of an 11 kDa protein fragment from its
fusion protein precursors; (b) mutational analysis within the protease coding region
confirmed that the recombinant HIV-1 protease was responsible for this autoprocessing;
and (c) upon cotranscomplementation of recombinant HIV-1 protease and Pr55%¢ jn
vivo, the gag precursor was processed into protein fragments of sizes that were consistent
with those of the viral gag proteins. The recombinant HIV-1 protease was subsequently
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purified to apparent homogeneity from bacterial extracts.’?> From elucidation of its
primary sequence,’ it was confirmed that the recombinant HIV-1 protease spans a 99-
amino acid sequence between Pro-69 and Phe-167 of the translated pol coding region.'!

Under cell-free conditions, the proteolytic processing of purified, recombinant
Pr554% by the isolated recombinant enzyme*® was identical to the processing of this
precursor in bacteria®' and in accord with that observed in virions.** Acquisition of the
recombinant protease in purified form allowed the biochemical characterization of the
enzyme.

The complete proteolytic processing of the Pr552% and Pr1608%¢#° substrates by

L gag i
L pol ]

Direct
Translation Frameshift
Translation
ARVL*AEAM
prss 578
(o7 [ p2s oo [ps]
SQNY*PIVQ /L\\ L
ATIM'MQRG PGNF'LQSR
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@—rp17 ] p24 “p15 IpcolnuL reverse transcriptase T RN F endonuclesse
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FIGURE 1. The gag and pol open reading frames of HIV-1, their polyprotein translation products.
and the proteolytic cleavage sites. The sequences within the initial translation products that are
processed by HIV-1 protease are shown, in which the cleavage is represented by a vertical line in
the polyprotein and by * in the amino acid sequence in one-letter code. The gag protein occurring
between the L*A and M*M cleavage sites consists of 14 amino acids and is designated pl in the
text. The amino «ermini of both Pr55%% and Pr160%*# are myristoylated (My). The 66 kDa and
51 kDa subunits of reverse transcriptase are both within the region designated, the associated
ribonuclease H (RN) activity contained within the carboxyl-terminal region of the 66 kDa subunit.

HI1V-] protease apparently requires only eight discrete cleavages (FIG. 1). This limited
digestion of these large polyproteins suggests that HIV-1 protease is a highly specific
protease. Three of these cleavage sites (denoted throughout by an asterisk), including
the p17-p24 cleavage site of Pr55#¢ and the termini of the protease, are of the sequence
Ser(Thr)-Xaa-Yaa-Phe(Tyr)*Pro. Although unusual for the known endopeptidases,
this type of cleavage site is thematic to the retroviral proteases.’* The other cleavage
sites are not conserved (Leu*Ala, Met*Met, Phe*Leu, Phe*Tyr, Leu*Phe) and reflect
the general nature of substrates for the retroviral proteases, that is, hydrophobic resi-
dues in the P1 and P1 positions. To date, oligopeptides that constitute all eight
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cleavage sites have been shown to be substrates for HIV-1 protease.’'*’-* Typically,
these peptide substrates consist of six or more amino acids and, depending on the assay
conditions, exhibit Michaelis constants in the range of 0.1-10 mM. The most complete
set of data, including kinetic studies of the protease, exist for peptide substrates of the
“p17-p24” type of cleavage site, -Ser-Gln-Asn-Tyr*Pro-lle-. Kinetic parameters for
some of the oligopeptide substrates of 6-9 amino acids, as determined in our laboratory
using chromatographic separation of substrates and products, are as follows: acetyl-
Ser-Gln-Asn-Tyr*Pro-NH,, no activity; acetyl-Ser-Gln-Asn-Tyr*Pro-Val-NH,, K, —
49 mM, k, = 0.44 s~!; acetyl-Ser-GIn-Asn-Tyr*Pro-Val-Val-NH,, K, = 7.5 mM,

—— Teverse
transcriptase

p24

protease, g :T —~__...  genomic RNA
endonuclease . and nucleocapsid
proteins

FIGURE 2. Schematic depiction of assembly and maturation of HIV-1 virion in various stages
of budding. (A) initiation of virion assembly at the cellular membrane of a T lymphocyte by
accumulation of the gag and gag-pol polyproteins and insertion of their N-terminal myristoyl
groups (white ellipses) into the membrane. Following cleavage from gp160, the envelope glycopio-
tein gpl120 is situated on the outside of the membrane. The genomic RNA is attached to the
nucleocapsid protein domain of Pr55¢¢ (B) An immature virion that has almost completely
budded from the cell, containing an annular core of unprocessed polyproteins. (C) Morphology
of the mature virion core following proteolytic processing. The cone-shaped core, composed of
p24, houses the retroviral enzymes, the nucleocapsid proteins, and the RNA genome.

k.« = 54 57 '; acetyl-Ser-Gln-Asn-Phe*Pro-Val-Val-NH,, K, = 7.5 mM, &k, = 10
s~ ', acetyl-Ser-GIn-Asn-Tyr*Pro-Val-Val-Gln-Asn-NH,, K, = 2.3 mM. &, = 2.8
s~ !; and acetyl-Arg-Ala-Ser-Gin-Asn-Tyr*Pro-Val-Val-NH,, K, = 5.5 mM, &, =
59 s~ 1_33,38

As originally observed by Toh et al.* the aspartic proteases of mammalian and
microbial origin contain, in duplicate, sequences that are highly homologous to a
single conserved domain within the retroviral proteases. The aspartic proteases are
“pseudosymmetric’ bilobal proteins composed of over 300 amino acids, in which each
lobe contains the conserved Asp-Thr-Gly sequence at an active site found at the
interface of the lobes.*'*? In the widely held view of the chemical mechanism of the
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aspartic proteases,*-*? the two proximal aspartyl residues assume opposite roles in
general acid-general base catalysis: the protonated aspartyl group effects protonation
of, or hydrogen-bonding to, the carbony! oxygen of the scissile amide bond, whereas the
unprotonated aspartyl residue deprotonates the lytic water molecule that subsequently
attacks the scissile carbonyl as a hydroxide ion. By comparison, the retroviral proteases
would constitute only one such “lobe” of the aspartic proteases and would contain
only half of the catalytic machinery, namely one aspartyl residue, necessary for cleavage
of amide bonds. Based on computer modeling of the primary structures of the proteases
of HIV-1 and other retroviruses, Pearl and Taylor have proposed that these proteases
would achieve the conserved bilobal structure of the aspartic proteases upon formation
of homodimers, in which each monomer contributes an Asp-Thr(Ser)-Gly triad at an
active site formed at the subunii interface.*?

These precepts have been investigated by kinetic studies in numerous labora-
tories,8333%53-57 HIV.1 protease is weakly inhibited by pepstatin A (K, < 2 uM),3>%%7
a natural product peptide analogue that typically exerts very potent inhibition of the
aspartic proteases and serves to characterize this family of proteases. HIV-1 protease
is more strongly inhibited by analogues of pepstatin and by other peptide analogues,
which are similar in structure to known potent inhibitors of the aspartic protease
renin.>®*” HIV-1 protease is irreversibly inactivated in a time-dependent manuer upon
treatment with 1,2-epoxy-(4-nitrophenoxy)propane (EPNP).3* Tang has demonstrated
that this inactivator specifically esterifies one or both of the active-site aspartyl residues
in porcine pepsin,*** which has been confirmed by X-ray crystaliographic analysis of
EPNP-treated penicillopepsin.*

The optimal pH for HIV-1 protease activity is 4.5-6.0.>*%35%% Ajthough the aspartic
proteases cathepsin D and the pepsins are most active at pH values of less than 4,%
the operant pH range for HIV-1 protease is reminiscent of that of renin,*" which is
itself only modestly inhibited by pepstatin when compared to that of the other aspartic
proteases.®? The pH dependence of the kinetic constant log k./K,, for the oligopeptide
substrate of HIV-1 protease, Ac-Arg-Ala-Ser-Gln-Asn-Tyr-Pro-Val-Val-NH,, is a
“bell-shaped” curve over a pH range of 3.4-6.5**¢ and indicates that an unprotonated
group of pK = 3.3 and a protonated group of pK = 6.1 are required for catalysis.
This pH profile is in accord with the presence of two carboxylic groups of opposite
states of protonation in the active site of HIV-1 protease. Moreover, the inactivation
of HIV-1 protease by EPNP is dependent on the unprotonated form of an enzymatic
vesidue of pK = 3.8, which again is in concert with the participation of an unproton-
ated aspartyl residue in the catalytic mechanism.

The native molecular weight of HIV-1 protease was characterized by glycerol
density gradient centrifugation, analytical gel filtration, and chemical cross-linking
with the amino-specific reagent, dimethylsuberimidate.** A molecular weight of 22,000
was derived from an interdependent analysis of the gel filtration and centrifugation
data, which was supported by the appearance of a 22 kDa protease-specific band
upon NaDodSO,-polyacrylamide gel electrophoresis of the cross-linked enzyme. This
molecular weight is twice that observed under denaturing conditions. From these
results it was concluded that the active form of HIV-1 protease is a dimer of identical
99-amino acid subunits.

As predicted by Pearl and Taylor,* the retroviral proteases are aspartic proteases
in which the functional structure of the larger, monomeric aspartic proteases is con-
served by simple dimerization of identical polypeptides of considerably smailer size.
Recently, the solution of the three-dimensional structure of both recombinant®**® and
synthetic®” HIV-1 protease has confirmed the proposed homodimeric structure of this
enzyme. and has revealed that their overall molecular architecture is, as expected. very
similar to those of the monomeric aspartic proteases.
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The indispensable role of HIV-1 protease has been demonstrated in studies in
which mutational inactivation of the protease within active proviruses resulted in the
formation of replication-incompetent, noninfectious virions.?*?° These virions were
characterized by the presence of unprocessed gag polyproteins and by the diminution
or absence of reverse transcriptase activity. The unavailability of protease activity
renders these virion particles permanently immature. Recently, similar studies have
shown that mutational inactivation of the protease coding region of the HIV-1 provi-
rus,?*282% including a single point mutation of the active site residue, Asp-25,%*%! results
in the formation of noninfectious virions of immature morphology with reduced reverse
transcriptase activity.?*? In addition, mutational obliteration of either the p17-p24 or
p24(p1)-p9 proteolytic cleavage site of Pr55%¢ within HIV-1 proviruses likewise re-
sulted in noninfectious virions of aberrant morphology.?* These studies demonstrate
that exogenous inhibition of the protease within forming virions of HIV-1 should render
these particles incapable of sustaining an active infection within T lymphocytes. Given
that HIV-1 protease is a self-generating enzyme, the impact of its inhibition on virion
maturation would be all the more dramatic.

Because the HIV-1 protease is an aspartic protease, the rational design of peptide
analogue inhibitors of this enzyme could be initiated by the chemical substitution of
the scissile dipeptide bond of its oligopeptide substrates with nonhydrolyzable chemical
mimics that approximate the structure of an enzymatic transition state or reaction
intermediate. One would then expect the resulting peptide analogues to inhibit HIV-1
protease, and given the distinct cleavage sequences of these enzymes, perhaps confer
sclectivity of inhibition.

Pepsiatin A (N-isovaleryl-Val-Val-Sta-Ala-Sta: Sta, statine = 4S-amino-3S-
hydroxy-6-methylheptanoic acid), a microbial metabolite that is a generic inhibitor of
the aspartic proteases,® is, as mentioned above, only a moderately potent inhibitor of
HIV-1 protease, yet is illustrative of the development of more potent inhibitors. Inhibi-
tion by pepstatin A results from the tetrahedral hydroxyl-bearing carbon in the unusual
amino acid statine, which may resemble a transition state or reaction intermediate for
proteolysis,* or may act as a *‘bisubstrate” analogue of peptide and H,0.7 This concept
has inspired a number of other potential transition state analogues for the aspartic
proteases, in which the scissile dipeptide has been replaced by a variety of nonhydrolyz-
able dipeptide isosteres.™

For inhibition of HIV-1 protease we sought to compare the inhibitory potency
of these known nonhydrolyzable dipeptide isosteres within the context of a single
oligopeptide substrate. The proteolytic processing site of choice was Ser(Thr)-Xaa-
Yaa-Tyr(Phe)*Pro-Zaa, inasmuch as this type of cleavage site was the most commonly
recognized by the retroviral proteases and was thought to maximize inhibitory selectiv-
ity for this subset of the aspartic proteases. We synthesized analogues of the substrate
acetyl-Ser-Aia-Ala-Tyr-Pro-Val-Val-NH, (K,, = 8.6 mM, k£, = 9.5s '), in which
the hydrolyzable dipeptide linkage was replaced with several such stable mimics,
including an analogue of statine,*® hydroxyethylene isosteres,’”” phosphinic acids,” a
reduced amide,™ and an a,a-difluoroketone.” These peptide analogues were competi-
tive inhibitors of recombinant HIV-1 protease when assessed in a peptidolytic assay
and exhibited a wide range of inhibition constants (apparent K, = 18-19,000 nM)."’

Three of the more potent inhibitors were tested as inhibitors of viral proteolytic
processing and viral replication in cell culture: compound 1, Cbz-Ala-Phey] CH{OH)-
CH,]Gly-Val-Val-OCH, (K, = 120 nM); compound 2, Ala-Ala-Phey[CH(OH)CH,]-
Gly-Val-Val-OCH, (K, = 18 nM); compound 3, Cbz-Ala-Ala-Pheyy{CH(OH)CH,]Gly-
Val-Vai-OCH, (K, = 48 nM) {Phey[CH(OH)CH,]Gly is the incorporated dipcptide
isostere (48,5S)-4-hydroxy-5-amino-6-phenylhexanoic acid).”® Using monoclonal anti-
bodies specific for the pl7, p24 proteins, and reverse transcriptase of HIV-1, we first
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employed Western analysis to investigate the effects of these inhibitors on steady-state
levels of accumulated viral proteins in chronically infected cells.” Seelmeier ez a/. noted
a slight effect of 70 uM pepstatin A on the processing of Pr558°¢ in infected H9 cells
after 48 h, although no change was observed in the steady-state level of p17 or p24.7
We found compounds 1 and 3 to be significantly more effective than pepstatin A.
Treatment of CEM cells chronically infected with HIV-1 (CEM/IIIB cells)’” with
compounds | and 3 at 20 uM for 48 h caused a major reduction in the levels of
pl7, p24, and reverse transcriptase subunits, and a marked buildup of processing
intermediates of both Pr55¢%¢ (47 kDa and 40 kDa immunoreactive proteins) and
Pri60s+ (F1G. 3). Both the 40 kDa and 47 kDa protein intermediates of Pr558%
reacted with either the p17- or p24-specific antibodies, suggesting that these two inter-
mediates could be the result of cleavages at the p24-(p1)*p6 and p6*p9 processing sites,
respectively. Reverse transcriptase enzymatic activity was also substantially reduced
in the lysates of the inhibitor-treated cells. Compound 2, despite its K of 18 nM showed
no effect on viral processing or viral morphology after 48 h, suggesting that it is either
metabolicaliy unstable or unable to access the protease. The unblocked amino terminus
of compound 2 may render it susceptible to metabolic degradation.

These results demonstrated that, as expected, the exogenous inhibition of HIV-1
protease within actively infected cultures of lymphocytes was sufficient to significantly
reduce the protealytic processing of both the Pr55% and Pr160%* products. More-
over, perturbations in the levels of these polyproteins and their processing intermediates
were accurately reflected in the composition of proteins packaged within virions. Immu-
noblot analysis verified that purified virus harvested from chronically infected H9/111B
cells treated with compound 3 contained only incompletely processed gag proteins
(Pr55¢%, p47, and p40) and no mature pl17 or p24.78 Electron microscopy revealed that
the virion particles produced by the inhibitor-treated lymphocytes contained apparently
defective core structures; virions processing ‘‘crescent-shaped’ cores were preponder-
ant, whereas virions containing mature, cone-shaped cores or annular, immature cores
represented smaller populations.” Given the composition of gag proteins found within
the inhibitor-treated virions, this aberrant morphology is suggestive of a stage of
polyprotein processing that is intermediate between the annular cores of the immature
virions and the cone-shaped cores of the mature virions.

In addition, metabolic labeling of Pr55¢ by the “pulse-chase” technique was used
to assess the effects of these inhibitors on processing of de novo synthesized viral
proteins. Treatment of CEM/IIIB cells with compounds 1-3 resulted in profound
inhibition of processing of newly synthesized Pr55%% over a 3 or 6 h period, as seen
by immunoprecipitation of viral proteins metabolically labeled with [**S]methionine,
followed by electrophoresis and autoradiography.” The effects of these inhibitors,
added at 0.1-100 uM, were quantified by densitometric analysis of the formation of
p24 from Pr558%. The IC,, values for compounds 1 and 3, determined from the
densitometry, were approximately 2-5 uM, some 50- to 100-fold higher than their K
values.?* Pepstatin A at a concentration as high as 100 uM had little or no discernible
effect on Pr55% processing under these conditions. Although the lack of activity of
pepstatin A can be ascribed in part to its micromolar K| value, its poor ability to enter
cells has also been noted.”

It remained to be shown whether replication-competent virions could establish an
acute infection in T lymphocytes in the presence of a protease inhibitor. Grinde et al.®?
and von der Helm er al.** reported that pepstatin A at concentrations of 0.1 mM to 1
mM caused an apparent reduction in the rate of HIV-1 replication in cultures of H9
cells. We treated uninfected Molt 4 cells with HIV-1 strain 111 (200 TCID,, per 4 X
10* cells) and then maintained them in culture in the presence of compounds 1-3 at
several concentrations. After 7 days the extent of viral replication was determined by
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p24 radioimmunoassay, by assay for particle-associated reverse transcriptase activity,
and by quantification of syncytia. As seen in TABLE 1, although compound 2 showed
no effect, compounds 1 and 3 produced dose-dependent reductions in all three measures
of viral replication without evidence of cytotoxicity.

The results of reverse transcriptase assays in TABLE 1 are representative and show
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FIGURE 3. Effects of HIV-1 protease inhibitors on processing of gag proteins in CEM cells
chronically infected with HIV-1, strain I115.7* Infected cell cultures were treated with either 20
uM of each inhibitor or with 0.2% DMSO (control) approximately every 8 h for a 48 h period.
Proteins in cell extracts were separated on NaDodSO,-polyacrylamide (109% polyacrylamide) gels
and then electroblotted on to nitrocellulose sheets. Panel A: Western blot protein probed with a
monoclonal antibody (mAb) (1:1000) recognizing the Pr55%4/p24 antigen (Beckman AS6). Sam-
ples were from cells treated with compound 3 (lane 1), compound 1 (lane 2), pepstatin A (lane
3), and DMSO control (lane 4). Panel B: Western blot probed with mAb (1:1000) specific for
Pr55428/p17 (Beckman AS3). Samples were from cells treated with compound 3 (lane 1), com-
pound 1 (lane 2), and DMSO control (lane 3). Panel C: Western blots of purified HIV-1 virions
grown in H9 cells and reacted with mAb against p17 (AS3) (lane 1), p24 (AS6) (lane 2), or RT
(AS6) (lane 3). Monoclonal antibodies on all blots were detected with goat anti-mouse IgG
covalently linked to alkaline phosphatase (1:1200).

that whereas the solvent dimethyl sulfoxide (DMSO) had a slight inhibitory effect,
complete inhibition of infectivity was observed with a single initial dose of 100 uM
compound | or 25 uM compound 3. This diminution of reverse transcriptase activity
was commensurate with a decrease in p24 antigen and in the rumber of syncytia
formed by these cells during the course of the infection. Compound 2, which may be
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metabolically unstable in cell culture, exerted little or no effect on viral infectivity at
any concentration.

In summary, the addition of inhibitors of HIV-1 proteasc to T-lymphocyte cultures
that are either acutely or chronically infected with HIV-1 produces effects on viral
protein processing and infectivity that are similar to those observed for protease-
deficient mutants of HIV-1 after transfection into cells. Because mutational inactivation
of either the protease gene or the p17-p24 cleavage site in Pr558% resulted in a loss of
infectivity of the transfected mutant proviruses, it has been suggested that the matura-
tion of p24 gag is important not only for correct virion assembly from infected cells,
but aiso is necessary for the proper integration of provirus during infection.**

Inasmuch as it has been recently demonstrated that T4+ T lymphocytes comprise
perhaps the largest recervoir of HIV-1 in the peripheral blood of AIDS patients at
various stages of the disease, the demonstration of the effective inhibition of HIV-1
protease within infected T lymphocytes and its attendant effects on viral maturation
and infectivity validates this enzyme as a suitable target for the development of novel,
rationally designed therapeutic agents for the treatments of AIDS. The apparent ability
of these protease inhibitors to block maturation of virions shed from chronically
infected T lymphocytes, as well as to attenuate acute infection of uninfected T lympho-
cytes, suggests that inhibition of this enzyme may have an impact on both early and late
stages of the HIV-1 life cycle, such as proviral integration and polyprotein processing,
respectively. This may offer a therapeutic advantage over inhibitors of reverse tran-
scriptase such as azidothymidine, which has been recently shown to be more effective
against an acute infecticn than in reducing the population of active virus in chronically
infected T lymphocytes.?* Inhititors of HIV-1 protease may also prove less toxic than
azidothymidine, possibly resulting from their specificity for the retroviral proteases.
Indeed, compounds 1-3 were relatively poor inhibitors of the aspartic proteases bovine
spleen cathepsin D and human renin. This differential inhibition of the retroviral and
mammalian aspartic proteases is clearly a desirable property. We have to date observed
no overt cytotoxicity upon treatment of any line of uninfected T lymphocytes studied
thus far with these protease inhibitors at concentrations that greatly exceed an effica-
cious level.
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INTRODUCTION

In humans infected with human immunodeficiency virus type 1 (HIV-1) and in
rhesus macaques infected with simian immunodeficiency virus (SIV), the cause of death
appears not to be a direct result of infection by either lentivirus; instead, fatality is due
to any of a variety of secondary infectious agents brought about by the ablation of the
host’s immune system.' Persistent infections by these heterologous viral, bacterial. or
fungal pathogens are a characteristic of individuals suffering from acquired immune
deficiency (AIDS).2 One such viral pathogen, cytomegalovirus (CMV), is a member of
the herpesvirus family of viruses and is a frequent pathogen in HIV-infected humans.*
A large percentage of dually infected individuals suffer life-threatening complications
as a direct result of CMV pathogenesis.*> A critical point that requires further investiga-
tion is whether infections by heterologous pathogens are merely an opportunistic
response to deterioration of the host’s immune system, or whether these agents might
be important cofactors in the onset of AIDS. The issue of cofactors is vitally important
because therapeutic agents directed against these secondary agents will not only allevi-
ate suffering of the individuals, but also might delay onset of frank AIDS. A potential
role for heterologous cofactors is not unique to humans infected with HIV. Rhesus
macaques experimentally infected with SIV suffer an AIDS-like disease,” and rhesus
CMYV in terminally ill SIV-infected macaques appears to contribute to pathogenesis
(A. Lackner & P. Vogel, unpublished results). We have been examining molecular
interactions of CMV with HIV-1 and SIV using in vitro transient expression assays to

9The research in this report was supported in part by Grants from the American Foundation for
AIDS Research and the National Institute for Allergy and Infectious Diseases (RO1-A125109
and PHS-A127732). P. A. Barry is a recipient of a National Research Service Award, and P. A.
Luciw is a recipient of an investigator award from the California Universitywide Task Force on
AIDS.
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assess the potential consequences of in vivo interactions involving CMV with lentivi-
ruses.

MATERIAL AND METHODS

Cell cultures of MRC-5 cells (diploid human fetal lung fibroblast), NIH 3T3 cells
(murine fibroblast), 1929 cells (murine fibroblast), and Hela cell (human cervical
carcinoma), and an isolate of rhesus CMV were obtained from the American Type
Culture Collection (ATCC) (Rockville, MD) and grown according to the supplier’s
recommendations. We used transient transfection assays to measure the ability of CMV
to potentiate, or transactivate, expression from the HIV and SIV long terminal repeats
(LTR). The protocol for DEAE-dextran transfection has been described.” Chloram-
phenicol acetyltransferase (CAT) enzymatic activity was assayed according to the
method of Nordeen ef al.®

The wild-type HIV-1 LTR/CAT plasmid (pHIV LTR/CAT) and the HIV-1 TAT
expression plasmid,® and the plasmids bearing mutations within the HIV-1 LTR (muta-
tions (+4/+9) and (+14/+18),'° TATA, (—16/—12), (—11/=7), (—6/-1),
pTriple/CAT, (+4/+8), (+24/+27), and (+30/+33),''2 Spl-dpm (1I1) and Sp!-
dpm (LILIII),'* NF-xB,' A(—453/—76),'* and A(+ 24/ 38)") have been described
previously. The numbers refer to the starting and ending nucleotides for cluster2d site
mutations, or to the ends of a deletion. The plasmid expressing the major protein
products of the human CMV immediate early (pSVIE) genes contains the transcription
units for CMV immediate early regions IE1 and IE2'® under the transcriptional coutrol
of the SV40 early region promoter.” Plasmids expressing the immediate early (IE) genes
of rhesus CMV (pRhIE 9.4-2)"" and African green monkey (AGM) CMV (pTJ148)"*
were constructed with the rhesus CMV IE and AGM CMY IE coding regions, respec-
tively, under the transcriptional control of their autologous promoter. A restriction
fragment containing the 5° LTR of SIV was generated by the polymerase chain reaction
using a biologically active molecular clone of SIV as template'® and subcloned into an
expression vector for the CAT gene (pSIV LTR/CAT).

RESULTS

Transactivation of the HIV-1 LTR by TAT and CMV IE in L929 Cell Cultures

A plasmid containing the CAT gene under the transcriptional control of the HIV-
1/SF2 LTR (pHIV LTR/CAT)® was cotransfected into L929 cell cultures with either
a plasmid expressing HIV-1 TAT (pSVTAT)’® or with a plasmid expressing the CMV
immediate early (IE) gene products (pSVIE).” Expression of both TAT and CMV IE
was under the transcriptional control of the SV40 early region promoter. A constant
amount of pHIV LTR/CAT (2 micrograms) was cotransfected with increasing
amounts of either pSVTAT or pSVIE. In addition, constant amounts of pHIV LTR/
CAT (2 micrograms) and pSVTAT (3 micrograms) were cotransfected with an increas-
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ing amount of pSVIE. For each transfection, CAT enzymatic activity was assayed with
whole cell extrucis by the method of INudeen ei Gi.®

In L929 cell cultures, cotransfection of pHIV LTR/CAT with either pSVTAT or
pSVIE resulted in large increases in the level of CAT activity (FiG. 1). These results
are in agreement with published reports for experiments in other cell types.”!7202! In
general, the response of the LTR to transactivation was linear up to a level of three
micrograms of cotransfected transactivator plasmid, whereupon the level of CAT
activity reached a plateau. In this particular experiment the increase in CAT activity
with 5 micrograms of pSVTAT was an aberration from the majority of experiments.
When pHIV LTR/CAT was cotransfected with both pSVIE and pSVTAT, the resul-
tant CAT activities were greater than the sum of CAT activities achieved with each
transactivator alone; the level of transactivation approached the product of both trans-
activators (FIG. 1). CAT activities for cotransfection with both pSVIE and pSVTAT
increased linearly to over 1100-fold above basal CAT activities (F1G. 1). Similar results
have been presented for experiments in cultures of MRC-5 cells;’ thus, the mechanisms
of transactivation by pSVIE and pSVTAT are different.

Differential Transactivation of the HIV-1 LTR by TAT and CMV IE

In L929 cells cotransfection of pHIV LTR/CAT with pSVTAT resulted in higher
levels of CAT activity than cotransfection of pHIV LTR/CAT with pSVIE (FiG. 1).
pSVTAT transactivated the HIV-1 LTR to 2-3-fold higher levels than did pSVIE. This
ability of TAT to transactivate more efficiently than CMV IE in L929 cultures was in
contrast to published results for experiments in MRC-S in which CMV IE transacti-
vated the HIV-1 LTR more than did TAT.” We examined in greater detail the apparent
differential abilities of these two transactivators to function in different cell types. We
transfected pHIV LTR/CAT in the presence or absence of pSVIE and pSVTAT into
cultures of NIH3T3, MRC-5, L929, and Hela cells, and measured CAT activities. As
can be =2en in TABLE 1, there were dramatic differences between these four cell types
in the relative activities of pSVIE and pSVTAT to transactivaie the HIV-1 LTR. One
way we chose to illustrate this difference was to calculate the ratio of the level of
transactivation of the HIV-1 LTR by pSVIE to the level of transactivation by pSVTAT.
This ratio, represented as pSVIE/pSVTAT, varied over 7000-fold between the four
cell types. Thus, in NIH3T3 cells, pSVIE transactivated the HIV-1 LTR to 70-fold
higher levels than did pSVTAT, whereas in Hela cells, pSVIE transactivated the LTR
100-fold less efficiently than did pSVTAT. Experiments in MRC-5 and L929 gave
intermediate ratios of 7.0 and 0.3, respectively.

These ratios have been relatively constant between experiments'’” and were not
artefacts of the experimental procedure. We have altered transfection conditions and
time of harvesting cells after transfection, and the ratio of transactivation by pSVIE
and pSVTAT has not changed.

The Mechanism of Transactivation by CMV IE Is the Same
in Different Cell Types

Previous reports in MRC-5 cell cultures have demonstrated that the region of the
HIV-1 LTR responsive to transactivation by CMV IE was contained within a regula-
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tory domain between nucleotides — 6 and + 24 of the HIV-1 LTR, relative to the start
site of transcription at + 1.7 The mechanism of transactivation by CMV IE appeared
to involve an increase in the frequency of initiation of transcription of the HIV-1 LTR.
Because there was a dramatic difference in the abilities of pSVIE and pSVTAT to
transactivate the HIV-1 LTR in different cell types (TABLE 1), we examined whether
the mechanism of transactivation by CMV IE might be different in different cell types.
We determined this by localizing mutations within the HIV-1 LTR that abrogated
responsiveness to transactivation by pSVIE in L929 cell cultures. Accordingly, mutated
HIV-1 LTR/CAT constructions (see MATERIALS AND METHODS) were transfected
into L929 cell cultures, and the responsiveness of each to pSVTAT and pSVIE was
determined by measuring CAT activity.

An HIV-1 LTR with mutations either in the three Sp1 sites (Sp1-dpm (L 1L III)),"
the binding sites for the cellular protein designated LBP-1,'! or in the TATA sequence'!

L929 Cells

2100 +POVIE + pSVTIAT

2000 e FIGURE 1. Transactivation of the HIV-1 LTR by

100 plasmids expressing the immediate early genes of
% CMV or HIV-1 TAT. pHIV LTR/CAT (2 pg) was

cotransfected into cultures of L929 cells with increas-
ing amounts of pSVIE, expressing CMV IE (triangle),
or with pSVTAT, expressing HIV-1 TAT (circle).
CAT activity was assayed with whole cell extracts,
as described in MATERIALS AND METHODS, and is
expressed in kilocounts per minute (kCPM). In addi-
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abolished transactivation by both pSVIE and pSVTAT (TABLE 2). Mutations between
nucleotides —6 and +24 in the HIV-1 LTR resulted in differential responses to
transactivation by pSVIE and pSVTAT. The mutation (—6/— 1) retained only 14%
of wild-type levels of transactivation by pSVIE, whereas it remained fully responsive
to transactivation by pSVTAT. Mutations extending out to nucleotides (+24/+27)
resulted in lowered level of transactivation by pSVIE, although mutations more distal
from the start site (e.g., A(+24/+38) and (+24/+27)) had less of an impact on
transactivation by pSVIE than mutations immediately closer to the start site of tran-
scription (e.g.. —6/—1). The phenotype of these mutations on transactivation by
pSVTAT was such that mutations downstream of nucleotides (+4/+9) (with the
exception of pTriple/CAT) resulted in lowered levels of transactivation by pSVTAT.
Mutation (+24/+27) retained less than 8% of wild-type levels of transactivation by
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TABLE 1. Transactivation of the HIV-1 LTR by pSVIE and pSVTAT in Different
Cell Types”

Transfected Plasmids

pHIV LTR/ pHIV LTR/CAT pHIV LTR/CAT
CAT -+ pSVIE + pSVTAT

Cell Relative Relative Relative pSVIE/

Type cpm Activity cpm Activity cpm Activity pSVTAT
NIH3T3 627 1 537,053 856.5 7660 12.2 70.2
MRC-5 1010 1 56,968 56.4 8155 8.1 7.0
L929 1030 t 32,993 320 112,672 109.3 0.3
HelLa 1562 1 5666 3.6 584,749 3744 0.01

@ Transfections into L929 cell cultures were performed as described in MATERIAL AND METH-
ops. CAT enzymatic activities of transfected cell extracts are given in kilocounts per minute
(cpm). Relative activity represents the relative levels of stimulation in CAT activity by pSVIE
and pSVTAT compared to transfection with pHIV LTR/CAT alone (set at 1). The ratio of the
level of transactivation of pHIV LTR/CAT by pSVIE to the level of transactivation by pSVTAT
is given as pSVIE/pSV/TAT. Values represent the average of two transfections.

pSVTAT, yet resulted in higher than wild-type levels for transactivation by pSVIE.
This region of responsiveness to CMYV IE (nucleotides —6 to +24) in L929 cells was
the same as that identified in MRC-5 cells.” Similar resuilts have been obtained for
experiments in Hela cell cultures.

Transactivation of the SIV LTR by Rhesus CMV

Rhesus macaques experimentally inoculated with SIV suffer similar pathologies to
humans infected with HIV.?? In order to use rhesus macaques as a model for investigat-
ing the role that CMV may play in augmenting HIV gene expression, we determined
whether rhesus CMV could potentiate SIV gene expression. CMV from a rhesus
macaque experimentally infected with SIV was isolated. A molecular CMV genomic
library was prepared, and a full-length clone containing the rhesus CMV immediate
early gene was isolated.!” Using transient expression assays as before, we examined the
ability of CMV to transactivate the SIV LTR.

An SIV LTR/CAT plasmid was transfected into cultures of MRC-5 cells. At 24
hours posttransfection the cells were either mock-infected or infected with rhesus CMV
at a muhtiplicity of infection (MOI) equal to 1 (TABLE 3A). Saperinfection of transfected
cells with CMV dramatically stimulated CAT expression from the SIV LTR, increasing
CAT activity over 100-fold above that observed for SIV LTR/CAT alone. This increase
in CAT activity was due, at least in part, to the rhesus IE gene products activating
SIV gene expression.

Cultures of L929 cells were transfected with SIV LTR/CAT alone or cotransfected
with either pSVIE (containing the human CMYV IE under the transcriptional control
of the SV40 promoter), AGM CMYV IE, or Rh CMV IE (the latter two containing
immediate early genes of AGM CMYV or rhesus CMYV, respectively, under the transcrip-
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tional control of their autologous promoters). Both the AGM CMYV IE and Rh CMV
IE stimulated SIV gene expression (26- and 39-fold, respectively) above the level with
SIV LTR/CAT alone (TABLE 3B). The lower level of transactivation with these two
constructs compared with pSVIE was, most likely, a result of autoregulation by these
transactivators on their auinlogous promoters.”® Thus, the rhesus system in vitro paral-
leled the results with the human counterparts.

DISCUSSION

The time course between infection with HIV or SIV and the onset of full-blown
AIDS is variable. After infection of a cell by either virus (FiG. 2), the retroviral RNA
is reverse-transcribed by the viral-encoded reverse transcriptase. After integration of
the double-stranded linear viral DNA into cellular DNA, the provirus can remain
latent or be expressed at a very low but persistent level. At some point expression of
the virus is stimulated to resume the viral replication cycle. Conditions that stimulate
viral replication include activation signals for T cells, brought about by the recognition
of antigen in the context of the major histocompatibility complex.'*?* Additional factors
may activate viral expression.

TABLE 2. Transactivation of Plasmids with Mutations in the HIV-1 LTR by pSVIE
and pSVTAT Relative to the Wild-Type LTR*

Relative Activity

Plasmid +pSVIE +pSVTAT
pHIV LTR/CAT 100 100
A-76 229 63
NFKB 460 60
Spl-dpm (III) 27 41
Spl-dpm (LILIII) 4 1
TATA 3 <1
—16/—-12 54 71
—11/=7 189 258
—6/—1 14 154
pTriple/CAT 9 2
+4/+8 37 36
+4/+9 42 37
+14/+18 40 3
A+24/+38 68 5
+24/+27 205 8
+30/+33 119 29

2 Each plasmid containing mutated and wild-type HIV-1 LTR/CAT sequences was cotrans-
fected with either pSVIE or pSVTAT into cultures of L929 cells. The levels of transactivation of
{ile ueaned plasmids by pSVIE and pSVTAT are presented relative to the levels of transactivation
of the wild-type LTR (arbitrarily set at 100). The mutations and transfection protocols are
described in MATERIAL AND METHODS. Each value represents the average of two parallel
transfections. Variability was less than 10%.
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In humans infected with HIV, and in rhesus macaques experimentally infected with
SIV, secondary infectious agents cause serious medical complications; many coinfected
individuals suffer from CMV-induced sequelae.’*?? Serologic evidence and in vitro
experiments’!417:20.21.23-35 prgvide support for a model in which heterologous infectious
agents, including CMV, may play a direct role in altering the pathogenesis of HIV and
SIV. An essential element in the model that CMV could affect directly HIV (and SIV)
replication is that the two classes of virus would have to coinfect the same cell. Evidence
for this has been presented; examination of cells from the central nervous system of
AIDS patients, who also presented with CMYV pathology, revealed that individual cells
harbored both HIV and CMV .

The data presented in this report describe a molecular explanation for events that
might occur in coinfected cells. The immediate early gene products of CMV are strong
transactivators of HIV (and SIV) gene expression (FiG. 1, TABLES 1,2, and 3). For
human CMYV IE, at least. the mechanism of transactivation in L929 cell cultures
involves a regulatory domain located between nucleotides —6 and + 24 of the HIV-1
LTR (relative to the start site of transcription at + 1). This is the same domain that
was identified in cultures of MRC-5 cells’ and in Hela cells (data not shown). Thus, in
different cell types the mechanism of transactivation of the HIV-1 LTR by pSVIE
involves the same cis-acting element, and, thus, the same trans-acting factors are
implicated. Transactivation of the HIV-1 LTR by CMV IE and HIV-1 TAT, however,
was cell-type specific, as documented by the different ratio; of the level of transactiva-
tion by pSVIE to the level of transactivauon vy pSVTAT (TABLE 2). The evidence for
transactivation by CMYV IE is consistent with the observation that CMV IE functions
to increase the frequency of transcription initiation.” We speculate that the reason for
the cell-type specificity of transactivation (TABLE 2) involves differences in the state
of the transcription complex in the different cell types. Extrapolating this to in vivo
situations, the consequences of coinfection of the same cell by CMV and HIV would

TABLE 2. Transactivation of the SIV LTR by the Immediate Early Gene Products of
Rhesus Cytomegalovirus®

A CAT
Activity
Plasmid {cpm) Relative Activity
SIV LTR/CAT 1.418 1
SIV LTR/CAT + Rh CMV (MOI=1) 151,866 107
B CAT
Activity
Plasmid (cpm) Relative Activity
SIV LTR/CAT 4,640 1.0
SIV LTR/CAT + pSVIE 859,411 185.0
SIV LTR/CAT + AGM CMV IE 120,975 26.1
SIV LTR/CAT + Rh CMV [E (p9.4-2) 181,548 39.1

2 Cultures of MRC-5 (part A) were transfected with SIV LTR/CAT and either mock-infected
or infected with rhesus CMV at an MOI of 1 at 24 hours posttransfection. Cultures of L929 cells
(part B) were transfected with SIV LTR/CAT in the absence or presence of plasmids expressing
human CMV IE (pSVIE), AGM CMV IE, or rhesus CMV IE. Cells were analyzed as before.
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FIGURE 2. Replication cycle of HIV. This figure represents the major events in the life cycle of
HIV. The same general features apply to the life cycle of SIV.

depend on the cell type that harbors both viruses. In addition, the state of cell growth
at the time of coinfection is likely to be a significant factor in the extent of heterologous
viral transactivation. Future plans are aimed at using the rhesus macaque model to
investigate the role of CMV in aitering pathogenesis of SIV and to examine antiviral
(i.e., anti-SIV and anti-CMYV) therapeutic agents that might alter the course of patho-
genesis.
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The Human Immunodeficiency Virus
TAT Protein

A Target for Antiviral Agents

IAIN S. SIM

Department of Oncology and Virology
Hoffmann-La Roche Inc.
Nisicy, New Jersey 07110

INTRODUCTION

The genome of the human immunodeficiency virus (HIV) encodes three nonstructu-
ral, regulatory proteins, TAT, REV, and NEF, in addition to the structural proteins
GAG, POL, and ENV that are commonly found in retroviruses, and at least three
additional proteins, VIF, VPU, and VPR, the functions of which are not well-under-
stood (F1G. 1a). Of the regulatory proteins, TAT (trans-activator of transcription) is
of particular interest in the context of antiviral chemotherapy for a number of reasons,
not least of which is that it may be regarded as a paradigm for many other viral systems
in which trans-activators have been found. Virally encoded rrans-activators play an
important role in the replication of several members of the herpesvirus group, the
hepadna-, papilloma-, and adenoviruses, as well as in the human retroviruses. The
trans-activating proteins of each of these viruses can be considered as targets for
antagonists, the action of which would be expected to result in the inhibition of
viral replication. The potential of such agents remains untested, however, because no
inhibitors active by this mechanism have yet been described. The role of TAT in the
replication of HIV and its structure, as it relates to function and mechanism of action,
are described here. The manner in which antagonists of TAT may be found and
evaluated is also discussed.

ROLE OF TAT IN VIRAL REPLICATION

An important feature of the replicative cycle of HIV is the ability of the virus to
establish a latent infection of CD4* T lymphocytes as a provirus integrated in the
chromosome of the host cell,' and possibly also as an unintegrated genome.’ The
reactivation ¢ - - he virus from this latent state and its entry into a destructive, replicative
phase are important in the pathogenesis of HIV-induced disease. T-cell activation, by
exposure either to specific antigen, cytokine, or heterologous trans-activitors from a
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second infecting virus, results in the induction of cellular transcription factors that
bind to enhancer elements on the viral long terminal repeat (LTR) (F1G 1b). It would
seem that transcription of the viral genome occurs only at a low level at first, the
predominant species of mRNAs in the cytoplasm being the doubly spliced forms that
encode the regulatory proteins, including TAT. Following the synthesis of TAT, the
level of viral gene expression increases substantially and, in time and under the control
of the REV protein, longer mRNAs are synthesized that specify the structural proteins
of the virus.>*
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FIGURE 1. Genetic structure of HIV. (a) Alignment of the genes coding for the regulatory
proteins (zat, rev, and nef’) and the structural proteins (gag, pol, and env). The functions of the
vif, vpr, and vpu genes are not well-understood. (b) The long terminai repeat (LTR) contains the
regulatory elements NFxB, SP1, and TATA. A reporter gene may be inserted 3 to TAR. (¢) The
trans-activation response region (TAR) located 3’ to the start site of transcription (+ 1) may occur
as a RNA stem-loop structure.

Because TAT appears to play a unique and pivotal role in the emergence of HIV
from the latent state, antagonists would be very different from antiviral agents directed
to other functions of the virus. Inhibitors of viral attachment, such as soluble CD4,
and nucleosides that inhibit the viral reverse transcriptase, such as azidothymidine
(AZT), dideoxycytidine (ddC), and dideoxyinosine (ddI), may effectively block initia-
tion of infection in a cell freshly exposed to virus. Similarly, antiviral agents that are
targeted to events late in the replicative cycle, such as inhibitors of the viral protease
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and certain glycosidase inhibitors, may also spare fresh cells from infection as a result
of blocking the tormation of mature, infectious virions. None of these agents, however,
would be expected to protect cells, that are already infected with the virus, from the
cytopathicity associated with the late phase oi HIV replication. By contrast, an antago-
nist of HIV TAT may effectively suppress transcription of the viral genome in a latently
infected hLost cell, protect the cell from viral cytopathicity, and biock the formation of
new, infectious virions. It is possible that an antagonist that is highly specific for HIV
TAT may suppress viral replicatior but not inhibit the infected host cell from per-
forming its normal function in the host.

TAT STRUCTURE/FUNCTION

Mechanism of Action: Transcription versus Translation

Full-lergth TAT is an 86 amino acid protein that is synthesized from a doubly
spliced message, although the 72 amino acid form that is derived from the first coding
exon appears to be fully functional."* TAT is a powerful trans-activator of the expres-
sion of genes under the control of the HIV LTR. In this regard, TAT exerts : positive
feedback on 1is own expression: this presents a particularly difficult challerge in the
search for effective antagonists because only partial suppression of TAT activity may
not adequately block de novo synthesis of TAT protein and thus permit continued
trans-activation of gene expression.

The aciion of TAT requires the presence of a sequence, called the rrans-activation
~esponse (TAR) element, that has been mapped to a region encompassing the start site
for trauscription in the LTR.”™ The mechanism(s) by which gene expression is acti-
vated by TAT remains unclear. however. Early observations suggested that rrans-
activation could be explained by posttranscriptional events.**! whereas others suggested
that the mcchanism was bimodal. involving both transcriptional and translational
conirol,” or principatly at the level of transeription.'™'*!'* A number of studies ha.e
suggested that TAT increases the rate of transcription from the viral LTR, rather than
stabilizing HIV-specific mRNAs """ possibly by relieving a block to transcriptional
elongation within the TAR region.'* The use of purified TAT protein, introduced into
cells by scrupe-loading, has revealed that de novo mRNA synthesis is required for trans-
activatior: " This observation further supports the hypothesis that TAT does not act
Jir ¢ty on mRNA stability, transport, or transfation. Although the direct binding of
TAT to DNA from the TAR reg.on remains controversial, trans-activation can occui
in the absence of de nove proiem synthesis.”™ Thus, the production of new cellular
proteirs s net required for the action of TAT, although the participation of preexisting
host preteins is not elimanated. To the contrary, studies on the DNase-1 hypersensitivity
of the HIV T TR 1n the presence or absence of TAT suggest that TAR may be recognized
vy a host cell-epecitic DNA-binding protein rather than by TAT. M

Functional Domainy of TAT

Ful length TAT protem has a number of interesting structural features that ult-
mately mayv be of particu - aginheance for the design of spearfic antagonssts (Fioo )
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Mutational studies and the use of chemically synthesized protein have helped to define
domains on the protein that are essential for function. TAT appears to be localized in
the nucleus of the cell.'* Consistent with this observation is the presence of a string of
basic amino acids that may serve as a nuclear localization signal in the carboxyterminal
half of the molecule. Single amino acid substitutions in this region appear not to
markedly affect the trans-activating activity of TAT, whereas more extensive deletion
of these basic residues has a more profound effect and reduces nuclear ac-
cumulation.?0- 22

HIV TAT also contains four Cys-X-X-Cys sequences (wnere X is a variable amino
acid) that participate in the binding of metal ions to form a dimer in vitro.?* Mutation
of the cysteine residues markedly reduces TAT function and abolishes virus replication
but does not appear to affect metal binding.2>? (An exception is the replacement of
Cys*, which has a less dramatic effect on function.) Mutation analysis has failed to
reveal any single amino acid in the amino terminal region of TAT whose presence is
critical for trans-activating activity, although the protein has a number of potentially
interesting features, such as the clustering of four proline residues. Truncation of the
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FIGURE 2. HIV TAT. The amino acid sequence is represented by one-letter symbols. The string
of basic amino acids (+) may serve as a nuclear locz’ization signal, whereas the cysteine-rich
region may complex zinc.

amino terminus by the introduction of new initiating methionine residues downstream.
however, does ablate trans-activating activity.”

ANTIVIRAL AGENTS TARGETED TO HIV TAT

Detection of Antagonists to TAT

In selecting a viral protein as a target for the development of a selective inhibitor
that will have antiviral activity. it is important to determine that the molecular target
is essential for viral replication. If this condition is not fulfilled, it is hikely that drug-
resistant viruses will readily arise as a result of gene mutation or deletion. Early studies
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demonstrated that TAT is required for HIV replication: viral genomes in which the
tat gene has been mutated or partially deleted are unable to produce new viruses.?*2¢
Also important is that the primary structure of the target protein be conserved among
many isolates of the virus. A comparison of gene sequences among several isolates
suggest that there is a high level of conservation in the tar gene; where there are
differences in gene sequence, they often give rise to amino acid substitutions that are
conservative in nature. It should be noted, however, that full-length TAT appears not
to be required for activity: mutation studies have revealed that only the first 58 amino
acids are required for function.?’

The observation that the expression of heterologous genes under the control of the
HIV LTR will be trans-activated by TAT leads to the design of a relatively simple
assay that can be used for the detection of potential inhibitors. A reporter gene under
the control of the HIV LTR can be cloned into a plasmid and transfected into a suitable
eukaryotic cen, wgether with a second plasmid that expresses HIV TAT. After an
appropriate incubation period, the level of protein synthesized from the reporter gene,
in the presence and absence of test substance, can be determined. Chloramphenicol
acetyltransferase (CAT) has been widely used as the reporter, although many enzymes,
cytokines, or other proteins whose activity can be readily determined, may be used.

In the absence of detailed knowledge of the mechanism of action of TAT, or of
known inhibitors of the protein, the design of effective antagonists from a theoretical
base is likely to be unproductive. A more practical approach in the search for antago-
nists is the use ci a screen that can rapidly, and in high flux, assess the potential of
many thousands of test substances for a possible lead. In this instance, compounds of
defined structure, but selected from chemical repositories at random, microbial broths,
and plant and marine extracts all represent valuable sources of novel substances for
testing. The possible need to assess many substances before an active compound is
revealed makes the design of the screen particularly important. The product of the
reporter gene should be easy to measure but sufficiently robust that measurement of
its biological activity is not greatly impaired by the variety of test substances that are
added to the screen. It is likely that a number of the test substances will nonspecifically
inhibit the production of the reporter gene product, for example, as a result of a general
inhibition of transcription or translation. In the absence of an appropriate control. such
substances may erroneously be scored as inhibitors of TAT. For this reason, parallel
cultures of cells should be transfected with a second plasmid that expresses the reporter
gene independently of HIV TAT (in this context any one of a number of viral promoters
may be used). Test substances that are equally inhibitory to the expression of the
reporter gene on both plasmids can be eliminated as nonspecific inhibitors that do not
act on TAT.

The transcription of genes under the control of the HIV LTR are subject to
regulation by cellular factors that bind to the NFkB and SP1 sites of the HIV LTR
(FiG. 1b), in addition to TAT that acts through TAR.*** Although one or more
of these enhancer-binding sites may be deleted without impairing HIV replication,*!
inhibitors of the corresponding enhancer proteins might be expected to exhibit a
generalized inhibition of host cell transcription. For this reason, putative inhibitors of
TAT trans-activation should also be assessed for activity on basal level expression of
the reporter gene in the absence of TAT where no inhibition should be observed with
a truly TAT-specific inhibitor.

Further refinement of the cell-based screen for TAT inhibitors is possibie, for
example. by selecting for cells that express the reporter gene constitutively under the
control of HIV TAT. Alternatively. TAT may be supplied exogenously to cells bearing
a reporter gene. The uptake of such protein, produced by recombinant DNA methods,
and the transactivation of a reporter gene have been described.” " A more direct
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approach, but one that has proven difficult to implement, wouid be the use of an in
vitro assay for TAT activity. Mutagenesis studies have provided considerable insight
as to the nature of TAR, the region that is required for TAT action, and binding of
TAT protein to TAR RNA in vitro has been reported.** A particularly striking feature
of the TAR RNA is the potential to form a stem-loop structure (F1G. 1c). Mutations
that disrupt the stem lead to a loss of responsiveness to TAT, but this may be restored,
at least in part, by further mutation to permit reformation of the stem.** Mutation of
the pentanucleotide, CUGGG, of the loop also results in a loss of responsiveness to
TAT.* This observation may be particularly relevant because HIV-1 TAT can trans-
activate HIV-2 gene expression, and the same pentanucleotide can be found in the
putative loop(s) of HIV-2 TAR.

Nuclear extracts of HIV-infected cells, but not of uninfected cells, have been re-
ported to stimulate transcription from the HIV LTR in vitro.’® More recently, direct
binding of HIV TAT, produced in Escherichia coli, to TAR RNA in vitro has been
demonstrated; TAT did not bind to an RNA in which additional nucleotides were
inserted into the loop, nor to an antisense TAR RNA transcript.! Although further
studies are required, if these observations are confirmed, then a direct binding-inhibition
assay for antagonists may become feasible. Moreover, an in vitro assay would open the
way to a more detailed study of the interaction between TAT and its target site.
TAT protein obtained by chemical synthetic means, as well as by recombinant DNA
methods, has been reported to be functionai in whole cell assays.”*

Antiviral Activity of TAT Antagonists

The antiviral activities of anti-HIV agents have been assessed in a number of cell
culture assays, most of which should be as suitable for testing antagonists of TAT as
for reverse transcriptase inhibitors, for example. The unique potential of a TAT antago-
nist will be revealed, however, in its ability to block the reactivation of virus from
latently infected cells following stimulation of the cell with mitogen or another appro-
priate trigger. Although HIV has been found to infect a number of cell types other
than just CD4* T lymphocytes, there is no a priori reason why a TAT antagonist
should not function equally well in monocytes and microglial cells. for example. as in
lymphoctyes.

Retroviruses of animal origin, for example, the murine retroviruses and feline
immunodeficiency virus, have been used as models to assess the antiviral activity of
anti-HIV compounds such as AZT. Because of the unique nature of HIV TAT, how-
ever, these model systems that lack any trans-activator are inappropriate for /n vivo
testing of TAT antagonists. Three possible model systems (discounting ihe use of
chimpanzees) can be considered. Simian immunodeficiency virus (SIV) causes severe
disease in certain lower primates. Alignment of the amino acid sequences of the SIV
and HIV-1 and HIV-2 TAT reveals clusters of high homology among these proteins.
especially within the cysteine- and Lasic amino acid-rich domains.™ The possibility
exists, therefore, that antagonists of HIV TAT may also inhibit SIV TAT.

The transplantation of human immune cells into immunodeficient mice and their
infection with HIV is a promising development that may yield a model system for the
study of HIV-specific antiviral agents in vivo.* Third, and unique to the possible
assessment of TAT antagonists, is the description of mice that are transgenic for the
HIV a1 gene.* TAT mRNA is expressed in the skin cells of these transgenic animals.
although the pathological consequences of such expression is observed for the most
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part only in males. Histological changes in the skin are apparent at approximately four
months of age; the lesions progress with time until they take on the appearance of
Kaposi’s sarcoma-like dermal changes. Tumors are apparent although TAT mRNA
is not detected in the tumor cells. Treatment of these TAT-associated lesions with any
therapeutic agent has not yet been described. It is possible, however, that an effective
TAT antagonist may influence the course of the disease, in which case, mice transgenic
for the 1at gene may represent a very interesting in vivo model for drug evaluation.

CONCLUSION

HIV TAT is a unique target for the development of antagonists. The present
knowledge base is sufficient to support immediate efforts to discover inhibitors of the
protein’s function. Meanwhile, the future promises to bring further advances in our
understanding of the structure and function of the molecule; this new knowledge will
be of major benefit for the design and evaluation of potential antagonists. There is good
reason to be optimistic that TAT inhibitors will become available for evaluation in the
treatment of HIV-induced disease and that such antagonists will have a useful role in
the clinical armory in the fight against AIDS.
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A Role for the Aspartyl Protease
from the Human Immunodeficiency
Virus Type 1 (HIV-1) in the
Orchestration of Virus Assembly
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Rahway, New Jersey 07065

Functional HIV-1 protease (PR) is required for the maturation of viral proteins, for
the appearance of characteristic structural features in the virion (as determined by
electron microscopy), and for the final assembly of mature virus. Most importantly,
HIV-1 PR activity is required for the development of infectivity.' Still largely undefined,
however, is the timing and control of protease action in this assembly process. Based
on the three-dimensional structure of HIV-1 PR*? and experimental data reported in
the literature, we propose a comprehensive virus assembly model that highlights the
role of HIV-1 PR, suggests further experiments to verify the validity of the model, and
poses specific questions relevant to the ultimate exploitation of HIV-1 protease as a
therapeutic target.

INTRODUCTION

Self-assembly of structural proteins is a genetically economical strategy to follow,
although it does raise the possibility of inappropriate or premature aggregation at the
time and site of protein synthesis. To prevent this from happening, many viruses,
including the picornaviruses and other retroviruses like HIV-1, synthesize their struc-
tural proteins and viral-encoded enzymes linked together in polyprotein form. In such
systems, internal steric interference between coupled viral components can be designed
into the polyprotein in order to prevent aggregation and to assure uneventful synthesis
and transport to the site of final assembly. Polyprotein synthesis also implies correct
stoichiometry without the need for external direction or cortrol. Once at the site of
assembly;, however, the inverse problem of decoupling the polyprotein into its indepen-
dent components must be addressed, as well as the timing of that action within the
overall process of viral replication. In HIV-1, this maturation process clearly involves
HIV-1 PR in the cleavage of two of the three polyprotein products, gag and gag-
pol, synthesized by the virus.* (The third env polyprotein is processed by an as yet

9Present address: Vertex Pharmaceuticals Inc., 40 Allston Street, Cambridge, MA 02139-4211.
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uncharacterized enzyme, probably of cellular origin.) The importance of HIV-1 PR
activity in virus replication has been demonstrated most elegantly by site-directed
mutagenesis of the critical active site residue, Asp25, of the enzyme. Inactivation of
this enzyme leads to the production of immature uninfectious virions whose polypro-
teins remain unprocessed.!

That HIV-1 PR was an aspartyl protease had been established early on by systematic
comparison of its amino acid sequence (99 residues) with that of the well-studied
pepsin-like aspartyl proteases ( > 300 residues) * Further sequence analysis then showed
«hat the smaller viral enzyme corresponded roughly to one of the two pseudosymmetric
domains known to make up the larger aspartyl proteases. These observations led to
the suggestion that HIV-1 PR functioned enzymatically when associated as a true
dimer.® This hypothesis was confirmed by direct visualization of the HIV-1 PR dimer
in its X-ray crystal structure.?

STRUCTURE OF HIV-1 PROTEASE

Crystals suitable for X-ray diffraction analysis were grown’ using the hanging drop
vapor diffusion method in 250 mM sodium chloride, 100 mM imidazole buffer, 10 mM
dithiothreitol, and 3 mM scdium azide at pH 7. The crystals were tetragonal bipyramids
in space group P4,2,2, with unit cell dimensionsa = b = 50.29 A, ¢ = 106.80 A. One 99
residue monomer per asymmetric unit was found, implying a strict twofold symmetric
structure for the observed (functional) HIV-1 protease dimer.? Subsequent native HIV-1
protease structural studies® have all been based on these pubtished’” crystallization
conditions. Unfortunately, this crystal form of HIV-1 PR diffracts to little better than
3 A effective resolution. This resolution limit compares unfavorably, for example, with
other crystals of tlierapeutically interesting proteinsa which we have investigated at
Merck (eg. human neutrophl] elastase (HNE),® i.7A; human carbonic anhydrase C
(HCAQ),’ 1. 6A. and porcine pancreatic elastase (PPE), 1. 3A)“’ ' and limits fundamen-
tally the degree of detail that can be extracted from the structure. In addition, the high
symmetry of the P4,2,2 space group combiaed with the small volume of the unit cell
in this crystal form means that the total number of unique reflection dat: available will
be quite small (approx. 2500 reflections vs. 19,000 for HNE, 29,000 for HCAC., and
37,000 for PPE). Operationally, the limit of diffraction reported for a given macromo-
lecular crystal is more important for the implicit number of unique reflections available
to the experiment than for the theoretical *‘resolution” defined by the laws of physical
optics. This is so, because the refined structure coordinates we report are, in effect.
molecular models constrained to agree (in reciprocal space) with the observed diffrac-
tior: data collected on our instruments. “*Optical resolution™ does become a problem.
however, when the initial interpretation of the protein model ., extracted fron e
experimentally derived electron density. In our study,? modes. errors were made n
that interpretation, which became evident in the course of refinement. and which have
now been corrected.

Within the limitations of HIV-1 PR crystals studied, the structure we first reported:
has still proven to be quite useful. It confirmed by direct visualization the hypothesis®
that viral encoded protease monomers would associate to form dimeric structures. It
allowed us to quantitate the similarity between the strict viral protease dimer and the
pseudo-dimer of a representative pepsin-like aspartyl protease from Rhizopus chinensis,
whose structure had been solved and refined at high resolution.'” This similarity was
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particularly strong in the active site region and implied a corresponding similarity in
the mechanism of action. Incidentally, it suggested that the HIV-1 PR dimer observed
in the crystal structure was a functional, enzymatically competent dimer and not just
an accidental artifact of crystallization. The structure also suggested that the HIV-1
PR monomer would be inactive, inasmuch as it would lack half of the chemical
machinery needed to function as an aspartyl protease. In a way, the monomer could
be considered a novel kind of zymogen, in that functional enzyme would not, in fact,
€xist as an entity except at concentrations high enough to assure the formation of
dimers with some reasonable probability. Further, the structure implied that dimeriza-
tion would be necessary for enzyme activity in all instances, both in the free state, and
while HIV-1 PR was yet incorporated within the gag-pol polyprotein prior to matura-
tion (see F1G. 1). As discussed below, this has a direct bearing on the timing of pro-
tease action and on its viability as a therapeutic target. The structure suggested that
the symmetric “flap” regions of HIV-1 PR, whose homologues are known crystallo-
graphically to close over inhibitors in the active site in the pepsin-like aspartyl pro-
teases.'> " would also be flexible, as they are in the larger enzymes.'* Finally, the
structure provided for a direct visualization of the relationship among the various
amino acid residues of HIV-1 PR and has served as a guide for understanding and
correlating mutagenesis and chemical modification studies of protease function.'

ORCHESTRATION OF VIRUS ASSCMBLY BY HIV-1 PROTEASE

FIGURE 2 shows the organization of (and defines the icons used for) the gag anc
gag-pol polyprotein products in the subsequent discussion. As mentioned above, linked
synthesis in polyprotein form would allow the gag-encoded structural proteins, which
can self-assemble spontaneously, to be uneventfully synthesized and transported to the
site of virus assembly. The pol-encoded viral enzymes are similarly transported on the
gag-pol polyprotein fusion product. Both products are posttranslationally modified by
a covalent attachment of a lipophilic myristoyl group (see FI1G. 3) onto their shared N-
terminal glycine'” (in the MA (or p17) protein). Subsequently, the myristoylated gag
and gag-pol polyproteins are directed to, and are anchored on, the cytoplasmic side of
the host cell membrane. The polyprotein posttransiational modifications are carried
out by a preexisting myristoyl transferase enzyme provided by the host cell. The only
requirement of the virus is the maintenance of an appropriate recognition sequence for
this enzyme (including the critical Gly-1) on the N-terminus of the virus-encoded
polyproteins."’

By this association of the viral polyproteins with the host cell membrane, a dramatic
increase in the effective local concentration of protease monomer can be achieved as a
simple consequence of a loss of dimensionality. In other words, the collection of a given
number of polyprotein molecules per unit area on the plane of the cell membrane
represents a concentration of these versus that same number of polyproteins in the
volume of the host cell, and, as a direct consequence of these higher local concentra-
tions, the probability of HIV-1 PR dimer formation (by random collisions) is greatly
increased on the host cell membrane,'™ which serves as the site of virus assembly.

Equally critical in this model is the need for HIV-1 PR dimer-mediated proteolysis
to take place on the N-terminal side of the PR region of the gag-pol polyprotein first.
N-terminal cleavage would effectively solubilize the membrane attachment of activated
HIV-1 PR dimers formed “early,” allowing their passive diffusion (and that of the
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other C-terminal downstream enzymes) back into the volume of the host cell (see FI1G.
4). Shedding-activated HIV-1 PR by this simple device would protect gag and gag-po!
polyproteins collected on the host cell membrane (in anticipatics. of virus assembly)
from prema:iu, ¢ proteolysis.

As all this is happening, electron microscopy studies'® show a sequence of protein
aggregation and membrane bulging events, leading ultimately to the budding of *“imma-
tur¢” viral particles. Neither the trigger, nor the mechanism by which this budding
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FIGURE 1. Schematic of gag and gag-pol polyproteins shown anchored to the host cell membrane
prior to virus assembly. Thc component proteins are represented as spheres that correspond
roughly in size to their molecular weight. In addition, a gag-po! dimer is shown, where the
principal interaction between the polyproteins is in the protease (PR) region. As indicated in the
text, PR dimers, even within polyprotein as shown, should be enzymatically active. PR monomers
should, in all cases, be devoid of enzymatic activity. Proteins incorporated within the gag and
gag-pol polyproteins are identified by the newly standardized nomenclature for retroviruses.” MA
1s the matrix protein (p17), CA the capsid protein (p24), NC the nucleocapsid protein (p7). PR
the protease (p11), RT the reverse transcriptase (p66/p51), and IN the integrase (p32).

process is carried out is completely understood. Only after these immature viral parti-
cles have budded completely away from the host cell does the final maturation of the
virus take place, as evidenced by the appearance of a viral capsid within the viral
envelope'® (see FIG. 5). On this latter point there is considerable confusion, particularly
in the popular literzture, which often shows the viral capsid being assembled inside the
nost cell and subsequently forciug the viral envelope to bud. An extensive examination
of published micrographs (see, e.g. FiG. 3 of ref. 19) shows that this is not the case;
virus maturation always seems to take place after budding in HIV-1.
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FIGURE 2, Linear orgauization of the
protein components within the gag and
gag-pol polyproteins. Icons used to rep-
resent these structures in the subsequent
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Once the nascent virus particle had actually budded away from the rest of the host
cell, HIV-1 PR dimers shed from tne (now virus) membrane would remain trapped
within the greatly reduced volume of the virion, where the continuing ‘“‘occasional”
interaction of gag-pol polyprotein would accumulate active protease (see FiG. 6). A
cascade of proteolytic events would follow, leading to the liberation of fully functiona!
gag and pol structural proteins and enzymes (including additional copies of the protease
dimer itself). The ensemble of mature viral proteins would then rapidly self-assemble
to form the viral capsid, also enclosing within the virus envelope the appropriate
stoichiometry of enzymes and RNA to achieve full infectivity. The “‘occasional” rate
at which functional dimers form and cleave themselves away from the cell membrane
on the N-terminal side is unknown but has presumably been adjusted in the course of
evolution of the virus. (Paradoxically, acceleration of proteolysis might represent an
effective therapeutic strategy by depleting the cell membrane assembly site of attached
protease prior to virus budding.) Finally, the uiodel presented here questions the notion
that the protease monomer encoded by HIV-1 is somehow a “fossil remnant” of
the archaic ancestor of the two-domain pepsin-like aspartyl proteases,’” given the
functionally important differences between the HIV-1 PR monomer and dimer sta‘es
at various points in the viral life cycle.
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FIGURE 3. N-terminal mynistoylation of gag a ... gag-pol polyprotemns tacilitates attachment to
membranes. Polyprotein synthesized in the body of the host cell 1s posttranslationally mynstoy-
lated on the N-terminal glycine by a host ccll mysistoyl transferase enzyme.'” This lipophilic
moiety subsequently mediates anchoring of polyprotein on the inner side of the host membrane
in anticipation of the final virus assembly process (see text).
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FIGURE 4. Occasional dimerization of PR within the gag-pol polyproteir leads to cleavage on
the N-terminal side of protease, effectively solubilizing protease (and the downstream RT and IN
enzymes) away from the host cell membrane. If activation takes place “early,” enzyme activity
will diffuse back passively into the body of the host cell, away from the site of viral assembly.

FIGURE 5. Final assembly of HIV-1 takes place only after the immature virion has budded away
from the host cell. This observation is confirmed by analysis of published electron micrographs
of the budding process (see, e.g. Gonda er al.'®). In these studies, mature, infectious HIV-1 is
characterized by the appearance of the truncated cone nucleoprotein capsid and the concurrent
proteolysis of polyprotein. Note, however, that in the popular science literature, nucleoprotein
capsid is often depicted as forming within the infected host cell, often mediating the budding
process itself. This view is inconsistent with experimental evidence.
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PROTEASE DIMERIZATION AND N-TERMINAL CLEAVAGE

Our initial report? of the structure of HIV-1 PR incorporated a misinterpretation
of early electron density maps of the enzyme, which led us to believe that the first five
residues on the N-terminus of HIV-1 PR were flexible and disordered. This flexibility

Immature Virion Mature Virion

FIGURE 6. After budding of the immature virion, any further protease activated and she 1 from
the (now) viral envelope membrane will remain trapped inside the reduced volume of the sirion.
Accumulated protease will ultimately lead to a proteolytic cascade, which would free structural
components and cnzymes for the ultimate condensation of mature virus.

would have allowed for the placement of the N-terminal Pro-1 of each of the protease
monomer chains into the dimer active site and would have suggested immediately how
the enzyme might preferentially excise itsclf autoproteolytically from the N-terminal
side of the gag-pol polyprotein. Such an intramolecular (ie. cis) cleavage would be
highly favored entropically and would fit the requirements of the model presented
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above for the cleavage and solubilization of active protease from the polyprotein
membrane anchor on the N-terminal side. In the corrected model of the enzyme,?
however, both the N- and C-terminal of HIV-1 PR are fully ordered. Further, both
constitute part of the essential contacts on the backside of the molecule that hold the
functional protease dimer together. In this context, any proteolysis of polyprotein
would have to take place intermolecularly (i.e. trans) and would involve an interaction
between at least two HIV-1 PR dimer regions of adjacent gag-po! polyproteins. This
fact forces us to rationalize in some other way the preference for cleavage on the N-
terminal side of the protease region that is required by the proposed virus assembly
model and that (fortunately) has now been demonstrated using recombinant gag-pol
constructs.’?* Some of the desired rationalization might be provided by the following
observations, all of which are readily subject to further cxperimental confirmation.

First, the fusion of gag-pol, resulting from an infrequent (app-ox. 1 in 20) ribosomal
frameshift from the gag to the pol reading frame*' generates a stretch of about sixty
amino acids between the frameshift site and the start of the protease (Pro-1 on the N-
terminal side), for which no structural or catalytic function is known. We have con-
ducted an analysis uf ihis sequence, using standard methods.”* which indicates that it
is unusually hydrophilic (see, e.g. F1G. 7) and lacking in significant secondary structure.
This region of the gag-pol polyprotein might well serve as a flexible linker, whose
evolution has made it particularly susceptible to clcavage, thus facilitating the preferred
N-terminal excision of protease required by the model.

In addition to this potential proteolytic hot spot on the N-terminal side of HIV-1
PR, might the reverse transcriptase (RT) regions of adjacent gag-po/ polyproteins play
a role in the assembly process? HIV-1 RT is often isolated in a one-to-one ratio of two
forms (of 66 and 51 kDa molecular mass) and is thought to function as a dimer.**
Given also that pure RT in the 66 kDa form can be isolated and remains stable and
functional,?® onc¢ can consider the 51 kDa form an accidental but fortuitous digestion
marker indicative of a dimer state. At 66 (or 51) kDa, HIV-1 RT would have the
largest cross-section of any of the gag or gag-po! polyprotein components (see FiG. 8).
Even a weak tendency towards dimerization by RT might, in the high concentration
environment found on the membrane during virus assembly, serve to prime the forma-
tion of the much tighter PR dimer, leading to protease activation. Widespread cross-
linking through PR and RT interactions involving different membrane-anchored poly-
proteins would also be possible and might be involved in driving or triggering the
budding process.

Finally, polyprotein, anchored at the N-terminus and interacting at the protease and
reverse transcriptase levels, might be so tightly constrained in the high concentration
environment on the membrane that little access to the other levels along the polyprotein
chain might be available. Protease dimers formed by adjacent polyproteins might be
able to reach (and cleave) only the protease regions of its neighbors, much in the way
that passengers in a crowded subway car would find it difficult to reach down to tie
their shoes.

ALTERNATIVE MODELS FOR PROTEASE INVOLVEMENT IN
VIRUS ASSEMBLY

Few models have been proposed to explain the observed protease-orchestrated
events in virus assembly. Some of these invoke unspecified conformational changes in
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the structure of HIV-1 PR. Others suggest that changes in pH or ionic strength (perhaps
on budding of the immature virion) might be responsible for triggering protease func-
tion.?® None of these have been spelled out in significant detail, nor have they suggested
specific experiments to prove (or disprove) the proposed notion—a hallmark of useful
model building. In the former models, it is difficult to imagine how such a minimal
macromolecule as HIV-1 PR, even in its dimer form, could muster the necessary
machinery to carry out the suggested conformational changes. Nor is the nature of
these proposed changes specified. (For a full discussion of models of this type in the
context of antibody function, see Klein ez al.??). The latter class of models are better
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FIGURE 7. Expression of the pol gene products (including PR, RT. and IN) proceeds by way
of a ribosomal frameshift from the gag reading frame to the pol reading frame that occurs
statistically about 5% of the time.> The frameshift eliminates the C-terminal portion of the NC
protein i the gag polyprotein and creates a linker region of approximately 57 amino acids with
unknown structure or function between the frameshift site and the start of the protease monomer
on the gag-pol polyprotein. An analysis of the 57 amino acid sequence of the linker region created
by the frameshift from gag to pol demonstrates little secondary structure. A hydrophilicity plot.
using the algorithm of Kyte and Doolittle*'** is shown, which contrasts the extreme hydrophilicity
of the linker region with the start of the protease region. Thesc observations suggest that the gag-
pol linker might, by its flexibility, facilitate the cleavage of polyprotein on the N-terminal side, as
required by the proposed virus assembly model.

defined, so that one can ask, for example, for inechanisms that would bring about the
required shifts in the properties of the medium trapped with the protease inside the
immature virion. Both models fall short, however, in explaining the now wide-
spread'-'®2!2228.2% gbservation that recombinant constructs of HIV-1 polyprotein frag-
ments incorporating the PR monomer can generate active protease dimers that can
process polyprotein in turn, and that can, in particular, autoprocess protease. These
recombinant products are often observed in high concentration inside inclusion bodies
within the producing bacteria. Activation in such a high concentration environment
would be a natural consequence of an aggregation model like the one proposed here.
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QUESTIONS RAISED BY THE AGGREGATION MODEL

The proposed aggregation model is comprehensive and consistent with the large
body of known eaperimental facts relating to the assembly of retroviruses in general,
and HIV-1 in particular. It suggests that these viruses have achieved economy (and
elegance) in specifying their assembly by the exploitation of basic underlying physical
chemical principles, such as hyperconcentration by loss of dimensionality and self-
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FIGURE 8. Schematic of gag and gag-pol polyproteins, as in FIGURE 1. Cleavage patterns for
HIV-1 reverse transcriptase (RT) suggest that at high concentrations, such as might be found for
gag-pol polyprotein in the local environment of the host cell/viral envelope membrane, HIV-1
RT might exist in dimer form. Given that RT has by far the largest cross-section of any of the
proteins incorporated in gag or gag-pol, even a modest tendency to dimerize would serve to
promote the initial association of gag-pol polyprotein prior to the formation of a tighter association
between protease monomers. In addition, having two separate binding components on tne same
gag-pol polyprotein molecule opens up the possibility of noncovalent cross-association (one hesi-
tates to use the term cross-linking) to form patches or rafts of polyprotein on the cell membrane.
Such rafts are observed on the surface of infected cells and may be related in some way to the
actual budding of immature viral particles.

assembly of components driven by Jiberation of free energy. The model fully explains the
active site mutagenesis results of Kohl et al.,! especially their observation of unprocessed
polyprotein in the uninfectious virions produced. It underscores the importance of gag
and gag-pol polyprotein aggregation in the maturation and assembly of virus subsequent
to budding and suggests further study of the aggregation process as a possible therapeu-
tic target. It has also proved useful in highlighting and incorporating the existing
electron microscopic observations'® of final viral assembly after budding of immature
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virions into a consistent scheme. Finally, the model makes predictions that are subject
to experimental verification, such as the possible involvement of RT in the assembly
process, and raises new questions and issues that are relevant to the exploitation of this
enzyme as a therapeutic target.

In this regard, the model points out that the current therapeutic target, that is, the
dimeric HIV-1 protease enzyme, does not exist as such over most of its lifetime in the
host cell. Most HIV-1 PR exists, in fact, in the form of inactive and uninhibitable
monomer within the gag-pol polyprotein. Only a small (and unknown) fraction of the
total potential pool of enzyme actually dimerizes in the host, for which fraction a
simple mechanism is in place (as discussed above) to passively remove activated “‘early”™
protease from the site of assembly.

For effective inhibition, the concentration of inhibitor delivered through the host
cell, or through the envelope of the immature virus, would have to be high enough to
assure the presence of a sufficient number of inhibitor molecules in the budded immature
virion to inhibit enzyme dimers as they form at some subsequent time. A novel approach
to the problem might involve the inhibition of dimerization, a somewhat problematical
task for the tightly associated HIV-1 PR, but perhaps approachable versus dimerization
of HIV-1 RT.
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Rational Targets for Design and Synthesis of
Anti-HIV Agents

MARK L. PEARSON

Central Research and Development Department
E.I du Pont de Nemours & Co., Inc.
Experimental Station
Wilmington, Delaware 19880-0328

Can AIDS be cured? Tentative first steps along the path ultimately leading to effective,
safe, and specific anti-HIV-1 therapeutics are outlined above in the papers from this
initial session of the meeting. Fortunately, the enormous concentration of effort made
since 1983 to understand the molecular, cellular, and clinical features of HIV-1 infection
in humans has resulted in the identification of a number of potential targets for thera-
peutic intervention that might —and the operative word is still mighr —allow this disease
to be controlicd and, indeed, even cured. We are still a long way from achieving either
of these objectives, however, as the informed reader will soon appreciate. In late 1989,
it remains uncertain if the development of vaccines or more radical immunological
approaches have any hope of restoring T-helper cell function in infected individuals.
The complexities of the infection process itself, indeed the identification of all the
relevant susceptible cell types other than T cells (and macrophages, monocytes, and B
cells), remain poorly defined. The involvement of the brain in AIDS-related neuropathy
also appears a daunting obstacle, even if we could control the T-helper cell process. A
more promising approach - one outlined in the attached manuscripts—is the develop-
ment of conventional small molecule inhibitors, able to block the activity of one of the
several virus-coded proteins on which the HIV-1 replication cycle depends. More
radical approaches involving nucleic acids as antisense, triple-strand structures or
ribozymes are described elsewhere in this volume.

MOLECULAR TARGETS

What are the molecular structures that might serve as targets for inhibitor design
and selection? Haseltii.e® (Harvard) has summarized the life-cycle of the AIDS virus
in terms of the synthesis and processing of viral proteins and nucleic acids.' The
essential nature of the HIV-encoded reverse transcriptase and protease make them
attractive substrates for such design efforts. The activity of azidothymidine, AZT. as

INot included in this volume.
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an inhibitor of reverse transcriptase is well-known; at present this compound is the
only widely available anti-HIV therapeutic with an established clinical effectiverncss.
Other HIV-encoded targets exist as well, notably the zar transactivator, which appar-
ently affects both HIV-long terminal repeats (LTR)-initiated transcription and HIV
mRNA translation, and the rev and nef functions, whose molecular mechanisms of
action as positive- and negative-acting regulatory factors are somewhat more nebulous.
Yet the nagging doubt remains that, even if the acute phase of infection can be blocked
by the judicious (or serendipitous) design of an appropriate inhibitor active against any
of these targets, somehow the integrated viral DNA itself must also be restricted from
even inadvertent “spontaneous” activation at soine subsequent time in the patient’s
lifetime. Thus the viral DNA itself is a target —and one that few have even a glimmer
of hope of tackling at the preseni time, given the absence of good ideas, let alone
precedents, in this area. Consequently the papers in this section deal with the more
immediate and prosaic task of finding inhibitors of the known gag-po/ and rat gene
products, searching for clues to lead compounds that might subsequently be developed
into effective anti-AIDS drugs.

INHIBITOR SEARCHES: THE GENETIC
AND THE CHEMICAL APPROACH

Reverse Transcriptase

The most obvious place 1o search for effective anti-AIDS drugs today s in the set
of inhibitors that inactivate reverse transcriptase. inasmuch as AZT has been shown
to have direct clinical utility. Goff (Columbia) has employed a genetic analysis of the
pol gene product to dissect the action of protease processing of reverse transcriptase
into the p66.p51 heterodimer and RNase H. Site-directed mutagenesis and the selection
of mutants resistant to dideoxynucleoside analogue from cloned, bacterially expressed
reverse transcriptase has yielded information on the reverse transcriptase’s active site.
Further genetic analysis of second-site intragenic suppressors of such mutations. and
their subsequent biochemical analysis, will shed more light both on the identity of
active site residues and the mechanism of action of reverse transcriptase. The results
of a screening program by Martin (Bristol-Myers) using a variety of nucleoside ana-
logues to discriminate between antivirals active against HIV-1 versus cytomegalovirus
suggests that some of the hematological toxicity and peripheral neuropathy associated
with AZT might well be circumvented through the use of other analogues. Especially
promising in this regard is 2',3'-didehydro-2',3'-dideoxythymidine (D4T). Reluted crys-
tallographic and molecular mechanics analysis by Van Roey (Buffalo) on scveral nucle-
oside analogues active in vitro as reverse transcriptase inhibitors has led to the sugges-
tion that the conformation of the ribose ring may be correlated with their antiviral
activity.

Protease

The most exciting place to search for effective anti-AIDS drugs today lies in the
inhibitors of the HIV-encoded protease, one of the products of the gag-pol region. Ever
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since the essential requirement of the protease for virus growth was demonstrated by
site-directed mutagenesis, it has attracted the attenticn of many groups as a critical
target for drug selection and design. Meek (Smith Kline Beecham, SKB) here summa-
rizes the expression of recombinant HIV-1 protease in E. coli as an 11 kDa monomer
that dimerizes to form an active asparty: enzyme. Using synthetic recombinant gag
substrates and variants thereof, the SKB team has designed inhibitory peptide substrates
able to competitively inhibit protease activity. Other proprietary compounds have also
been found that block gag and gag-pol processing in infected cells, allowing the release
of noninfectious (presumably structurally defective) virions. This is an exciting develop-
ment, because it offers a new strategic approach to anti-AIDS therapeutics, one that
is independent of the AZT-based reverse transcriptase inhibition approach and its
deleterious sude effects. As a consequence, protease inhibitors, in addition to their own
intrinsic value in monotherapy, also offer the possibility of more effective polytherapies
in combination with AZT, or other nucleoside analogues targeted at reverse tran-
scriptase, with the additional benefit of less patient discomfort.

The 3-D crystallographic structure of the HIV-1 protease, a useful guide for the
rational design of such inhibitors, is described here by Navia (Merck). This model
shows the juxtaposition of the aspartates forming the active site protected by an unusual
“flap™ structure that limits access to the active site of the processing sequence of the
gag-pol substrate itself. A provocative model involving membrane-associated subviral
structures is presented to accous.* for the formation of the first active protease molecules
in the infected cell—clearly a problem because the protease amino acid sequence itself
is embedded in the larger gag-po! product. This notion also neatly incorporates the
likely place of action of the protease: in a partially assembled subviral particle, not the
cvtoplasm. The challenge now is to exploit this information in the design of better
inhibitors: one clearly in the hands of the molecular modelers and the chemists. One
can only hope that such information will be rapidly turned into an entire new family
of anti-AIDS drugs.

Transactivation of LTR-Initiated Transcription

The last family of targets for rational design considered in this session are the
trans-acting transcription activators acting on the HIV LTR regulatory region. One of
these is tat, the protein that simulates HIV-1 LTR-initiated transcription elo.gation and
also binds HIV mRNA. The others are the immediate-early proteins of cytomegu.lovirus
(CMV), a herpesvirus. Barry (Davis) summarizes the remarkable ability of the cytomeg-
alovirus immediate-early transcription activators to stimulate HIV-1 LTR-initiated
transcription in a variety of human cell lines. This appears to be a direct effect of the
action of the CMV proteins, based on the use of appropriate plasmid constructs in
transfection experiments, one probably involving cooperative interactions with the
cellular transcription factors, NK-kB and NFAT-1, which also bind the LTR. The
wide variation in responsiveness among different cell types suggests that some of the
tropism seen with CMV and H1V for different cell types might be attributable to such
effects. The pathological consequence of the transactivation noted here for herpes and
HIV is that cooperative infection by other adventitious viruses, such as CMV, likely
stimulates further the HIV infectious cycle, thereby exacerbating the AIDS infection.
A more direct search for anti-tat compounds is reported by Sim (Hoffmann-La Roche)
based on the development of a high-throughput screening assay that relies on a tat-
sitmulated LTR transcription from a recombinant plasmid carrying alkaline phospha-
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tase as a reporter gene. No active compounds were reported at the meeting, but it is
hoped that this approach will be successful in future tests.

The papers in this session illustrate the remarkable power of the molecular techno-
logies currently being directed to the search for rational therapeutics for the treatment
of AIDS. Molecular biology has provided a detailed if incomplete view of the molecular
interactions governing the life cycle of this virus. Now it is up to the structural
biologists, chemists, pharmacologists, and clinical researchers to apply their expertise
to the design, synthesis, and clinical testing of inhibitors able to block the action of
the several targets currently offering some reasonable hope for new pharmaceutical
approaches for the treatment of AIDS.
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INTRODUCTION

Re .ently, antiviral activities of glycoprotein processing enzyme (glucosidase I)
inhibitors, castanospermine and deoxynojirimrcin, have been demounstrated against
Molorey murine leukemia virus (MOLV) and human im:nunodeficiency virus
(HIV).!-#

In spite of the potent inhibitorv activities of these compounds against the isolated
enzyme (IC,,: 1 x 10 7 M), the drug concentration required for significant reduction
in HIV infectivity is relatively high (1-2 mM). When cells chroni:ally infecied with
HIV were grown in the presence of either castanospermine or deoxynojirimycin, expres-
sion of the mature envelope glycoprotzin (gp120) on the cell surface w1s decreased
with a concomitant accumulation of uncleaved precursor gpl160."* These observations
may explain the observed decrease in the viral infectivity and inhibition of syncytiuni
formation. Castanospermine, however, showed only moderate in vivo activity against
Rauscher leukeimia virus infections in mice.’

Glucosidase I catalyzes the hydrolysis of the outermost a (I — 2) glucosidic
linkages of glycoproteins. O-substitution at the corresponding hydroxyl group (C.-OH)
in castanospermine may lead to inhibitors of higher specificity. We have synthesized a
series of acyl derivatives of castanospermine and evalaated these compounds agea’~st
MOLYV and HIV in cell cultures.” The data indicated several compounds that showed
enhanced potency against the viruses compared to castanospermine, with 6-O-butanoyl
castanospermine (B-CAST, MDL 28,574) being the mos. potent of the analogues so
far evaluated.

90




.

e

SUNKARA ¢t al.: CASTANOSPERMINE ANALOGUES I

MATERIAL AND METHODS

Compounds

Castanospermine (1S, 65, 7R, 8R, 8ak-1, ¢. 7, 8 tetri hydroxyindolizidine) was
1solited from seeds of the Moreton Bay cuestnut, Custanospermucr australe. as de-
scribed earlier.” 6-O-Butanoyl castanospermine (B-CAST, MDL 25,574) and other
analogues werc ynthesized as presiously reported.’ 27 3'-Dideoxyevtidine (dde) vas
purchased from Sigma Chemical Co. 3'-Azido-¥-deoxythymidine (AZT) was kindly
supplied by Burroughs Wellcome Co.. Research Triangle Park, North Carolina.

Moloney Vurine Leukemia Virus (MOLYV) Plaque Assay

MOLYV was optained from CIHIOTY 1/2 (clone 8) cells ch-roiucally infected with
and constitutively producing MOLV." These cells were generously provided by Dr.
Max Proffitt (Cleveland Clinic Foundation. Cleveland, Ohio). The XC plaque assay
was performed according to the method of Rowe er al.'* Briefly. mouse SC-1 cells (10%)
were seeded into each well of 6-well cluster plates (Costar 3#3506) in 4 mL MEM with
10% FCS. Following an 18 h incubation period at 37°C. MOLYV was then applied it
a predetermned titer to give optimal (i.e. countable) numbers of virus plaques, that is.
58 = 15/well. Compounds were added 2 h prior to addition of the virus. Three days
later, the culture r.edium was removed, the SC-1 cell monolayers were exposed to UV
irradiation (1800 ergs), and rat XC cells (10°) were seeded into each well in 4 mL
MEM. Followiag an additional 3-day incubation (37°C), these cells were fixed with
ethyl alcohol (95%) and stained wi.n 0.3% crystal violet. Plaques were then counted
under low magnification.

Enzyme (Glucosidase I Inhibition

Mammalian (mouse SC-1) cells were metabolically labeled with ['H]galactose to
obtain glucose-labeled glycopeptides during the exponential growth phase. Labeled
glycopeptides from control and treated cells were separated on Biogel columns as
described earlier.’” Accumuiation of G M. N, (glucose (G). mannose (M). and N-
acetylglucosamine (N))-containing glycopeptides was measured. Dose response curves
were plotted ag.inst log 10 drug concentration and the S0S inhibitory <o (IC,)
computed after linear regression analysis.

HIV Syncytial Assay in JM Cells

IM (T-cell line) cells were infected with the GBS strain of HIV-1 to give a multiplic-
ity of infection of 0.02 syncytial-forming units per cell.'* After a one hour adsorption
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at room temperature, the cells were washed twice in RPMI and resuspended in fresh
medium containing a different concentration of test compounds. The plates were incu-
bated at 27°C in a 5% CQ, incubator. After two days, syncytia were counted, and the
percentage inhibition was calculated.

Hel.a T, Syncytial Focal Assay for HIV

A HelLa transformant cell line expressing the human T, surface protein was kindiy
provided by Dr. Richard Axel, Columbia University. New York, New York. Cells
were exposed to HIV-1 and concentrations of drugs, and to drug alone in triplicates.
The cells were incubated at 37°C in a 56 CO, incubator for four days. At the end of
incubation, the number of syncytia were counted. percent reduction relative to the
virus control group was caleulated. and the 1D, values were determined. Cell viability
was determined by quantitation of cell numbers by a Coulter counter, and the concen-
tration of drug (pg/mL) that reduces cell number by 50%¢ {minimum cytotoxic drug
concentration, MTC) was determined. The therapeutic index was obtained by dividing
the MTC by the 1D,

Friend Leukemia Viral (FLV} Infections in Mice

Friend leukemia virus was obtained from American Type Culture Collection. The
virus was maimtained in Swiss mice by injecting 0.2 mL of spleen extract (approx. 50
PFU/mL)."* Mice were infected on day 0 by i.v. injection of 0.2 mL of infected spleen
suspension (1:50.000, w/v). Compounds were mixed in animal feed and were offered
to animals ad thitum from day 1-day 14. Animals were sacrificed on day 14; spleens
were wetghed, and the pereent inhibition of splenomegaly was determined as follows:

wt. of treated spleen — wt. of vninfected spleen
e ainhibition of splenomegaly: 100 x

wt. of infected spleen — wt. of uninfected spleen

RESULTS

The data presented in Tapi ¢ 1 indicate an apparent correlation between MOLYV
antiviral activity and glucosidase I inhibition by the compounds. The most potent
activity against both MOLV (IC,: 0.05 ug/mL) and HIV-1 (I1C,,: 0.15 pg/ml) was
ohserved with B-CAST. A similar trend was observed for activity against HIV, except
for MDL 29.435 and MDI. 44,370, which showed weak activity against glucosidase 1
(IC,: 10 pug/ml), but were at least as active as castanospermine against HIV-1. B-
CAST was further evaluated against HIV in HeLa T, - assay (TABILE 2) in comparison
to reverse transeriptase inhihitors, AZT and ddc. B-CAST is at least 30 times more
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potent than CAST in this assay, confirming the anti-HIV activity of this compound in
JM cells. B-CAST had a cellular “'therapeutic index™ similar to AZT and ddc ( > 1000).

Because of its interesting anti-HIV activity in culture, B-CAST was evaluated in
vivo against FLV-induced splenomegaly in mice. Treatment with B-CAST produced 66
and 69% inhibition of spienomegaly at dosages of 95 and 159 mg/kg/day, respectively

TABLE 1. Inhibitory Activities of Cast Analogues on Glucosidase I, MOLYV, and
HIV in Vitro®

Glucosidase
Inhibition MOLYV HIV-i
MDL R R, (ICy pg/ml) (ICy,; pg/mLl) (ICq: pg/ml)
Castanospermine H H 10.0 1.2 6.5
28,574 CH,CH,CH,—CO— H 0.7 0.05 0.15
43.305 ¢ co- H 10.0 0.1 1.0
N/
// A\
28,653 )——CO- H 1.0 0.5 1.0
Ne)
29,435 <\ / Co- H >30 >10.0 7.0
HyC
29,204 H,C — \ / CO- H 2.0 0.5 5.8
44,370 Br \ cC - H >30 10.0 0.75
{/f
29,270 H H,C CO- 30 1.0 34
TN/

(TABLE 3). At similar doses, CAST caused a 34 and 53% inhibition of splenomegaly.
AZT treatment at 105 mg/kg/day resulted in 66% inhibition of splenomegaly. These
data indicate that B-CAST is equipotent with AZT and more active than CAST at
similar doses against FLV infections in mice.
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DISCUSSION

The data presented indicate a general correlation between anti-MOLYV activity and
glucosidase I inhibition of a number of castanospermine analogues. A similar trend
was also observed for HIV, except for MDL 29,435 and MDL 44,370, which showed
weak activity against glucosidase I and MOLYV, but were at least as active as casta-
nospermine against HIV-1. Differential uptake of the compounds and/or intracellular
conversion to an active metabolite could account for the variable antiviral activity of
the compounds. B-CAST was the most potent of the compounds tested. B-CAST was
at least 10 times as active against glucosidase I and about 20-fold as potent as an
antiretroviral agent against MOLYV compared to CAST (TaBLE 1). Further, B-CAST
was at least 20-30 times more potent than CAST in inhibiting HIV-induced syncytial
formation in both HelLa T, and JM cells (TABLES 1 and 2).

Recently, Ruprecht er al.” reported the effect of CAST on Rauscher murine leuke-
mia virus in vivo. The treatment of infected mice for 20 days showed a dose-dependent
inhibition of splenomegaly. Treatment with CAST, however, showed much less activity
compared to AZT. The data presented here in Friend leukemic viral infections in mice
show that B-CAST, but not CAST, was as effective as AZT in inhibiting the viral-
induced splenomegaly.

The envelope glycoprotein, gp120, plays an important role in the process of HIV
infection of CD4* lymphocytes. The gp120 is synthesized as a result of a cleavage by
a host protease of precursor glycoprotein gp160.* Preliminary studies on the molecular
mechanism of the anti-HIV activity of B-CAST indicate that the compound causes
an increase in the apparent molecular weights of gpl60 and gp120 viral envelope
glycoproteins, presumably due to increased carbohydrate content. More interestingly,
a dramatic decrease in the ratio of gp120:gp160 in the B-CAST-treated, HIV-infected
H9 cells was observed,'® indicating blockade of conversion of gp160 to gp120. Similar
results were also reported earlier in deoxynojirimycin- and castanospermine-treated
HIV-infected cells.>® The unique mechanism of action of B-CAST, desirable therapeu-
tic index in cell cultures, and apparently low animal toxicity (acute oral LD, = >2
g/kg in mice) makes B-CAST an interesting candidate for eventual clinical evaluation
in AIDS patients.

TABLE 2. Activity of Selected Agents against HIV in HELA T, Cells

1D,* MTC?

Compound (ug/mL) (ng/mL) TI
Castanospermine (CAST) 10.97 > 320 ~>29
MDL 28,574 (B-CAST) <0.32 > 320 > 1000
ddc <0.10 > 100 > 1000
AZT <0.001 >1 > 1000

“1D,, = The drug concentration (ug/mL) that inhibits the viral cytopathic effect by 507,
calculated by using a regression analysis program for semilog curve fitting.

PMTC = The drug concentration (ug/mL) that reduces cell number to 50% in uninfected
cultures.

“TI = Therapeutic index calculated by dividing the MTC by the 1D,
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TABLE 3. Activity of AZT, CAST, and B-CAST against Friend Leukemia Viral
Infections in Mice®

Dose Average Spleen Weight (g) Percent Inhibition of
Treatment (mg/kg) (Mean + SE; n = 95) Splenomegaly®
Infected control 0.48 * 0.08 0
AZT 105 0.23 * 0.08 66¢
CAST 91 0.39 * 0.06 34
CAST 174 0.28 * 0.09 53¢
B-CAST 95 023 = 0.04 66¢
B-CAST 159 0.22 %= 0.06 69¢

9 Mice were infected on day O by i.v. injection of 0.2 mL of infected spleen suspension (1:50,000,
w/v). Compounds were mixed in the feed and were offered to mice on day 1-14, ad libitum. The
amount of feed consumed by the animals was used to determine the dose. Animals were sacrificed
on day 14, and spleen weights were determined. The unifected control spleens weighed 0.i0 *
0.001 g.

®See METHODS for determination of percent inhibition of splenomegaly.

°p < 0.001 compared to control.

SUMMARY

Inhibitors of glycoprotein processing enzymes have been shown to have activity
against HIV. Several analogues of the known glucosidase 1 inhibitor, castanospermine
(CAST), were synthesized and evaluated for their inhibitory effect on glucosidases and
for antiviral activity against Moloney murine leukemia virus (MOLV) and HIV-1. The
most effective analogue was 6-O-butanoyl CAST (B-CAST, MDL 28.574) with an IC,
of 0.05 pg/mL against MOLV. A correlation between inhibition of glucosidase I and
MOLYV replication was observed. This analogue was further evaluated against HIV-
induced syncytial formation in HeLa T,+ cells and against productive infection in JM
cells infected with HIV 1 (GBS strain). B-CAST showed an IC,, of 0.3 ug/mL in the
Hela T,+ assay, compared to CAST at 11 pug/mL. The compound also was more
potent (IC,,:0.15 ug/mL) than CAST (4-6 ug/mL) in JM cells. The antiretroviral
activity of B-CAST was further confirmed in Friend leukemia virus (FLV) infection in
mice. B-CAST showed equivalent activity to AZT and was more potent than CAST
in inhibiting FLV-induced splenomegaly in mice. The data presented herein suggest
the potential of these novel glucosidase inhibitors as anti-HIV agents.
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Antimyristoylation of GAG Proteins
in Human T-Cell Lymphotropic and
Human Immunodeficiency Viruses
by N-Myristoyl Glycinal
Diethylacetal

SHOZO SHOIJ1,? AKIRA TASHIRO,
AND YUKIHO KUBOTA

Department of Biochemistry
Faculty of Pharmaceutical Sciences
Kumamoto University
Kumamoto 862, Japan

Myristate covalently bound through an amide bond to the NH,-terminal glycine residuc
of a protein was first discovered in the cataiytic subunit of adenosine 3':5'-phosphate-de-
peadent protein kinase, type II."? Myristate was found at an NH,-terminal glycine
residue in the following: calcineurin B,? precursor polyprotein Pr65%¢ of the murine
retrovirus protein,® gag-onc fusion proteins in maminalian transforming protein.**
NADH-cytochrome by reductase,® lymphoma tyrosine nrotein kinase,” protein kinase
p60°,2-1¢ cellular proteins in the BC,H muscle cell line,'' a 36-kilodalton substrate of
pp60*+~,'? gag protein of the human T-cell lymphotropic virus (HTLV-1),'* specific
proteins'® of macrophages, insulin receptors,'* vinculin,'® structural protein of polyma-
virus and SV40,"7 preS1 protein of hepatitis B virus,'* capsid protein VP4 of picorna-
virus'® and a subunits of guanine nucleotide-binding regulatory proteins,*” and human
immunodeficiency virus (HIV-1).21-22 This covalent attachment of myristic acid to select
subsets of eukaryotic cellular proteins and viral proteins has been associated with
important biological processes such as growth control and morphogenesis, membrane
anchorage or fusion, protease protection, and virus replication.?* Amino-terminal se-
quences of known N-myristoylated proteins are summarized in TABLE |.

The present study addresses two aspects of protein myristoylation and antimyristoy-
lation in the retrovirus-infected cells. First, two of the most thoroughly studied myris-
toylated proteins are the transforming protein of the Rous sarcoma virus, pp60* .
and the protoncogene product, pp60++~.24-2¢ These polypeptides are translated on free
polysomes and myristoylated before being transported to the plasma membrane.”* ™"
Deletion or modification of the first 14 NH,-terminal amino acids of pp60**~ does not
affect intrinsic tyrosine src-kinase activity, but prevents myristovlation and membrane
association, and abolishes the transforming activity of the protein.?* 2* Together, these
observations suggest an important role for myristoylation in targeting proteins to the

98end correspondence 0 Shozo Shoji, Department of Biochemistry, Faculty of Pharmaceutical
Sciences, Kumamoto University, 5-1, Oe-Honmachi. Kumamoto 862, Japan.
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plasma membrane and in cellular transformation. We show that N-myristoyl-glycinal
diethyl acetal (N-Myr-GOA) remarkedly prevents the morphological transformation
of chick embryo fibroblasts (CEF) infected with a temperature-sensitive mutant
(tsN'Y68) of Rous sarcoma virus, and that this blockage of transformation appears to
be attributed to the inhibition of NH,-terminal myristoylation of the transforming
protein pp60** expressed in the infected cells.?’

Second, the study aimed to establish NH,-terminal myristoylation of the structure
proteins in human T-cell lymphotropic type 1 (HTLV-I)-producing MT-2 cells* and
human immunodeficiency virus type 1 (HIV-1)-producing CEM/LAYV celis,*! and to
determine the NH,-terminal antimyristoylation with N-myristoyl compounds. N-Myr-
GOA and its derivatives were synthesized by the method of Schotten Braumann? on
the basis of the structure of myristate linked to an NH,-terminal glycine residue of
proteins. The melting points of the diethylacetal form, which is a form of the aldehyde
group protected by ethanol, are as follows: N-Myr-GOA, 65-67°C; N-Myr-Gly-GOA,
110-116°C; N-Myr-Gly-Gly-GOA, 103-105°C; and N-Myr-Gly-Gly-Gly-GOA, 87°C.
The diethylacetal forms of the N-Myr compounds are slowly converted to the aldehyde
forms under an acidic condition.’* HTLV-I-producing MT-2 and HIV-1-producing
CEM/LAYV cells were separately cultured with [*H]myristic acid in the presence or
absence of N-Myr compounds. The radiolabeled proteins, after immunoprecipitation
with an antiserum to adult T-cell leukemia (ATL) or the anti-pl17%¢ monoclonal
antibody of HIV-1, were identified as p19¢¢ of HTLV-I and pl17#¢8 of HIV-1 by
fluorography after SDS-PAGE. Of the N-Myr compounds tested, N-Myr-GOA and
N-Myr-Gly-GOA remarkably prevented the myristoylation of p19# and p172%¢, but
N-Myr-Gly-Gly-GOA and N-Myr-Gly-Gly-Gly-GOA did not.22N-Myr-GOA did not
immediately prevent both reverse transcriptase in vitro and incorporation of [*’H]thymi-
dine by DNA synthesis, but it significantly affected HIV-1 production. Myristovlation
of the gag component may be an important participant in virus capsid assembly.

MATERIAL AND METHODS

Reagents used, and their sources, were as follows: anti-p1722¢ monoclonal antibody
of HIV-1, anti-src gene product antibody (antisera from Rous sarcoma virus tumor-
bearing rabbits), goat anti-rabbit IgG conjugated with peroxidase, Wako Chemical Co.
(Osaka, Japan); minimum essential medium (MEM), Nissui Seiyaku (Tokyo, Japan);
[9,10-*H(N)]myristic acid (100 mCi/mg), [1-'*C}-leucine (50 mCi/mmol), [y-*?P]ATP
(50 Ci/mmol), [*H]thymidine 5'-phosphate, 2-deoxy-D-[*H]glucose, New England Nu-
clear; protein A-Sepharose, template primer poly(rA)p(dT),,.,s, Pharmacia Biotechnol-
ogy International AB (Uppsala, Sweden). N-Myr-GOA and N-Myr-glycyl peptide
derivatives were synthesized by the Schotten-Baumann method as described pre-
viously.” A tsNY 68 sample of Rous sarcoma virus was kindly donated by Dr. S. Kawai
(University of Tokyo, Japan).

CEF Culture and Analysis of Myristoylated pp6("-~

CEF were prepared from 10-day-old embryonic eggs kindly supplied by the
Chemo-Sera Therapeutic Research Institute (Kumamoto, Japan). Cells infected with
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Rous sarcoma virus (1sNY68) were grown at 37°C for 48 h in MEM supplemented
with 10% tryptose phosphate broth and 5% fetal calf serum in humidified 5% CO,
atmosphere, as described previously.™* The cells were labeled with [PH]myristic acid
(100 uCi) at 37°C for 24 h, quickly washed five times with PBS(—), scraped off, and
centrifuged at 2700 x g for 20 min.** The pelleted cells were lysed in 1 mL of
immunoprecipitation buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Triton
X-100, 1% deoxycholate, 0.1% SDS, 2 mM phenylmethane sulfonylfiuoride, 0.001%
trasylol, 83 uM antipain, 117 uM leupeptin, 73 uM pepstatin®®). The radiolabeled
lysates were subsequently employed for radioimmunoprecipitation analysis (RIPA)*
to detect sr¢ gene products with the anti-src Gene product antibody, and then the
immunoprecipitates were adsorbed by protein A Sepharose, and solubilized with SDS,
followed by SDS-PAGEY and subsequent fluorography.”® src Gene product was also
confirmed by immunoblotting™ as described previously.””

Usage of N-Myr-GOA and N-Myr Compounds

N-Myr-GOA (1 mg) and the other N-Myr compounds were separately dissolved in
1 mL of chloroform, dried, and suspended in 1 mL of PBS(—) by sonication under
sterile conditions. The N-myristoyl-compound suspension was used bv dircli addition
to the medium at desirable concentrations. The V-myristcyl compound is difficult to
solubilize immediately in the medium: therc{ore, it was encapsulated a1 appropriate
concentrations in a liposeme formed with dipalmitoyl phosphatidylcholine(DPPC)-
phosphatidic acid(10:1), as described previously.™ The liposome containing N-Myr-
GOA at a desirable concentration was employed tor antimyristoylation of the gag
protein by addition to the cultured medium.

HTLV-1- or HIV-1-Producing Cell Culture

HTLV-I-producing cell lines MT-2* and MT-4,*! and HIV-1-producing cell line
CEM/LAYV? were cultured in RPMI-1640 medium supplemented with 5% fetal calf
serum, penicillin (100 IU/mL), and streptomycin (100 pg/mL). Human T cell line
CEM was also cultured under the same conditions. The experimental details of each
cell culture condition are described in each result.

Identification of Myristoylated gag Protein in HTLV-I and HIV-1

Identification of N-myristoylated gag proteins in human retroviruses was carried
out by RIPA, followed by SDS-PAGE and fluorography in the same basic manner
used in tsNY68-infected CEF, as described above. HTLV-I- and HIV-1-producing
cells were separately cultured in the medium with '*C- or *H-labeled myristic acid, and
labeled viruses or labeled cells were separated, collected, and lysed with RIPA buffer.
Radioactive myristoylated proteins were identified as gag proteins by RIPA, followed
by SDS-PAGE and subsequent fluorography, as described previously.**
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HIV-1 Preparation and Titration

CEM/LAYV cells (2 x 10° cells/mL) were cultured for 3 days under the same
condition as described above, to prepare HIV-1, and then the supernatant was centri-
fuged from the cultured medium, filtered (0.45 nm membrane), and used as the HIV-
1 virus. The titration (4 X 10° TCID.,/mL) of the virus was measured by the tissue-
culture infectious dose (TCID,,) method,* which is determined with the cytopathic
effect (syncytium formation) of MT-4 infected with HIV-1.#!

Inhibitory Assay of HIV-1 Production by N-Myr-GOA

Infection of MT-4 cells with HIV-1 was performed at a multiplicity of infection
(m. o. i.) of 0.1 with incubation for 1 h at 37°C. The virus-infected cells were washed
once and resuspended with fresh medium to produce a concentration of 2 X 10° cells/
mL. The infected cells were separately cocultured with liposome-encapsulated N-Myr-
GOA at final concentrations of 0, 10, 20, and 40 uM. The cultured medium was
harvested at days 0, 1, 2, 3, and 4, and virus production of the resulting supernatants
was determined with reverse transcriptase activity in virus particles precipitated by
polyethylene glycol** and syncytium formation of the 4 day cultured cell after inocu-
lation.

Reverse Transcriptase Activity

Reverse transcriptase of virus particles in the supernatant form was determined
with template primer, poly(rA)-oligo(dT),, s, and [*H]thymidine triphosphate.**

RESULTS AND DISCUSSION

Detection of pp607*~ Nonmyristoylated with N-Myr-GOA

CEF infected with Rous sarcoma virus (tsNY68) were cultured in the presence or
absenre of N-Myr-GOA (50 uM), as describcd previously.?® The infected CEF, treated
or untreated with N-Myr-GOA, could be recognized as elongated, parallel-orientated,
flattened cells that are the typical morphologic phenotype of normal cells.*® The infect-
ed-transformed cells (5 X 10° cells/5 mL) formed colonies (1413 colonies per 28 cm?)
after three weeks of cultivation. On the other hand, the infected cells treated with N-
Myr-GOA lost the ability of colony formation.

The infected CEF, treated or untreated with N-Myr-GOA, were separately labeled
with either [*H]myristate- or [1-'*C]leucine, collected by centrifugation, as described
above, and lysed in RIPA buffer.’* Each lysate was used separately for analysis of
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[’H]myristate- or [1-"*CJleucine-containing proteins by fluorography after SDS-PAGE.
Of various ['H]}myristate-containing proteins in the cell lysate (FIG. 1, lane A), the
major labeled 60 K protein was regarded as pp60**" from immunoblotting analysis
(lane A’) and RIPA (lane C), because it was immunoprecipitated with anti-src gene
product antibody that reacts with pp60*~~. The antibody** also reacted with other
viral proteins and their precursors, intermediates, and mature cleavage products. No
[*H]myristate-containing proteins (lane B) were found in the radioactive lysate from

A B ABC

o — 92.5K
o 6
— 46
- ‘
£ —30
L — 20

FIGURE 1. Effect of N-Myr-GOA on protein myristoylation in CEF infected with tsNY68. The
infected CEF were labeled with [*H]myristate in MEM at 37°C for 24 h in the absence (lanes A
and A’) or presence (lanes B and B’) of N-Myr-GOA (50 uM), lysed in RIPA buffer, and submitted
to SDS-PAGE and processed for fluorography.™ One-half portion of each lysate, which contained
equivalent quantities of protein, were used for analysis of ['H]myristate-containing proteins and
src-gene products by fluorography (lanes A and B) and immunoblotting (lanes A’ and B’) after
SDS-PAGE. Lane C represents RIPA of the lysate with anti-src gene product antibody. The
arrow indicates p60 K. Molecular weight markers are shown on the right. The experimental
details are given in MATERIALS AND METHODS.

the infccted CEF treated with N-Myr-GOA, but a 60 K protein and a few other
proteins, which were invisible in lane B of the fluorogram, were detectable by the
immunoblotting analysis with anti-src gene product antibody (lane B’). The results
show that a 60 K protein could be identified as nonmyristoylated pp60*~*~. The p60 K
protein corresponding to pp60** was not detectable in the cell lysates treated with N-
Myr-GOA by either immunoprecipitation or immunoblotting analyses with nonim-
mune rabbit serum.
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There were no significant differences in [1-'*C]leucine incorporation into the p6(
K protein or radioactivities of IgG [**P] phosphorylated with src-kinase between V-
Myr-GOA -treated CEF and untreated cells (data not shown). These results taken
together indicate that N-Myr-GOA -prevented NH,-terminal protein myristoylation of
pp60*<~ did not affect protein synthesis or src kinase activity.?’

The influence of N-Myr-GOA on specific localization of pp60** in the infected
cells was determined by indirect immunoftuorescence. Upon immunofluorescence mi-
croscopic observation using anti-src gene product antibody, fluorescent grains were
localized along the entire circumference of the untreated transformed cells, as well as
in its cytoplasmic elements, whereas only the cytoplasm of infected cells treated with
N-Myr-GOA was stained.?

The results suggest that pp60* ™ nonmyristoylated with ¥-Myr-GOA did not local-
ize on the plasma membrane compartment of the cell. Judging from these results, V-
Myr-GOA is an excellent reagent for in vitro blocking of NH ,-terminal myristoylation.
Therefore, N-Myr-GOA is used to attempt blockage of NH,-terminal myristoylation
of gag proteins in human retroviruses.

Confirmation of NH,-Terminal Myristoylated pl % of HTL}-1

HTLV-I-producing MT-2 cells (approximately 7 x 10¢/10 mL/75cm? )y were grown
in RPMI 1640 medium supplemented with 5% fetal calf serum at 37°C under a
hwmidified 5% CO, atmosphere. The cells were labeled separately with [1-"*C]myristate
(2o puCi) at 37°C for O h, 3 h, 6 h, and 9 h. Cells and virus particles were harvested
from the MT-2 cell-culiured medium. The cells were collected by centrifugation (1000
X g, 10 min), washed twice with cold phosphate-buffered saline, and then lysed in SO0
puL of RIPA buffer (50 mM tris-HC], pH 7.5; 150 mM NaCl; 1% Triton X-100, 1%
deoxycholate; 0.1% SDS; and 2 mM phenylmethane sulfonyl fluoride).™ Prior to
collection of the virus particle from the medium-free cells, the medium was submitted
to centrifugation (15000 X g, 30 min) to remove insoluble materials. The virus particles
were collected by centrifugation (100,000 X g, 90 min) and then lysed in 50 ul. of a
lysis buffer (10 mM phosphate buffer, pH 7.4, 2% SDS). The lysates were treated with
1 M NH,0H* in 50 mM Tris buffer, pH 7.4, at room temperature. Equivalent quantities
of proteins from each lysate were used for analysis of [1-'*C] myristate-bound proteins
by SDS-PAGE.

Of the various radiolabeled proteins in the HTLV-I lysates (FiG. 2. lanes A to E).
the radioactive proteins (p28 K and p19 K; indicated by arrows in the fluorogram)
increased with increasing incubation time (0 h, lane A; 3 h, lane B: 6 h. lane C: and 9
h, lane D), and the sam- proteins were observed in the MT-2 cell lysates (FI1G. 2, lanes
F to H). The radioactive proteins were positively identified as NH,-terminal myristovl
proteins, p288°€ and p195%, because both proteins were resistant to NH,OH-treatment
(lanes E and G), and radiolabeled proteins that were immunoprecipitated with the
antiserum to ATL were detected (lane H). The band observed at a position correspond-
ing to 69 K in the case of the HTLV-I lysate in FIGURE 2, lane D (before NH,OH-
treatment), does not seem to be myristate covalently bound through an amide bond
because the radioactivity was remarkably decreased after NH,OH treatment (lane F).
MT-2" and MT-2-related T-cell lines**#” produced both p19 K, which is a gag protein
of HTLV-I, and p28 K, which was shown to be a fusion product of the gag-fx gene
of HTLV-L.
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FIGURE 2. Detection of NH.-terminal mynstoyl proteins in HTLV-1 and MT-2 cell lysates.
Virus lysates (lanes A to E; E: NH.OH-treated). cell lysates (lanes F to H; G: NH,OH-treated).
and the immunoprec oitate™ of a cell lysate (Jane H) with antiservm to ATL from a patient were
analyzed by 149 SDS-PAGE." followed by fluorography.™ The zxperimental details are given
in the text. The arrows indicate p28 K and p19 K. Molecular weight markers are shown on the
right

Muyristoylation of pl 7 of HIV' 1

CEM/LAV cells were grown under identical conditions as in the case of HI'LV-
i-producing MT-2 rells. The cells were incuba® * with either radiolabeled myristate
or radiolabeled leucine. The expenimental details zre given in the legend to FIGURE 3.
A protein (p17 K) labeled with {1-*C]myristate (FI1G. 3, lane B) and both p17 K and
p24 K labeled with [1-"*C] leucine (lane C) in HIV can be easily detected in the
fluorogram. Alternatively, neither protein myristoylation (lane D) nor synthesis (!ane
E) of proteins pl 7K and p24 K. the laiter being a processing proteir of a precursor
gag protein,* occurred in CEM cells (non-HIV-1-infected and non-HIV-1-producing
cells). M, ristoylation of p17 K in the CEM/LAY cell lysate (lane G) was found to be
ambiguous in the fluorogram because unknown proteins generated from the CEM cell
lysate (lane H) migrated very close to pl 7#%. A radiolabeled myristoyl protein that was
immunoprecipitated with an anti-p17#% monoclonal antibody. however, was clearly
detected at a position corresponding tc pl17 K in the cases of the cells (lane I) and! virus
lysate (lane J). This protein was also resistant to NH,OH-ireatment (lan . K). Thus the
results revealed that p17#* in HTV-1 is an NH.-terminal myristoy! protein.~

Antirayristoylation of pl 9% and pl 7% with N-Myr-GOA

MT-2 cells and CEM/LAV cells (approximately 1.5 ~ 10" cells/10 mL/75¢m?)
were grown separately in RPMI I *J medium supplemented with S7% fetal calf serum
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at 37°C under a humidified 5% CO, atmosphere. The cells were precultivated for 15
h with either V-Myr-GOA or other N-Myr compounds at concentrat’ nn< 0”0, 5, 20,
50, and 100 uM. Further additions of cither ¥-Myr-GOA or other N-Myr compounds
were made to each of the precultured media, which were then allowed to stand for 1
h under the same conditions. The final concertrations of ¥-Myr-GOA or other N-Myr
compounds were 0, 10, 40, 50, 100, and 200 uM. Each mixture was then incubated
separately with [1-"*C] myristate (25 pi) and DL-[1-"*C]leucine (5 uCi) for 24 h at
37°C. The cells and virus were harvested separately from the cultured medium.
Pros2in rayristoylation of structure protein p19# from the HTLV-1 and MT-2 cell
lysates de :reased with increasing concntration (50, 100, and 200 uM) of V-Myr-GOA
(FIG. 4A, 1aces | to 8). whereas incorporation of [1-*Clleucine into p192:¢ and p28e#
did not significantly decrease with increasing concentration (F1G. 4A, lanes 9 to 12);
p19*¢ labeled with [**Slmethionine was not seen (data not shown) because of the lack
of methionine in pl19#& Myristoylation of structure protein pl17%¢ from HIV-1 (FiG.
4B, lanes 13 to 1€) and CEM/LAYV (FiG. 3B, lanes 17 to 20) was also prevented by
increasing the concentration of N-Myr-GOA (10, 40, and 200 uM). The NH,-terminal
myristoylation of p17#¢ was strongly inhibited by N-Myr-GOA at a concentration of
40 uM (lane 15), whereas the incorporation of [1-*C] leucine into p178#¢ at various

ABCDEFGH I JK

[ 2] '
ok ) .

n24-~ ““
p17— ‘b

FIGURE 3. Detection of NH,-terminal myristoy! pioteins in HIV-1 and CEM/LAYV culi lysates.
Virus lysates (lanes A to C) from CEM/LAV-cell medium, lysates (lanes D and E) of the fraction
c.rresponding to virus from the CEM-cell medium cultured under identical conditions, the cell
lysates of CEM/LAVY (lanes F and G) and CEM (lane H), the immunoprecipitates ™ of the CEM/
LAYV cell lysate (lane I) and the virus lysate (lane J), and the NH,OH-treated virus lysate (lane
K) were applied. The arrows indicate p!7 K and p2+ K. Molecular weight markers are shown
on the right. CEM/LAYV cells (approximately 1.1 < 107 cells/10 mL/75 ¢m®) were grown in
RPMI 1640 medium supplemented with 5% fetal calf serum at 37°C fo~ O h (lanes A and F) and
24 h (other lanes) under a humidified 5% CO, atmosphere. The cells were incubated with either
[1-*Clmyristate (25 uCi; lanes B and D), ['H]myristate (100 pCi: lanes 1 to K), or pr-{1

"*Clleucine (5 uCti; lanes C and E). The other experimental conditions were the same as in FI6.
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FIGURE 4. Effect of N-Myr-GOA on rotein myristoylation of HTLV-1 and H1V-1. A shows
the effect of ¥-My1-GOA on protein mynistoylation of HTLV-I (Janes 1 to 4) and MT-2 (lanes S to
8). and the incorporation of {1-"*C] leucine into HTLV-I (lanes 9 to 12) at various concentrations: 0
uM: lanes I, 5, and 9; 50 uM: lanes 2, 6, and 10; 100 uM: lanes 3. 7, and 11; 200 uM: lanes 4,
8, and 12. B illustrates the effect of N-Myr-GOA on the protein mynistoylation of HIV (lanes 13
to 16) and CEM/LAY (lanes 17 to 20) and the incorporation of [1-"“*Clleucine into HIV (lanes
21 to 24) at various concentrations: 0 uM: lanes 13, 17, and 21; 10 uM: lanes 14. 18, and 22; 40
pM: lanes 15, 19, and 23; 200 pM: lanes 16, 20, and 24. The expenmental details are given in
the text. The other experimental conditions are the same as in Fi1G. 2.
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concentrations (lanes 21 to 24) was not inhibited. N-Myr-GOA did not affect the
incorporation of [*H]thymidine into the cells under the same conditions. The results
revealed that N-Myr-GOA prevented the NH,-terminal myristoylation of structure
proteins p192% in HTLV-1, and p17¢*% in HIV-1, whereas it did not inhibit protein
synthesis in the cultured cells.**
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N-Myr-GOA N-Myr-GGOA  N-Myr-GGGOA

FIGURE 5. Effects of N-Myr-glycyl peptide derivatives on A-myristoylation of HTLV-1 gag
proteins. MT-4 cells (approximately 1.5 x 10° cells/10 mL/75 cm?) were grown separately in
RPMI 1640 medium supplemented with 5% CO, atmosphere. The cells were precultured for 16
h with either N-Myr-GOA or N¥-Myr compounds at concentrations of 0. 10, 50, and 200 uM.
Lanes 1-3: A-Myr-GOA, 10, 50, and 200 pM: lanes 4-6: N-Myr-Gly(G)-GOA. 10, 50, and 200
uM:; lanes 7-9: N-Myr-Gly(G)-Gly(G)-GOA, 10, 50, and 200 uM; lane 10: O uM. The other
experimental conditions are the same as in FIG. 2.

Effect of N-Myr-glycvl Derivatives on NH - Terminal Mvristoylation of
HTLV-I gag Proteins

MT-2 cells were cultured under the same condition as above, and after cells were
treated or untreated with N-Myr-compounds, NH,-terminal myristoylation was deter-
mined as desciibed above. N-Myr-GOA and N-Myr-Gly-GOA remarkably prevented
NH,-terminal myristoylation of p198# protein of HTLV-1 (FI1G. §) but N-Myr-Gly-
Gly-GOA and N-Myr-Gly-Gly-Gly-GOA did not. A flucrogram of the cell lysate
treated with N-Myr-Gly-Gly-Gly-GOA is omitted because the result was close to that
of N-Myr-Gly-Gly-GOA. The cytotoxicity of N-Myr-glycy] derivatives against MT-2
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was measured with Trypan blue dye exclusion for viability after 24 h under similar
conditions but without viral infection (TABLE 2). The viabilities of MT-2 and the
incorporation of [*C]myristic acid into the cells were not significantly decreased in the
concentration range of 10 to 50 uM N-Myr-GOA derivatives. At a concentration of
20 uM or above, N-Mvr-GOA and its derivatives are toxic to the cells, and [*C]
myristate uptake decreased apparently in proportion to cytotoxicity.

Effect of N-Myr-giycyl Derivatives on NH Terminal Myristoylation of HIV-1
gag Protein

Prevention by N-Myr-glycyl peptide derivatives against NH,-terminal myristoyla-
tion of HIV-1 gag proteins was determined under the same conditions as described
above. The cytotoxicity of these compounds against CEM/LAYV cells and incorporation
of ["*C]-myristic acid into CEM/LAYV were also investigated. These results are shown
in TABLE 3. N-Myr-GOA (50 uM) inhibited NH,-terminal myristoylation of p17&
protein in HIV-1 virus as shown in FIGURE 4B. N-Myr-Gly-GOA also prevented NH,-
terminal myristoylation of the proteins (data not shown), but A-Myr-Gly-Gly-GOA
and N-Myr-Gly-Gly-Gly-GOA did not. .N-Myr-GOA (50 uM) is not cytotoxic and
does not affect ["*C]myristate uptake.

Prevention of NH,-Terminal Myristoylation of HTLV-1 and HIV-1 gag
Proteins with the Liposome-Encapsulated N-Myr-GOA

N-Myr-GOA is a good antimyristoyl reagent, but it is not sufficiently soluble in the
culture medium. Therefore, liposome containing appropriate concentrations of N-

TABLE 2. Cytotoxity of N-Myr-Glycyl Peptide Derivatives to MT-2 Cells

Viable cells* ["*C]Myr uptake®

N-Myr-peptides (uM) (x 10 */mL) (Percent) into cells (percent)
0 6.6 100 100
N-Myr-GOA 10 53 30 96
50 6.8 104 96
200 7 57 62
N-Myr-GGOA 10 6.5 99 99
50 5.7 R7 73
200 39 60 60
N-Myr-GGGOA 10 5.6 Bo 84
50 6.7 102 93
200 4.4 66 96
N-Myr-GGGGOA 10 48 73 88
S0 4.7 71 88
200 5.2 79 108

¢ By Trypan blue dye exclusion.
* Relative activities (percent) of [*Clmynistate uptake into MT-2 cells.
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TABLE 3. Prevention of N-Terminal Myristoylation with N-Myr-Glycyl Peptide
Derivatives and Their Cytotoxity

["*C]Myr uptake”

Viable cells® into cells [“C]Myr
N-Myr-peptides (uM) (X 10-3/mL) (percent) (percent) pl7ese

0 8.0 100 100 100
N-Myr-GOA 10 8.4 103 91 S8
50 7.9 98 80 37
200 6.0 74 67 25

N-Myr-
GGGOA 10 9.2 114 83 101
50 8.8 109 71 96
200 7.6 94 74 77

N-Myr-
GGGGOA 10 7.8 97 86 94
50 10° 127 86 87
200 6.6 84 95 77

¢ By Trypan bluc Zye exclusion.

® Relative acuvities (percent) of [*C]myristate into CEM/LAV cells.

 Relative activities (percent) of ['*C]Myr-p178% protein were obtained from the densitometric
analyses of the X-ray film.

Myr-GOA was prepared, and the liposome-encapsulated V-Myr-GOA was used for
antimyristoylation of gag proteins in the same manner as described above. NH.-termi-
nal myristoylation of p19¢°¢ and p17¢¢ in HTLV-I and HIV-1 was increasingly inhibited
by increasing concentration of the liposome-encapsulated N-Myr-GOA (FIG. 6). The
liposome-encapsulated N-Myr-GOA. strongly inhibited NH,-terminal myristoylation
of gag proteins in HTLV-I and HIV-1 at concentrations in the range of 10 to 25 uM.
The radioactivities of p19¢¢ and p17%8 remarkably decreased to 11 and 5% of control,
respectively (TABLE 4). Therefore, antiviral activity of the compound in the form of a
liposome was determined with the cytopathic effects and reverse transcriptase activity
of CEM/ LAY treated or untreated with N-Myr-GOA, as desc-ibed below.

Antiviral Activity of N-Myr-GOA

MT-4 cells infected with HIV-1 as described in MATERIAL AND METHODS were
cultured at 37°C for 4 days in mediums with liposome-encapsulated N-Myr-GOA at
concentrations of 0, 10, 20, and 40 uM. The resulting supernatants were harvested at
1, 2, 3, and 4 days, and their antiviral activities were determined with both virus
progeny (F1G. 7A) and reverse transcriptase (F1G. 7B).

Virus progeny and reverse transcriptase activity were increasingly depressed by both
increasing concentration and prolonged incubation times of the liposome-encapsulated
N-Myr-GOA compound. Virus progeny treated with the compound at a final concen-
tration of 40 uM was depressed to approximately 2% of untreated virus production
(F16. TAc), whereas reverse transcriptase activity (F1G. 7Bc) was depressed as well. In
this experiment, remarkable blockage of the NH,-terminal myristoylation of pl7%=
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TABLE 4. Blockage of N-Myristoylation of gag Proteins in HTLV-I and HIV-1 by
Liposome-Encapsulated N-Myr-GOA

cpm* of [*H]Myristoylated proteins

HTLV-I HIV-1
N Myr GOAC s!9 ~8 P52 pl7 pl Prss
0 3,444 (100) 4,198 (100) 1,229 (100) 2.9%5 (100) 2,700 (100) 2,931 (100)
1.6 ND* ND ND 2,173 (73) 1,521 (56) 1,778 (61)
4 1,216 (36) 1.719 (41) 594 (48) 1.58° (53) L1301 (48) 1,560 (52)
10 878 (26) 1,287 (3D 496 (40) 631 (21) 553 (21) 617 (21)
25 375 (1D 642 (15) 156 (13) 157 (%) 161 (6) 205 (D)

7 Radioactivities of the gag proteins extracted from SDS-PAGE. Relative activity (percent) is
represented in parenthesis. The experimental details are given in the text.
4 ND, not determined.
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FIGURE 7. Effects of N-Myr-GOA on the virus production of HIV-1-infected MT-4 cells.
MT-4 cells infected with HIV-1 (m.0.i=0.1) were treated with the liposome without N-Myr-GOA
(open column) or with N-Myr-GOA (closed column). Virus progeny (A) and reverse transcriptase
(B) in the cell-free supernatant irom the cultured medium were determined. The experimental
details are given in the text. a: N-Myr-GOA, 10 uM (60); b: 20 uM (120); c: 40 uM (240).
Concentrations (uM) of the liposome (DPPC) are presented in parenthesis.
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was confirmed by fluorography under the identical conditions (FiG. 8). Inhibitory
mechanism of virus progeny by N-Myr-GOA was unknown, but the reagent may be an
inhibitor for either N-myristoyl transferase or myristoyl CoA synthetase. Mammalian
retroviral gag polyproteins and their related gag-fusion proteins possess NH,-terminal
N-myristoylated glycine residues.™ WH,-ierminal inyrisioylaiions of the murine icuke-
mia virus Pr63¢% precursor and the Mason-Pfizer monkey virus gag-polyprotein precur-

N-Myr-GOA(uM) 10 20 40 0 0 0 0
DPPC (M) 60 120 240 0 60 120 240
g7 % 13 6 1 w0 - - -

FIGURL 8. Prevention of myristoylation of p17#*# in HIV-1-infected MT-4 cells with the lipo-
some-encapsulated N-Myr-GOA. MT-4 cells infected with HIV-1 (m. 0. i. = 0.1) were cocultured
with the liposome without N-Myr-GOA (lane 4 to 7) or with N-Myr-GOA (lane 1 to 3) for 48 h,
further incubated with [*H]myristate for 16 h, and harvested. The radiolabeled cell lysates were
analyzed by SDS-PAGE and followed by fluorography as described above. The other experimental
conditions are the same as in F16. 2. Concentrations (uM) of both the liposome (DPPC) and its
encapsulated N-Myr-GOA, and the relative radioactivities (percent) of p17%¢, are presented at
the bottom of the FIGURE.

sor are required for retrovirus-matured particle formation.*'* Recent studies with an
HIV-1 gag-precursor mutant that possesses Met-Ala-Ala- instead of Met-Gly-Ala- at
the NH,-terminus of p178*8 revealed that this mutant is responsible for the in vitro loss
of myristoylation and inability to produce infectious virus particles."' NH,-terminal
myristoylation of gag proteins and their respective gag-fusion proteins may participate
in virus assembly; capsid formation, virus maturation, and budding subsequently occur.
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Therefore, more attractive and less cytotoxic antimyristoyl reagents should be therapeu-
tic drugs for human immunodeficiency syndrome.
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INTRODUCTION

CD4 is a 55 kDa nonpolymorphic glycoprotein expressed predominantly on the
surface of a subset of T lymphocytes. On this cell type, CD4 serves to mediate an
efficient cellular immune response through association with the major histocompatibil-
ity complex (MHC) class II molecules on the surface of antigen-presenting cells (re-
viewed in ref. 1). In humans, CD4 also serves as a receptor for the human immunodefi-
ciency virus (HIV) (reviewed in refs. 1 and 2). The cellular tropism of HIV for cells
bearing the CD4 receptor results from a high-affinity interaction between the HIV
external envelope glycoprotein (gp120) and CD4.%* This association appears to induce
the release of gp120 from the viral surface, with the consequent exposure of a region
of the membrane-anchored gp41 protein implicated in virus/cell fusion (see Hart er
al,, this volume). The surface domain of CD4 is composed of 372 amino-terminal
amino acids organized into four tandem domains, based on sequence homology to
immunoglobulin regions.>® The most amino-terminal of these domains. V1. shows
particular homology to k-immunoglobulin light chain variable regions (V,). In this
report we first summarize the genetic analysis of CD4 by our laboratory and other
laboratories.”'? These studies localized the gp120 binding site to the V1 domain within
residues about 41 to 55. Curiously, a complementing analysis with synthetic CD4
peptides implicates a separate region, residues 81 to 92, in recognition of gpl20'"*
(also see Eiden er al., this volume). The genetic studies also defined, at least partially,
the epitopes of more than 60 different anti-CD4 monoclonal antibodies (mAbs}.*!* The
localization of the epitopes of these antibodies is consistent with a structural motif for
the V1 domain that is similar to that of V,.

Through deletion mutagenesis in the V1 domain, we have further defined the
minimal region of the CD4 V1 region, which is required for high-affinity binding to
gp120. Soluble V1 domain proteins with small deletions at either the carboxy or amino
terminus were constructed and expressed in E. coli. These proteins were examined for
their ability to recognize HIV gp120 as well as a series of conformation-sensitive mAbs.
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We found that sequences near both termini are critical for maintaining the structure
of the V1 domain and the proper presentation of the gp120 recognition site.

RESULTS AND DISCUSSION

The gpl120 Binding Site Is in the VI Domain

Through the expression and assay of truncated, soluble CD4 proteins, the high-
affinity binding site for gpl20 was localized to the most amino-terminal domain of
CD#4, the V1 region.!' One of these proteins, sT4, consisted of the entire extracellular
domain of CD4; a second protein, V1V2, consisted of the first two extracellular do-
mains; a third protein, V1, contained only the most amino-terminal domain. These
soluble proteins, were expressed in mammalian cells and/or in E. coli, and their binding
to the gp120 was quantitated in a competition radioimmunoassay (RIA). The V1V2
and V1 proteins competed as efficiently as the full-length soluble protein. sT4. In
addition, all three proteins inhibited HIV infection and virus-induced syncytium forma-
tion at similar molar concentrations.'' From these results we concluded that the high-
affinity binding site for gp120 resided solely within the V1 domain. A similar conclusion
was reported by Chao et al.'®

The gp120 Binding Site Overlaps a Region That Aligns with CDR2 of V',

The gpl120 binding site within the V1 domain was defined by extensive genetic
analysis in several laboratories.” ' In our studies, we introduced 33 substitutions into
V1 using the murine CD4 protein, which does not bind virus, as a template for this
mutagenesis.'' By this approach, we sought to minimize gross structural distortions
that could result from mutation. These mutants were expressed in the context of an
sT4 protein in mammalian cells or a V1V2 protein in E. coli. Binding of the soluble
mutant proteins to purified gp120 was quantitated in flow cytometry and RIA assays.
Only two closely spaced clusters of mutants, involving residues 41-43 and 51-55,
affected the recognition of gp120. Specific mutations within these regions reduced the
affinity for gp120 by at least 20-fold. These results, together with the results from other
laboratories, are summarized in FIGURE 1. Several features of the gpl20 binding
region emerge from these combined data. First, substitution mutagenesis places the site
between residues 41 and 55. Some multiple substitution mutants that affect binding
extend proximal to this region, but they include alterations in the region 41-43 which
alone disrupts recognition of gp120. A larger binding region, encompassing residues
32 to 66, is suggested by insertional mutagenesis; however, the potentially disruptive
nature of such mutations creates ambiguity in the interpretation of these results. The
effect of the short deletions at the extreme amino terminus is discussed below. Second,
within the region 41-55, the data do not reveal which side chains contact residues in
gp120. For all positions at which there have been multiple substitutions, mutations
that disrupt binding are countered by other innocuous side chain alterations. Third,
based on the alignment with a V, sequence, the binding site encompasses the second
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FIGURE 1. Effect of mutations in the V1 domain on binding of gp120. Onc hundred and six
amino acid residues of the V1 domain are shown together with the positions of mutations and
their effect on recognition of gp!20. These results are compiled fiom references 8- 12. Stippled
boxes indicate residues that differ between mousc and human CD4 as previously aligned.!' Mutants
containing multiple substitutions, insertions, or deletions are denoted by connecting lines und
svmbols. CDR 1, 2, and 3 indicate the regions corresponding to the complementarity-determining
regions in V, based on a previous sequence alignment.'* Also shown is a modified synthetic peptid:
exterding from 81 to 92, which inhibits gp120 binding t> CD4, virus infection, and virus-mediated
cell fusion (see text): shaded boxes indicate acidic residues. Bz, benzyl; Ac, acetyl.
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complement:: ty-determining region (CDR2) one of three such regions in light chain
variable dui.uins that contribute to antigen reoognition by antibody. Fourth, studies
with syntrn. tic peptides have implicated a quite separate region, residues 81-92, in
2p120 recognition'™* (F1G. 1). Although none of th- mutations in this region affected
gp120 bi: lng, a single amino acid substitution at p. .irion 87 was recently reported to
dram~ucally reduce syncytium formation between ¢ 134 cells and cells expressing
HIV en' . lope protein.!” Further analyses are cequired to -inravel the interaction of this
region of “D4 with gp120. Finally, mutations that disrupted binding to gp120 had
the predicied negative effect on virus infection in cell celture. Soluble CD4 prcieins
conta‘.ii.ig murations that disrupted binding to gp120 tailed to inhibit virus attachment,
virus infect'or, and virus-in:diated cell fusion.”” 7 - ux, inhibition of virus by soluble
CD4 proteins 1. strictly dependent upon their ass *ciinon with gp120 at the high-affimity
binding s.:e.

V1 Is Structurally Related to V,

Hig.-resolution structural analysis of TD4 is in progress in several laboratories.
We have indi' :ctly probed, however, the structure of the V1 domain through epitope
mapping of 55 anti-CD4 mAbs. The binding sites of the antibodies were first localized
to domains of CD4 using th. truncated soluble CD4 proteins V1, VIV2, and sT4. The
epitopes within the V1 domain were then mapped using the panel of substitution
mut~nts. Four generalizations en erged from these anaiyses. First, each of the mutations
affected only a subset of the antibodies. indicating only Jocal perturbation of structure.
Second, many antibodies that recognized VIV2 but not VI were nonetheless afferted
by mutations within the V1 region. This result suggests that some segments of the V1
and V2 domains lie close to one another. Third. many of the antibodies were affected
by noncontiguous mutations. Fourth, ncne of the antibodies precisely mimicked the
binding of gp120 to CD4. Similar observations were reported by Petersen and Seed.”

Armong immunoglobulin proteins of known structure, th= V1 doma‘n aligns most
closely with V, of the Bence-Jones protein REL A schematic a-carbon trace of one
variable region from the crystal structure of REI'* is shown in FIGURE 2. Based on a
sequence alignment, we superimposed the positions of amino acid residues in V1 onto
this structure.’® In the context of this structure, the mAb epitopes, as defined by the
substitution mutants, were localized to exposed loops. and the nonc ~ntiguous residues
that comprised many epitopes were close in space. These observations suggest that the
V1 domain bears structura! similarity to an immunoglotulin V, region.

In this model for V1, the gp120 binding site consists of a small loop corresponding
to the CDR2 region in V. We have suggesteu that this small loop may be accommo-
dated by a compact binding pocket in gp120, which by its size excludes recognition by
host antibodies,’’ a proposal iiitially forwarded by Rossman et al. for the receptor
binding site on rhinoviruses.” Protection of the receptor binding site on gp120 in this
manner may allow the virus to evade the humoral immune response.

The Minimal Region of V1 Required for Higih-Affinity Binding to gpl20

The soluble V1 protein described in the abuve studies consisted of residues —2 (2
residues upstream of the mature amino terminus in the leader peptide) to 106 of the
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mature CD4 receptor. To define the minimal sequence required to maintain the stru :-
ture of the V1 domain, and the gp120 binding site in particular, a series of amino and
carboxy truncated derivatives of the 106 amino acid V1 domain were expressed in
E. coli (F1G. 3). Using a direct immunoprecipitation assay and a more quantitative
competition binding assay, each of the V1 truncated proteins was examined for its
ability to recognize gp120. The surface structure of each of these proteins was further
examined in similar assays with several CD4 mAbs that recognize conformational
epitopes across the V1 domain. Retention of the core B-sheet structure in these proteins
was assessed by measuring formation of the single cystine bridge in V1, a conserved

gp 120
> Binding
Site

FIGURE 2. Structural model of the V1 domain. Schematic a-carbon trace of one variable region
of REL ' Numbering is for V1 based on a sequence alignment with REL.'* Dashes indicate two
positions of amino acid insertions in V1 relative to RE]. Shaded regions are CDRs 1. 2, and 3.
The predicted loop comprising the gp120 binding site (41-55) is indicated.

feature of IgV-like domains. Finally, we have begun to address the relative contributions
of side-chain and main-chain interactions at the C terminus through a similar analysis
of substitution mutants of the phenylalanine residue at position 98.

At the carboxy terminus, removal of residues 102-106 (V1-101) had little effect on
the recognition of gp120 or on overall surface conformation of the VI domain (TABI E
1). Truncation to position 97, however, markedly disrupted the interaction with gp120
and with the mAbs, an effect that was further exacerbated by deletions to position 93
or 88 (Tasi.k 1). Yet the intramolecular disulfide bond was formed in even the most
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disordered of these proteins, V1-88, indicating retention of the core B-sheet structure.
The region 97-101 contains two residues, phe98 and gly99, which align with invariant
residues ( > 98% conservation) in immunoglobulin light-chain variable regions. Muta-
tion of gly99, and also the leucine residue in position 100, were previously reported to
not affect binding to gp120 and certain anti-CD4 mAbs.”'* We thus examined the effect
of alteration of the phenylalanine at position 98. As assayed by immunoprecipitation,
substitution of either leucine or alanine did not disrupt binding to gp120 or the mAbs
(data not shown). In the context of an IgV, region structure, the tolerance of these
side-chain substitutions in the region 98-101 suggests that the surface distortion induced
by the deletion of 101 to 97 results from the loss of main-chain H-bonding between
adjacent C-terminal 8 strands.

TABLE 1. Properties of the Truncated V1 Proteins®

\2! Binding to:
Protein Disulfide bond gpl20 Leu3A OKT4A 10T4A
C-term
106 + ++ + + 4+ -+ - + o+ +
101 + + + + 4t o+ + o+ e
97 + — + + + - -+
93 + - - - -
88 + - -
N-term
3 + + + + +
6 + - - -
10 + - - - )

“ Formation of the disulfide bridge was determined by a characteristic shift in mobility in SDS/
PAGE under reducing versus nonreducing conditions. Binding to gp120 and the anti-CD4 mAbs
was measured qualitatively by immunoprecipitation followed by immunoblotting. Approximate
percent precipitation: + + +, 100%; + +, 30-50%: +. about 10%; -, undetectable. For the
C-terminal truncates, binding was assessed more quantitatively by measuring the ability of these
proteins to compete with native, cell-surface CD4 for binding to gp120 and the mAbs. The resuits
of this assay were similar to that above except that the V1-97 protein did not compete appreciably
for binding to gp120 or the mAbs.

At the amino terminus, removal of as few as the two amino-terminal residues (lys-
lys) affected surface conformation (TABLE 1). Further truncations to residues 6 and 10
ablated binding to gp120 and the mAbs (TABLE 1). Even these severely disruptive
deletions, however, did not prevent the formation of the core B3-sheet structure, as
measured by formation of the cystine bridge.

We conclude that amino acid residues at both the extreme amino and carboxy
termini of V1 are important determinants for maintaining the external conformation
of this domain and the integrity of the high-affinity binding site for gp120. Considering
the predicted structural similarity between V1 and V,, similar sequence constraints on
conformation may extend to immunoglobulin light-chain variable regions.
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SUMMARY

Through mutagenesis, we identified a single high-affinity binding site for gp120 on
the human CD4 protein. This ste is localized in the V1 domain within residues 41 to
55. The collection of mutants was also used to define the epitopes for 55 anti-CD4
monoclonal antibodies. The locations of these epitopes are consistent with a V -like
structure for the V1 domain. In the context of this structure, the gp120 binding site
encompasses the small CDR2 loop. Through deletion mutagenesis at the termini of the
V1 domain, we further defined the minimal region required to retain high-affinity
binding to gp120. Short deletions at both termini disrupt binding to gp120 and recogni-
tion by conformation-sensitive anti-CD4 monoclonal antibodies. We conclude that
amino acids at both the amino and carboxy termini are critical to the conformation of
the V1 domain and, in particular, to the integrity of the gp120 binding site.
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INTRODUCTION

The acquired immunodeficiency syndrome (AIDS) is currently epidemic in the
United States, Central Africa, Europe, and the Caribbean, and has been reported
elsewhere throughout the world."? AIDS consists in infection by the human immunode-
ficiency virus (HIV),>® which causes T-helper/inducer cell depletion®* and immune
dysfunction leading to increased risk of secondary opportunistic infection, sustained
weight loss, and encephalomyelitis manifested in many cases in a change in mental
status and motor and cognitive function (AIDS dementia complex; ADC).*"* It is now
appreciated that the cells infected with the AIDS virus are primarily the T-helper/
inducer cell population depleted in the course of the disease,'*!* and cells of the
monocyte/macrophage lineage.!*"'® The latter were identified as a vira! reservoir by
visualization of viral protein products and viral RNA in situ, and by virus rescue from
tissue, including brain and lung, rich in these infected cells.'*?® Macrophages, like
helper-inducer T lymphocytes, possess the surface antigen CD4, which appears to
function as the receptor through which HIV gains entry to these two cell popula-
tions.?'-2* As proof, the envelope glycoprotein gp120 of HIV binds with relatively high
affinity to the CD4 molecule in direct in vitro binding experiments.?® Also, CD4-directed
and gp120-directed antisera that block HIV infection of CD4-positive lymphocytes and
monocyte/macrophages block as well the direct binding of gp120 to CD4 on cells or
in soluble form.2!-27

In addition to providing a receptor for viral entry into two critical populations of
immune cells, CD4 appears to be important in the cytopathogenic sequelae of HIV
infection, namely the for.naii. of multinucleated giant celis through fusion of HIV-
infected, gp120-bearing infec.ed cells, and noninfected CD4-positive ‘‘bystander™
cells.?*2% Gp120/CD4 interactions may be further involved in HIV-induced immune
dysfunction subsequent to infection: in vitro data™ suggest that gp120 released from
HIV may bind to CD4-positive cells and target them for antibody-dependent cell-
mediated cytotoxicity. Gp120 may also directly block CD4-dependent immune re-
sponses.’! These include recognition of foreign antigen on the surface of antigen-
presenting cells by cytotoxic T cells and by T-helper/inducer cells that stimulate
proliferation and antibody production by B lymphocytes.’?* Finally, CD4 may be
important in the transmission of virus from the monocyte reservoir to activated T
lymphocytes at the end of the latency period of HIV infection, and preceding the
development of manifest AIDS, because anti-CD4 antibodies are capable of blocking
viral transmission from latently infected macrophages to T lymphocytes in culture (M.
McGrath er al., unpublished observations).

The CD4 antigen, therefore, has a central role in all stages of HIV infection and
disease, and the CD4-gp120 interaction is an important potential therapeutic target.
Attacking this interaction from the point of view of CD4 rather than gp120 is a rational
strategy because the gp120 protein is highly variable from one infected individual to
the next and even across serial viral isolates from the same individual,** ** whereas
CD4 is constrained from structural mutation by its dominant functional role in the
immune system. Therefore an “antireceptor™* or “‘receptor decoy’*" strategy is appro-
priate and indeed has been adopted using both CD4-derived synthetic peptides and
synthesis of fragments of the CD4 molecule by eukaryotic cells programmed through
transfection of appropriate recombinant DNA.*-** Although such a strategy could
potentially assure a broad spectrum therapy with respect to HIV-1, -2, and variants
compared to vaccine-type strategies, the major challenge in antireceptor therapy is
achieving specificity in the blockade of viral infection while minimizing interference in
CD4 function, which itself could result in iatrogenic immunodeficiency.*'** The follow-
ing report summarizes our progress to date in the characterization of a gp120/CD4
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interaction site within a small region of the CDR3-homologous domain of the CD4
molecule, using a synthetic peptide approach. Antiretroviral potency, spectrum, and
mechanism(s) of action of several prototype CD4 peptides are described, as well as the
relative specificity of these peptides to inhibit virus-CD4 interaction, compared to
inhibition of CD4-dependent immune functions such as alloantigen stimulation of T
lymphocytes and T-cell mediated cytotoxicity. Finally, we will briefly and preliminarily
describe the toxicity, pharmacokinetics, and effects on immune parameters of a proto-
type CD4 peptide administered during SIV infection of four rhesus macaques.

USE OF SYNTHETIC PEPTIDES TO SCAN THE CD4 MOLECULE
FOR gp120 INTERACTION DOMAINS

Our rationale for the synthesis of a set of 10-25-residue peptides comprising the
entire extracellular domain of the CD4 molecule was to assay these peptides as inhibi-
tors of HIV-induced cell fusion in order to define the region(s) of CD4 critical for
interaction with the HIV gp120 envelope glycoprotein. Identification of peptides de-
rived from CD4 that inhibit HIV infection or fusion would unambiguously identify a
gp120 binding site(s) of CD4. By contrast, site-directed mutagenesis of the CD4 mole-
cule, and bioassay of viral receptor patency of the mutagenized receptor molecule,
allows identification of regions of the CD4 molecule that are either directly involved
in binding of gp120 or are important in maintaining the conformation of the binding
site for gp120, which could be physically distant from the site of mutagenesis.’*-*

We initially tested crude, that is, partially purified synthetic peptides, which contain
an array of partially derivatized congeners, more or less randomly constrained in
various conformations by the presence of sterically bulky R-protecting groups. When
tested as crude (60-90% pure) mixtures, only peptides containing all or most of the
CDR3-like region of CD4 [CD4(85-94)] were capable of inhibiting HIV-induced cell
fusion and HIV-1 infection (F1G. 1). These peptides, for example, the CD4(74-92)
peptide mixture, inhibited fusion only at a relatively high (125 uM) concentration.
Inhibition of HIV-induced cell fusion and HIV-1 infection, however, was complete at
this concentration, suggesting that competition with cellular CD4 for interaction with
the HIV envelope was complete, albeit of relatively low affinity. A peptide of identical
amino acid composition but altered sequence, synthesized and partially purified in an
identical fashion, was wholly without anti-infective or antifusigenic activity in the two
assays employed (F1G. 1). Recently, two separate laboratories, using a similar scanning
approach, have identified a unique region of the CD4 molecule from which synthetic
peptides that inhibit HIV interaction with CD4 can be derived.®*! In each case the
active peptide overlapped the CDR3-homologous region of the protein.

CHARACTERIZATION OF A CD4(81-92)-DERIVED PEPTIDE AS
AN INHIBITOR OF H1V INFECTION AND
HIV-INDUCED CELL FUSION IN VITRO

Chromatographic fractionation of the CD4(71-92) peptide mixture revealed that
biological activity resided not in the authentic intended peptide, KLIEDSDTYICEV-
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FIGURE 1. Mapping potential sites of CD4/gp120 interaction on the CD4 molecule with CD4-
derived synthetic peptides. The N terminus of the CD4 molecule, residues 1-119, comprising the
V1J1-homologous region is shown, with the putative cystine bridge between residues 16 and 84
indicated schematically, and the regions analogous to the complementarity-determining hypervari-
able regions of immunoglobulin light chain indicated with cross-hatching. The V1 region of CD4
shares about 30% sequence identity with human immunoglobulin kappa light chain. Peptides
synthesized as semipure, randomly derivatized versions of portions of the CD4 linear sequence
are depicted as the narrow bars below the linear sequence of CD4(1-120) and correspond to the
region of CD4 directly above them. Bars are clear if the corresponding peptide had no antisyncytial
activity (see reference 46) at a concentration of 500 pM, black if the corresponding peptide
inhibited HIV-1-induced cell fusion at a nominal concentration of 125 uM or below, and grey if
the corresponding peptide had a nominal antiviral potency between 125 and 500 pM.

EDQKEE, but in a side fraction from the synthesis. This fraction was a complex
mixture of several peptide components, including peaks upon mass fragmentographic
analysis suggestive of contamination with species of molecular weight greater than that
of the parent peptide. Such derivatives would be expected from failure to completely
remove benzyl or carbobenzoxy protecting groups, among others, from the parent
peptide. Two complementary approaches were used to show that partial derivatization
of the parent peptide was necessary to impart full biological activity. First, the biologi-
cally inactive authentic peptide was deliberately benzylated in solution following syn-
thesis and purification by treatment with alpha-bromoxylene, resulting in restoration
of antisyncytial activity comparable to that seen in the initial crude peptide mixture.
Second, a deliberately S-benzylated congener of CD4(74-92) was synthesized by em-
ploying acid stable benzyl rather than acid-labile para-methylbenzyl protection of
cysteine in the tBoc synthesis. Although this peptide was not significantly more potent
than the original peptide mixture, it afforded the advantage of a preparation in which
oxidation or further reaction of free cysteine in the peptide would not be a complicating
factor in stability or postsynthesis generation of additional peptide products. Synthesis
of a series of S-benzyl peptides progressively truncated at either the C or N terminus
allowed the demonstration of CD4(81-92) as the minimal sequence required for block-
ade of HIV-induced cell fusion and HIV infection of CD4-positive cells with these
crude peptide mixtures. Upon chromatographic fractionation of the S-benzyl-CD4(81-
92) peptide mixture, biological activity was again absent from the intended pure peptide
TYIC(benzyl)EVEDQKEE, residing instead in a later-eluting peak upon chromato-
grapiiic development with acetonitrile on a C18 reverse-phase column. Again, the pure,
inactive monobenzylated material could be converted to biologically active material by
postsynthesis derivatization in solution with alpha-bromoxylene, strongly suggesting
that multiple derivatization was required to impart anti-HIV activity to CD4(81-
92)-derived peptides.
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ANTIVIRAL ACTIVITY OF DERIVATIZED PEPTIDE CONGENERS
OF CD4(81-92) IS SEQUENCE AND
DERIVATIZED-RESIDUE-SPECIFIC

The requirement for multiple derivatization of the peptide is summarized in FIGURE
2. The most potent compound in this series is derivatized at positions 1,4,5, and 8. The
requirements for derivatization are relatively stringent as regards both the nature and
posiiion of the derivatized groups. For example, replacement of a benzyl with an
acetamidomethyl group at cysteine-4 yields a biologically inactive compound, whereas
either acetyl or carbobenzoxy substitution at position 10 enhances activity relative to

Pepti n IC1 Fusion
A.  TYICEVEDQKEE >500 M
TYICLEVEDQKEE >500 uM
TYICLERVEDQKEE 125 M
ThYICyEpVEDQKEE 63 uM
TpYplCoEVEDQKEE 63 uM
ThYICHEVELDQKEE >500 uM
TpYICacmELVEDQKEE >500 pM
B. IptlChEpL/EDQKEE 63 uM
LpllCy 2 KVQDEEE 63-132 UM
IyEYEIKCL QL DS 125-250 pM
I EVERIKGL,QEDVE >500 UM
KEE!SpEy 1EDQTRY >500 uM
C.  TpYICHEVELDQIKEE 32 uM
TpYdICHLEVELDQKEE 125 uM
Tpd YICHERVEDQKEE 250 uM
acTpYICLELVEDQKacEEa 16 uM
acTpYICHERVEDQdKacEEa 16 uM

FIGURE 2. Structure-activity relationships for inhibition of HIV-induced cell fusion in the
CD4(81-92) peptide series. Purified (>95%), structurally defined peptides were preincubated
with H9 cells chronically infected with HIV-1xp, and these cells were then cocultured with
CD4-positive indicator cells and the extent of cell fusion (syncytium formation) scored as described
(see references 28 and 46). Values given are the concentrations of each peptide required to totally
abolish syncytium formation in the assay. None of the peptides tested was cytotoxic as assessed
by exclusion of vital dye by cells protected from HIV-1 cytopathic effect (syncytium formation)
at the end of the assay (24 hours of cocultivation). A. Effects of derivatized residue position,
number, and chemical nature on anti-viral potency. B. Sequence specificity of tribenzyl-CD4(81-
92) antiviral potency. Shadowed residues are those maintained in the correct sequence relative to
CD4(81-92). Note that the degree of peptide sequence “scrambling™ progressively increases from
the first to the last two members of this series. C. Effects of structural modifications aimed at
increasing peptide stability (inhibiting biotransformation) on antiviral potency of tribenzyl-
CD4(81-92). Peptide sequences are given in the single-letter amino acid code (T, thr; Y, tyr; I,
ile; C, cys; E, glu; V, val; D, asp; Q, gin; K, lys). Other abbreviations: b, benzylation of the
preceding amino acid; acm, acetamidomethyl derivatization; D, indicates that the amino acid
following is the D isomer; ac, N-acetylation; a, C-terminal amidation. A portion of these data are
taken from Kalyanaraman er al.***
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FIGURE 3. Cell fusion induced by various isolates of HIV-1 and by SIV is differentially inhibited
by anti-CD4 monoclonal antibody S3.5 and T,C,E.-tribenzyl-K ,-acetyl-CD4(81-92) {peptide
#18). Human T-lymphoblastoid cell lines chronically infected with HIV-1 isolates HXB-2, MN,
CC, SF-2, DV or TJ, or SIV,,, were incubated with various concentrations of peptide or mono-
clonal antibody in a twofold dilution series from less than 0.1 to 50 (antibody) or 1000 (peptide)
pug/mL for approximately 30 min at room temperature. Aliquots of 50,000 cells were then added
to an equal number of uninfected CD4-positive indicator cells in 96-well culture dishes, and
syncytia were scored after 24 hours of coculture exactly as described in reference 28 with the
modifications described in 46. Shown is the concentration of antibody or peptide in ug/mL
required to give complete blockade of syncytium formation for each isolate tested. Arrows over
the bars for DV and TJ in the upper graph indicate that S3.5, which is a Leu3a-directed anti-
CD4 monocional antibody cross-reacting with anti-Leu3a, completely failed to inhibit syncytium
formation at the highest dose tested (50 ug/mL) when syncytium formation was induced by
addition of cells chronically infected with the HIV-1 isolates DV and TJ.

the parent tribenzylated compound. It is of interest that with benzylation at positions
1 and 4 fixed, positioning the third benzyl group at either tyrosine-2 or glutamic acid-
5 produces equally active compounds, whereas removal of the benzyl group to glutamic
acid-7 affords a completely inactive compound. These results suggest that whereas
conformation can be optimized by derivatization at multiple residues, some residues,
such as the glutamic acid at position 7 (CD4-87), cannot be derivatized at all, perhaps
because this residue is directly involved in contact with the gp120 molecule during
virus binding and infection of CD4-positive cells.

A second set of syntheses involved altering the primary sequence of CD4(81-92),
keeping the amino acid composition, and specific residues derivatized, constant (FiG.
2). These experiments suggest that sequence specificity is most critical in the core
sequence TYICEVE. Once again, it is not clear if this is because the N-terminal
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heptapeptide contains a portion of the gp120 binding site, or if the binding site, within
the C-terminal half of the molecule, must be positioned correctly by the derivatized
sequence at the N terminus. Currently, the most potent compound examined is T,C,E.-
tribenzyl, K q-acetyl-CD4(81-92)[peptide # 18]. C-terminal amidation, as well as N-
terminal acetylation, are maneuvers that should improve peptide stability in vivo. Both
are tolerated without loss of biological activity relative to the stem compound #18
(D.M. Rausch et al, in preparation). Several d-to-1 amino acid substitutions are also
tolerated without loss of antiviral potency or efficacy in the stem compound, so that a
considerably longer-lived peptide than # 18 (serum half-life in rhesus macaque is less
than 1 hour) should be obtainable.

CD4(81-92) PEPTIDES EXHIBIT ANTIVIRAL ACTIVITY AGAINST
A WIDE VARIETY OF CD4-DEPENDENT RETROVIRUSES

Peptide # 18 is a potent inhibitor of fusion for several isolates of HIV-1 as well as
SIVgy, a simian CD4-dependent immunodeficiency-inducing retrovirus®** (FiG. 3).
Interestingly, peptide # 18 blocks cell fusion induced by several isolates of HIV-1
whose cytopathic (syncytial-forming) effects are relatively refractory to blockade by the
antibody $3.5, a neutralizing anti-CD4 antibody that recognizes the Leu3a epitope.*
Peptides in this series are also inhibitors of HIV infection in suspension culture.
although in this case peptides clearly block HIV infection more potently than infection
with STV, (strain Delta B670) (FiG. 4). Peptides of the CDR3-like domain of human
CD4 are also inhibitors of HIV-2 infection in vitro.** In addition, CD4(81-92) peptide
derivatives inhibit fusion between macrophages infected with HIV and lymphocytes,
indicating that this aspect of infection and viral transmission, which may be important
in the progression of AIDS in vivo, is also potentially blockable with these antiviral
peptides (TABLE 1). CD4(81-92) peptide derivatives appear to be specific for inhibition
of CD4-dependent retroviruses and exhibited little or no inhibition of HTLV-I-induced

TABLE 1. T,C,E,-Tribenzyl-CD4(81-92) Inhibits Fusion of Chronically HIV-
1-Infected Macrophages with Uninfected T Lymphocytes”

Percent Inhibition of Scored Syncytia

GLH328, umol/L Donor #1 Donor %2
10 0 12
50 12 22
100 97 57
250 100 100
500 100 100

“ Macrophages isolated from two separate donors were infected with HIV-1,,, as described by
Crowe et al.'® and maintained in culture for 36 (donor 1) or 42 (donor 2) days. Chronically
infected macrophages were then cocultivated with CD4-positive VB lymphoblastoid indicator
cells in the presence or absence of peptide. The number of syncytia (multinucleated giant cells)
per well were counted, and data were expressed as percent inhibition of scored syncytia, fe. 100
— [(number of syncytia per experimental well/mean number of syncytia in control wells) ~
100)].
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FIGURE 4. HIV-1 and SIV infection of CEM-174 cells ir suspension cnlture: relative inhibition
by T C,E,-tribenzyl-CD4(81-92) [GLH328] and T,C,E,-t1.benzyl-K ,-acetyl-CD4(81-92) [= 18].
Titered frozen stocks of HIV-1y1, v, OF SIVyy, 570 Were thawed und used to infect CEM-174
cells previously treated with 25 ug/mL DEAE-dextran and washed with medium. Following a
60 minute viral inoculation perios at 37 °C, in the presence or absence of peptide. cells were
diluted into fresh culture medium with or without the appropriate concentrations of peptide and
aliquoted into 48-well culture dishes. Half of the culture medium was removed every 2-3 days
for reverse transcriptase measurement and replaced with fresh medium with or without peptide.
Dat» shown are the mean * SEM of triplicate determinations. Unconditioned medium spiked
with peptide w~., negative in the reverse transcriptase assay. A: 31V ;.00 B: HIV-14; ¢ . Closed
circles, no peptide; open circles. 250 uM GLH328; diamonds, 250 uM #18; triangles, 125 uM
#18; squares, 62.5 uM #18. A portion of these data are taken f . - Xalvanaraman et al.**
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syncytium formation at doses that completely block HIV-1-inguccd syncytium forma-
tion and HIV-1 infection in vitro (TABLE 2). These data are consistent with the proposed
mechanism of action of CD4(81-92) peptide derivatives, which is blockade of CD4/
gp120 interaction by binding to gp120 at the site normally occupied by the CDR3-like
domain of CD4 during both infection and HIV-induced cell fusion (see below).

CD4(81-92) PEPTIDES DO NOT INHIBIiT CD4-DEPENDENT
CELLULAR IMMUNE FUNCTIONS IN VITRO

The success of an antireceptor strategy for the design of inhibitors of CD4-depen-
dent retrovirus infection and pathogenesis uacpends on identifying a peptide region of

TABLE 2. Peptides # 18 and 30 Do Not Block HTLV-1-Induced Syncytium
Formation at Concentrations That Completelv Inhibit HIV-1-Induced Syncytium
Formation®

Compound Cor-entration (ug/m _) Syncytia/20 fields (200 <)
#18 32 56
16 90
8 90
4 74
#30 32 18
16 88
8 80
4 108
none 64

@ Chronically HTLV-1-infected lymphoid cells were cocultured with X/C indicator cells for
18-24 hours as d~"cribed* and syncytia per 20 fields counted ut 200 X magnification. Syncytia
were defined as multinucleated (4 or more nuclei) structures bounded by a single continuous
plasma membrane. Both peptide # 18 [T,C,E.-tribenzyl-K ,-acetyl-CD4(81-92)] and peptide 330
[N-alpha-acetyl-T,C,E-tribenzyl-K ,-acetyl-CD4(81-92) amide] inhibit HIV-1,,y5 .-induced syn-
cytium formation in a dose-dependent manner, with complete inhibition of HIV-1-induced giant
cell formatior at 32 pg/mL.

the CD- molecule large enough to mimic the binding domain for gp120, but sufficiently
small that other ligands of the T4 receptor, such as those involved in class II MHC-
dependent antigen recoznition by T-cell receptor/CD4-positive cells, do not bind the
peptide, because this could result in blockade of immune function and potential immu-
nodefici:ncy even in the absence of HIV infection. Accordingly, the ability of poter*
peptide inhibitors of HIV infection, such as CD4(81-92) peptides # 18 and # 30, were
assayed for their ability to block a variety of CD4-dependent cellula, immune functions.
CD4(21-92) peptides dc not inhibit the mixed lymphocyte response, which is blocked
by the anti-CD4 antibody anti-Leu3a, at doses that effectively block H1V-1 infection
and HIV-1-induced cell fusion (TABLE 3). The CD4-dependent cytotoxic 7 -cell re-
sponse, also blocked by anti-Leu3a, was likewise unaffected by the presence of pepiides




134 ANNALS NEW YORK ACADEMY OF SCIENCES

TABLE 3. Peptides # 18 and #30 Do Not Block the CD4-Dependent Mixed
Lymphocyte Response (MLR)”

Response mean cpm x 10

Peptide/Antibody, ug/mL D1 x 81 D1 x S2 D2 ~ SIi D2 « S2
none 45.1 57.6 38.5 45.5
z1R 312 439 54.8 375 325
6.25 46.6 57.2 32.4 41.6
12.5 S3.8 549 354 474
25 56.4 60.6 415 48.2
50 459 57.0 44.1 473
100 41.7 53.6 28.7 358
%130 312 48.3 58.9 354 452
6.25 474 46.2 444 46.3
12.5 41.9 52.3 35.7 40.0
25 42.6 51.3 38.7 398
50 51.2 59.1 26.5 479
100 43.1 55.3 28.8 36.3
anti-Leula 312 16.4 39.3 2.5 224
6.25 14.2 37.1 4.7 239
12.5 7.4 40.2 19 13.0
25 7.8 40.4 35 15.2
50 7.1 27.7 34 16.1
100 6.2 29.4 24 9.8

< Data shown are the proliferative responses (['H]thymidine incorporation) of nonirradiated
PBMCs (donor cells) from each of two individuals, D1 and D2, in the presence of lethally x-
irradiated PBMCs (stimulator cells) from each of two additional individuals, ST and S2. who were
MHC-allogeneic to D1 and D2. anti-Leu3a, anti-CD4 monoclonal antibody anti-Leu2a.

#18 and 730 at doses sufficient to block HIV infection and syncytium formation
(TABLE 4). These data indicate that administration of CD4(81-92) peptide would not
be expected to result in iatrogenic immunodeficiency. In addition, they suggest that
passive immunization strategies, or administration of CD4 antibodies to generate an
anti-idiotypic antibody response capable of blocking HIV infection by binding gp120
itself. may be better focused on antibodies directed to the CDR3-like domain of CD4,
rather than th2 CDR2-like domain, which is recognized by antibodies like anti-Leu3a
that also block CD4-dependent cellular immune responses.

CD4(81-92) PEPTIDES ACT BY INHIBITING gp120/CD4 BINDING
AND DEFINE A PROBABLE gp120 BINDING SITE
ON THE CD4 MOLECULE

Structure-activity analysis (F1G. 2) has established the sequence- and derivatized
residue-specificity of CD4(81-92) peptide action in inhibiting HIV infection and cell
fusion. Antiviral potency is also restricted to CD4-dependent retroviruses (TaBi s 2).
The mechanism by which this specific antiviral effect of CD4(81-92) peptides is exerted




B e e e —amea

RAUSCH et ai.: CDR3-HOMOLOGOUS DOMAIN 135

is likely to be relevant to understanding the molecular details of CD4/gp120 interaction
in HIV infection and pathogenesis. The high-affinity binding of gp120 to CD4-positive
cells can be demonstrated using metabolically labeled [**S]gp120 obtained from a cell
line that overproduces the envelope glycoprotein or by binding of purified gp120
iodinated by way of the iodogen reaction.*** Using either method, inhibition of gp120
binding to CD4-positive cells by CD4(81-92) peptide derivatives can be demon-
strated.®* FIGURE 5 shows a typical gp120 blocking experiment employing **S-labeled
gp120 as the CD4 ligand. In these experiments, the gp120 bound to CD4 is rescued
after cell solubilization by immunoprecipitation with OKT4, as described originally
by McDougal et al,?* and quantified by autoradiography after electrophoresis on
polyacrylamide gels.%* Peptides that inhibit HIV infection and HIV-induced cell fusion
completely (125 and 250 uM T,C,E;-tribenzyl-CD4(81-92) and 250 uM T4DTEbzl)
also totally blocked gp120/CD4 interaction. Peptides that inhibit HIV infection and
fusion only partially (125 uM T4DTEDbzl) also partially blocked gp120/ CD4 binding.
Control peptides such as GGa23, a neuropeptide with a net charge similar to that of
CD4(81-92) and totally without antiviral activity, also failed to block gp120/CD4
binding (FI1G. 5).

In principle, inhibition of CD4/gp120 interaction by CD4(81-92) peptide deriva-
tives could be due either to direct binding to gp120, or to peptide binding to CD4 itself,
altering its conformation and indirectly preventing gp120 binding. Preliminary kinetic
analysis of inhibition of gp120/CD4 binding by CD4(81-92) peptides suggests competi-
tive kinetics, favoring a model in which peptides bind to gp120 and block its attachment
to CD4 (Kalyanaraman et a/., submitted). There is no precedent for CD4 intramolecu-
lar self-association leading to conformational exclusion of gp120 binding, and if such

TABLE 4. Peptides #18 and #30 Do Not Block CD4-Dependent, MHC Class
II-Restricted Cytotoxic T-Lymphocyte Activity

Peptide/Antibody, pg/mL *ICr release, percent of untreated control
#18 1.56 106
312 109
6.25 100
12.5 101
25 93
50 104
100 104
#30 1.56 107
312 108
6.25 97
12.5 97
25 94
50 93
100 96
anti-Leula 1.56 101
3.12 101
6.25 104
12.5 76
25 57
50 29
100 1.4
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a conformational shift occurred, it would be expected to block binding of neutralizing
antibodies such as anti-Leu3a and CD4 ligands such as class II MHC to the CD4
molecule. Neither of these things occurs in the presence of even high concentrations
of tribenzyl-CD4(81-92). In the absence of direct evidence for CD4(81-92) peptide
binding to gp120, and not CD4, the possibility that CD4(81-92) peptides inhibit gp120/
CD4 association by binding to CD4 itself remains viable. Nevertheless, it seems most
likely that the CDR3-like domain of the CD4 molecule, or the portion of it between
residues 85 and 92, constitutes a critical part of the binding »urface for gp120 on the
CD4 molecule. If so, passive immunization, vaccination, and anti-idiotypic strategies
for immune protection from HIV infection and pathogenesis should be focused on this
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FIGURE 5. Gp120 binding to CD4 is specifically inhibited by T,C,Es-tribenzyl-CD4(81-92).
HIV-1,1 v.ns-infected 6D5,;, cells, which constitutively secrete HIV-1 envelope glycoproteins
gp120 and gpl60, were metabolically labeled with [**S]methionine, and cell culture medium
containing labeled gp120 and gp160 was collected, concentrated, and incubated with CD4-positive
CEM,, cells as described®*** in the presence or absence of the indicated concentrations of peptide.
CD4-envelope glycoprotein complexes were solubilized from the cell suspension and collected by
immunoprecipitation with OKT4. The precipitate was solubized, denatured, and electrophoresed
on a polyacrylamide gel, and the gel was autoradiographed. The intensity of the autoradiographic
signal is directly proportional to the amount of gp120 and gpl160 specifically bound to CD4,
because no signal is detected in the presence of excess unlabeled gp120. CON, no peptide present
during the binding experiment; GGa-26, rat pancreastatin, a glutamic acid-rich peptide; trie,
T,C,E;-tribenzyl-CD4(81-92); TADTE, partially purified S-benzyl-CD4(81-92). The potencies of
these peptides to inhibit HIV-1-induced syncytium formation are > 500 uM (not active), 63 uM,
and 200 uM, respectively.

region of the CD4 molecule, in addition to those regions that are defined by in vitro
mutagenesis studies as being critical for gp120 binding, but not necessarily by constitut-
ing a gp120 binding site at the mutagenized locus.

VIROSTATIC ACTIVITY OF CD4(81-92) PEPTIDES

If CD4(81-92) peptide derivatives bind directly to gp120, then these peptides may
block other stages of the viral life cycle besides infection and cell fusion. For example,
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peptide binding to gp120 or gp160 could inhibit viral assembly and decrease the yield
of infectious viral progeny from already-infected cells. Peptide effects on postinfection
steps in the virus life cycle leading to decreased infectiousness were measured by a
modification of the syncytium-forming microassay of Nara et al.*** as depicted in
FIGURE 6. Several CD4(81-92) peptide derivatives were tested in this assay and com-
pared to the activity of anti-CD4 antibodies. T,C,E;-tribenzyl-CD4(81-92) blocks syn-
cytium formation when added during infection by blocking infection itself, as evidenced
by subsequent lack of formation of infectious cell centers (ICCs) from these treated
cells, and blocks syncytium formation of already-infected cells when added 48 hours
postinfection without decreasing the infectiousness of these cells, as evidenced by high
levels of p24 in culture supernatant at the end of the 120 hour culture period and the
ability of infected cells to form infectious cell centers on fresh indicator cells once they
are washed free of peptide. The anti-CD4 monoclonal antibodies $3.5 and anti-Leu3a,
like tribenzyl-CD4(81-92), concomitantly block syncytium formation, p24 production,
and infectious cell-center formation when added from 0-48 hours, but block only
syncytium formation, without affecting p24 production or infectious cell-center forma-
tion, when added from 48-120 (ref. 47 and D. M. Rausch, unpublished observations).
By contrast, the CD4(81-92) peptide #18, a charge-modified version of tribenzyl-
CD4(81-92), inhibits not only syncytium formation but also formation of infectious
cell centers from cells treated with peptide 48 hours postinfection (F1G. 7). This decrease
in the infectiousness of already virally infected cells by these CD4(81-92) peptide
derivatives is accompanied by a corresponding decrease in release of viral progeny from
infected cells (F1G. 7B) and is due neither to toxicity to the CD4 - cells nor to failure
to adequately remove the peptide prior to assay for ICCs (see ref. 47 for supporting
data). Thus, some analogues in the CD4(81-92) series appear to possess the ability to
reduce viral load of already-infected cells. This property correlates in a general way
with the hydrophobicity of the compounds, suggesting that the mechanism of this
antiviral effect may be peptide binding to gp160 or gpl20 within the infected cell,
interfering with viral assembly at some as yet unknown stage, and that more hydropho-
bic versions of CD4(81-92) are more efficient at entering the infected cell than less
hydrophobic peptides.

PRELIMINARY TEST OF THE PHARMACOKINETICS, SAFETY,
AND EFFICACY OF T,C,E,-TRIBENZYL-CD4(81-92)
IN SIV-INFECTED RHESUS MACAQUES

CD4(81-92) peptide derivatives inhibit HIV-1, HIV-2, and SIV infection of CD4-
positive cells in vitro and inhibit HIV-and SIV-induced syncytium formation as well.
In addition, CD4(81-92) peptide derivatives appear to have a virostatic component 10
their antiviral action that is not shared by, for example, antibodies that block both
HIV-1 infection and syncytium formation (FiG. 7). Despite their efficacy in vitro,
however, CD4(81-92) peptide derivatives are active only at relatively high concentra-
tions. In addition, despite the apparent lack of toxicity of prototype compounds such
as T,C,E,-tribenzyl-CD4(81-92) and T,C,E.-tribenzyl-K -acetyl-CD4(81-92) even at
high doses in rodent models (Hwang et al.. unpublished observations), toxic effects of
peptide administration must be assessed in primates, and if possible. in a primate model
approximating the compromised health and potential vulnerability to xenobiotics of the
HIV-infected patient. For these reasons, we have preliminarily assessed the tolerance of
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FIGURE 6. Kinetic phases of CEM-SS quantitative syncytial-forming microassay for HIV infec-
tion, transmission, and cell infectiousness. CD4-positive, syncytium-sensitive CEM cells were
exposed to a titered inoculum of cell-free virus for one hour, after which virus was removed from
the cells and replaced with fresh medium. During the period of inoculation, infection of CEM
cells began, and the virus was presumably internalized and reverse-transcribed shortly thereafter.
Over ihe next 48 hours, transcription from the integrated viral genome produced both genomic
and messenger RNA, and viral proteins required for virus assembly and packaging were produced.
No viral gag protein appeared in cell supernatant at this time, however, and no syncytial centers
were visible, indicating that although infection was complete, cell fusion and release of viral
progeny from infected cells had not yet occurred.*”** At this time, medium was changed, and
cells were maintained for an additional 72 hours in culture. During this time, the appearance of
the cells was monitored for the appearance of focal syncytia, indicating the presence of single
infected cells, beginning the process of syncytium formation with their uninfected neighbors.
Simultaneously, p24 core antigen in culture supernatants was measured as ar index of the release
of infectious viral progeny. Cells were then washed to remove test agents if present, and an aliquot
of the cell suspension plated onto fresh indicator cells to assess their ability to form syncytia
(infectious cell centers; ICCs). Each syncytium (ICC) thus formed represented a cell originally
infected in the 120 hour syncytium-forming assay, which retained its infectiousness, ie.. ability
to undergo HIV-induced syncytium formation with neighboring cells. Using this experimental
paradigm, peptides (and other antiviral agents) can be added to the cultures during inoculation
and infection (0-48 hours) or during viral transmission by way of cell fusion and release of viral
progeny (48-120 hours), in order to assess their relative ability to inhibit infection and HIV-
tnduced cell fusion, respectively. By subsequently measuring ICCs in those cultures where inhibi-
tion of fusion (following 48-120 hour exposure to antiviral agent) occurred, assessment of viro-
static activity (postinfection attentuation of viral transmission by infected cells) can also be made.
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FIGURE 7. Anti-infective, antisyncytial, and virostatic activities of T,C,E,-tribenzyl-CD4(81-
92) (GLH328] and T,C,E,-tribenzyl-K ;-acetyl-CD4(81-92) [# 18]. CEM-SS cells were treated
with CD4 peptide GLH328, or CD4 peptide # 18 during the infection (0-48 hours) or transmission
(48-120 hours) phases of the syncytium-forming assay. The viral inoculum was a thawed titered
stock of HIV-1,1, v 1ue- In A the concentration of peptide is plotted against the number of syncytia
formed at the end of the assay, which indicates anti-infective potency when the antiviral agent is
present during infection (0-48 hours) and indicates antisyncytial potency when the antiviral agent
is added postinfection (48-120 hours). In B the concentration of peptide is plotted against the
amount of p24 released into the cell culture supernatant during the period from 48 hours (when
p24 levels are undetectable in control-infected cultures) to 120 hours (when p24 levels are approxi-
mately 200 ng/well in control-infected cultures). A decrease in p24 levels caused by peptide
present from 0-48 hours indicates a direct anti-infective antiviral activity of the peptide, whereas
a decrease in p24 levels caused by peptide present from 48- 120 hours indicates a virostatic antiviral
activity of the peptide. In C the concentration of peptide is plotted against the number of syncytia
formed in the infectious cell center assay (ICC) following cell washing and replating on to fresh
indicator cells. The ICC confirms the anti-infective potency when the antiviral agent is present
during infection (0-48 hours) and indicates the virostatic potency when the antiviral agent is
added postinfection (48- 120 hours). Values shown are duplicate determinations from two separate
experiments. A portion of these data are taken from Nara er al.¥’
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SIV-infected rhesus macaques to chronic administration of T,C,E-tribenzyl-CD4(81-
92) (GLH328). This compound was employed, although it is not the most potent
CD4(81:-92) peptide derivative screened to date (see Fi1G. 4), because of availability of
rodent toxicity and pharmacokinetic data, and because it was the ouly CD4(81-62)
peptide derivative active against SIV in vitro for which a reliable assay for serum peptide
concentration was available at the time this study was begun (January 1989). In order
to obtain a preliminary assessment of potential efficacy of this compound, GLH328
was administered concomitantly with SIV inoculation in four juvenile rhesus macaques
and with three untreated animals serving as age- and inoculum-matched controls. The
virus employed was SIVgy,pe0» an SIV isolate previously characterized as causing
AIDS in juvenile rhesus macaques with a fatal outcome within 7 months in the majority
of cases when administered at the dose employed in this study.”®”' Peptide was infused
at a basal rate of 200 mg/hour (2.5 kg animals were used) for 10 hours, with bolus
injections of 200 mg/8 min immediately before, after, and 1 hour after virus inoculation,
which occurred one hour after the beginning of basal peptide infusion. Plasma levels
of the compound obtained during the ten-hour period following virus inoculation are
shown in FIGURE 8. Peptide was administered as a bolus injection of 200 mg/animal
weekly/biweekly for an additional 28 weeks, at which time surviving animals were
untreated but monitored for viral antigenemia and signs of viral disease. No untoward
effects of peptide infusion attributable to the peptide itself, as assessed by standard
blood chemistry profile, were observed during infusion or subsequently (Martin er
al, unpublished observations). The course of CD4/4B4* cell depletion, and viral
antigenemia for each of the seven animals in the study, is shown in FIGURE 9. along
with the survival curves for the untreated and peptide-treated groups. Animals were
euthanized when life expectancy was estimated to be less than one week, due to chronic
weight loss or diarrhea due either primarily to virally induced syncytial disease or
secondary to severe opportunistic infection (see refs. 71, 72). No evidence for blockade
of viral infection was obtained; however, peptide treatment appeared to attenuate the
lethal course of B670 infection: the mean individual survival postinoculation for each
group is at present 248 days for the peptide-treated and 168 days for the control
untreated group. Effectiveness of antiviral therapy with CD4(81-92) peptide derivatives
may be a function of several factors, including treatment time following viral inocula-
tion, differential peptide potency in blocking SIV infection of CD4-positive target cells
in vivo compared to blockade of infection in vitro, virostatic as well as anti-infective
activity of the peptide employed, and pharmacokinetics of peptide delivery to tissue
compartments in which viral infection initially occurs.

FUTURE DIRECTIONS

Administration of tribenzyl-CD4(81-92) concurrently with SIV inoculation in-
creased the mean postinoculation survival time of SIV-infected macaques, but did not
block virus infection. The interaction between SIV and the rhesus CD4 receptor may
not accurately model the interaction between HIV and the human CD4 receptor in the
evaluation of human CD4-based peptide therapy, as indicated by the immunological
nonidentity of human and rhesus CD472 and the higher concentrations of both CD4(81-
92) peptide derivatives and soluble CD4 itself required to block SIV infection. relative
to HIV infection, in vitro (FIG. 4 and refs. 73 and 74). Nevertheless, the rank order of
potency of CD4(81-92) peptides to inhibit both HIV and SIV infection in vitro are quite




RAUSCH ¢t al.: CDR3-HOMOLOGOUS DOMAIN 141

similar (F1G. 4). Thus, evaluation of therapeutic efficacy of antiviral peptides and other
agents directed towards disruption of human CD4/HIV gpl20 interaction in SIV-
infected rhesus macaques appears to be warranted, albeit such potential therapeutics
may be predicted to be less efficacious in SIV than in HIV infection. The identification
of the CDR3-like domain of CD4 as a likely gp120 binding site for HIV and SIV
suggests passive immunization, using antibodies against CD4(81-92), as a potential
treatment for HIV and SIV infection. Studies evaluating antibodies directed against
the CDR2-like putative gpl120-binding domain of CD4 are currently underway in
HIV-infected patients.”* The use of anti-idiotypic antibody immunization, using anti-
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FIGURE 8. Blood levels of T,C,E-tribenzyl-CD4(81-92) [GLH328] in juvenile rhesus macaques
during continuous intravenous administration over a ten hour period with intermittent bolus
injections of peptide. Two to three kilogram juvenile rhesus macaques were anesthetized and
infused intravenously with GLH328 at a rate of 200 mg/hour for ten hours, with additional bolus
injections of 200 mg/ 10 min at the times shown (vertical arrows along abscissa), relative to the
timeof virneirocal sy o aiaccowat top A Renrad 1 avels of GLH328 were determined
by a quantitative HPLC method after plasma extraction (Hwang et al., in preparation), and are
given as the mean * SEM for three of the four animals simuitaneously inoculated with virus and
infused with peptide in the experiment depicted in F1G. 9. Peptide plasma levels were not deter-
mined for the fourth animal. Note that plasma levels of GLH328 were maintained at or above
the dose required to inhibit SIV infection of CEM 174 cells in vitro (dotted line parallel to abscissa),
over a 10 hour period, with this dosage regimen. Animals had been given a 200 mg/kg loading
dose over = oi.c hour period the previous day.

CD4(81-92) antibodies in treatment of SIV infection may also bear investigation.
especially as CDR2-directed anti-idiotypic antibodies would appear to have only limited
potential for successful immunization against HIV, based on the ability to generate
anti-HIV neutralizing antibodies through immunization of rodents with the CDR2-
directed antibody anti-Leu3a.”7” The search for more potent modified analogues of
CDA4(81-92) is also worthwhile. It is encouraging that a conformationally restricted
version of T, C,E;-tribenzyl-CD4(81-92) designed by one of us (K. M. Hwang) is potent
at submicromolar concentrations to inhibit HIV-1 infection and syncytium formation
in vitro. using a wide variety of HIV-1 isolates as input virus in the syncytium-forming
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FIGURE 9. Sequelae of SIV inoculation in juvenile rhesus macaques, untreated or concurrently
treated with T,C,E,-tribenzyl-CD4(81-92). CD4/4B4 double-positive cells as a percentage of
CD4* peripheral blood lymphocytes and serum SIVy,, core protein antigenemia (arbitrary
optical density units, ELISA) are plotted for the seven individual rhesus macaques (2-3 kg. both
sexes) inoculated with SIVy,, (10 IC,s, i.v.). The three upper panels on the left show the course
of CD4*/4B4 " cell depletion (closed circles) and viral antigenemia (open circles) in the three
untreated, virus-inoculated animals. The four panels on the right show the course of CD4 * /4B4~
cell depletion and viral antigenemia in the four peptide-treated, virus-inoculated animals. The
bottom left panel shows the percentage of animals surviving in each group as a function of time
(days postinoculation), each symbol representing the time at which each animal was euthanized
upon determination of morbidity due to opportunistic infection, gastrointestinal or respiratory
syncytial disease, or wasting and loss of appetite, singly or in combination. The letter next to each
symbol indicates the corresponding animal whose immunologic parameters are depicted in the
other panels.
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microassay.”®’ Finally, the virostatic activity of some CD4(81-92) peptide derivatives
may recommend them as adjuncts to antiviral therapy with other therapeutics, espe-
cially when penetration to fetus or brain cannot be obtained with other antiviral agents.

SUMMARY

Peptides 12-25 amino acids in length from the V1J1 region of the CD4 molecule
(residues 1-120) were synthesized as randomly derivatized, deliberately derivatized, or
pure peptide products, and tested for their ability to inhibit HIV-1-induced cell fusion,
HIV-1 and SIV infection of CD4-positive human cells, HIV-1 envelope glycoprotein
binding to the CD4 molecule, CD4-neutralizing antibody binding to the CD4 holore-
ceptor, and CD4-dependent cellular immune function in the mixed lymphocyte and
cytotoxic T-cell bioassays. Only peptides derived from the complementarity-determin-
ing region 3 (CDR3)-homologous domain of CD4, in particular CD4(81-92) and
CD4(81-101), were effective antiviral agents. Within the CD4(81-92) series, R-group
derivatization of selective amino acid residues was an absolute requirement for biologi-
cal activity. The prototype compound T,CE.-tribenzyl-K10-acetyl-TYICEV.-
EDQKEE inhibited HIV-1-induced cell fusion at 32 uM, HIV-1 infection of CEM-
SS cells at 10 uM, SIV infection of CEM-174 cells at less than 125 uM, gp120/CD4
binding at 60 uM, and postinfection cell-mediated viral transmission at 10-15 uM.
Compounds of identical structure and derivatization, but of altered primary sequence,
were substantially less active, or without activity, in these ass..ys. These data indicate
that the effect of amino acid derivatization of the CD4(81-92) peptide was most likely
restriction of the flexible underivatized peptide backbone to a conformation closely
approximating that of the CDR3-homologous gp120 binding site of the native CD4
molecule. Peptide antiviral activity was specific, as judged by lack of cytotoxicity, lack
of inhibition of HTLV-1-induced cell fusion, and lack of inhibition of CD4-dependent
cellular immune function in vitro. Further derivatization of the prototype compound
involving the production of cyclic congeners yielded peptides with submicromolar
potency to block HIV-1 infection, strengthening the hypothesis that previous peptide
derivatizations accomplished partial restriction of the conformation of CD4(81-92) to
one favorable for interaction with gp120. Concentrations of the original prototype
compound T,C,E.-tribenzyl-CD4(81-92) that inhibited infection in vitro more than
50% could be achieved for several hours by intravenous infusion i1 primates and were
well-tolerated at these levels. The peptide was not efficacious to inhibit establishment
of viral infection at these doses; however, peptide treatment did l1ower average viral
antigenemia and delay the cumulative time to morbidity relative to the control group.
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INTRODUCTION

The receptor for human immunodeficiency virus (HIV) is CD4, a 55 kDa glycopro-
tein expressed on the surface of certain human lymphoid and monocytic cell types
(reviewed in ref. 1). The finding?~” that recombinant soluble forms of CD4 retain the
capacity for high-affinity binding to gp120 (the external subunit of the HIV envelope
glycoprotein) has suggested potential therapeutic uses of CD4 derivatives. For example,
soluble molecules containing CD4 sequences alone are able to neutralize HIV infectivity
in vitro,® suggesting they may have specific antiviral activity in HIV-infected individn-
als. Alternatively, hybrid molecules have been produced containing the gp120-binding
region of CD4 linked to other protein sequences possessing specific effector activi-
ties.> ' In these cases the CD4 moiety serves not only as a neutralizing agent, but also
as a targeting agent to direct the novel effector activities of these molecules selectively
against HIV-infected cells.

We have previously described a genetically engineered hybrid protein consisting of
the gp120-binding region of CD4 linked to active domains of Pseudomonas aeruginosa
exotoxin A (PE).? This protein, designated CD4(178)-PEA40, selectively binds to HIV-
infected cells due to their surface expression of the HIV envelope glycoprotein (FiG. 1).
Based on the known mechanism of action of PE,!? CD4(178)-PE40 is then presumably
translocated to the cytoplasm of the HIV-infected cell where it ADP-ribosylates elonga-
tion factor 2, resulting in inactivation of protein synthesis and eventual cell death. As
illustrated schematically in FIGURE 2, the domain structure of PE makes this an ideally
suited molecule for the construction of hybrid derivatives containing alternative ligands
in place of the normal cell binding domain of PE, thereby resulting in novel toxins
with new cell type specificities based on binding to cells expressing the appropriate
surface molecules.

?To whom correspondence should be addressed.
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FIGURE 1. Selective binding of CD4(178)-PE40 to HIV-infected cells. When healthy CD4-
positive T lymphocytes become infected with HIV, virus replication results in the synthesis and
transport of the HIV envelope glycoprotein (gp120/gp4! complex) to the cell surface. This process
renders the infected cells sensitive to the CD4(178)-PE40 hybrid protein that, by virtue of its CD4
moiety, can bind selectively to the gp120 molecules on the surface of the infected cell.

Originally, we reported, that CD4(178)-PE40 inhibits protein synthesis in cells
expressing the HIV-1 envelope glycoprotein encoded by a recombinant vaccinia virus
vector, as well as in a human T-cell line chronically infected with HIV-1.* Subsequently,
we showed that this protein is a highly potent and selective agent for killing of HIV-
1-infected human T-cell lines and that it inhibits HIV-1 spread in cocultures of infected
and uninfected T cells.!* Inasmuch as cells of the monocyte/macrophage lineage may
be a major reservoir for HIV in infecteu individuals,'*!” we have now analvzed the
activity of CD4(178)-PE40 against a human promonocyte cell line chronically infected
with HIV-1.

MATERIAL AND METHODS

Cell Lines and Culture Conditions

The cell lines used in this study included U937, a human promonocyte cell line
susceptible to HIV infection,'® and Ul, a derivative of U937 chronically infected with
the LAV isolate of HIV-1." Cells were cultured at + 37 °C in 5% CO, in RPMI-1640
medium containing 10% heat-inactivated fetal calf serum, 10 mM HEPES buffer, 2
mM L-glutamine, 100 U/mL penicillin, and 0.1 mg/mL streptomycin. U937 and Ul
cultures were grown in triplicate in 96-well flat-bottom tissue culture plates (Costar,
Cambridge, MA).

Reagents

PE was purchased from Swiss Serum and Vaccine Institute. CD4(178)-PE40 was
obtained from the Upjohn Co., Kalamazoo, MI, where it was expressed and isolated
from E. coli as previously described.® AZT (3-azido-3'-deoxythymidine or zidovudine).
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MTT (3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide; thiazole blue),
and PMA (phorbol 12-myristate 13-acetate) were purchased from Sigma Chemical
Co., St. Louis, MO.

Viability Assays

The relative numbers of viable cells were determined by the MTT oxidation proce-
dure that has been shown to correlate well with the Trypan blue exclusion ussay under
the conditions employed in these studies.?’ U937 and U1 cells were grown in 100 pL
medium per well in 96-well plates, and the MTT assays were performed directly in the
same plates. Reactions were initiated by addition of 10 pl. MTT solution (5 mg/mL,
w/vol, in PBS). The plates were incubated at +37 °C for 4 h, and the reactions were
terminated with 100 pL per well of 0.01 M HCl containing 10% (w/vol) SDS. Oxidized
MTT was allowed to dissolve in medium for 16 h at +37 °C, and the intensity of the
blue color was measured at 590 nm with an automated ELISA plate reader (V-max,
Molecular Devices, Menlo Park, CA).

RESULTS AND DISCUSSION

Effects of PE Derivatives on Cell Viability of Uninfected and HIV-1-Infected
Human T-Cell Lines

Most mammalian cell types express receptor(s) for native PE and are thus sensitive
to killing by this toxin.?' By contrast, CD4(178)-PE40 kills two HIV-infected T-cell
lines with ICs, values in the range of 100 pM but has no effect on the corresponding
uninfected parental cells (TABLE 1 and refs. 15 and 20). Specificity is provided by the
CD4 moiety of the hybrid toxin, inasmuch as the control protein PE40 has no effect
on infected or uninfected cells. The selective killing of HIV-infected cells is not due to

NH 1

PE 2 o m FIGURE 2. Schematic representation of PE deriva-
tives, showing the association of specific structural do-
mains with specific functions.'” '* Domain 1 of native

PEdo NH?@E‘J PE binds to receptors present on a wide variety of cell

types, giving the toxin broad specificity. PE40 lacks
domain I and thus serves as a control for nonspecific
toxicity. In CD4(178)-PE40, the CD4 region consists
of the amino-terminal 178 amino acids. representing
the first two immunoglobulin-like domains within
which is contained the binding site for gp120.%" This
hybrid toxin binds specifically to cells expressing the
HIV envelope glycoprotein.®

CD4(178)- @
PE40 NHz

Cell Binding ‘

Translocation
ADP-ribosylation |
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mere interaction of the hybrid toxin with the HIV envelope glycoprotein, as judged by
the failure of CD4 derivatives lacking an enzymatically active domain (ie. sCD4 or
CDA4(178)-PE40,,s5:) to promote killing.

Effect of CD4(178)-PE40 on a Human Monocyte/Macrophage Cell Line
Chronically Infected with HIV

Inasmuch as a major reservoir for HIV in vivo may be the tissue macrophages,'®!’
it was important to test the ability of CD4(178)-PE40 to selectively kill HIV-infected
human cells of monocyte/macrophage lineage. U1 is a chronically latent HIV-1 infected
promonocyte cell line, that under normal conditions expresses very low levels of viral
proteins. Phorbol esters such as PMA will stimulate these cells to differentiate into
macrophage-like cells, with a concomitant induction of HIV expression. To test the
susceptioility of these cells to CD4(178)-PE40, we stimulated the cells with PMA,
cultured them in the presence of high concentrations of CD4(178)-PE40 or PE, and
measured the relative numbers of viable cells after a 4 day culture. Uninduced U1 cdlls
as well as both induced and uninduced U937 cells served as controls. As shown in
FIGURE 3, the Ul cells were killed by CD4(178)-PE40 only when induced with PMA.
The failure of the hybrid toxin to kill U937 cells even in the presence of PMA indicates
that the sensitivity observed for the induced U1 cells is associated with virus expression,
presumably gp120, at the cell surface.

Taken together, the in vitro results presented in this communication support the
potential value of CD4(178)-PEAQ in the treatment of HIV-infected individuals. The
previously reported selective effects of CD4(178)-PE40 on HIV-infected lymphocytes
can now be extended to cells of the monocyte/macrophage lineage. The finding that
latently infected lymphoid®® or myeloid (F1G. 3) cell types are killed by the hybrid

TABLE 1. Sensitivity of HIV-1-Infected and -Uninfected T-Cell Lines to Killing by
- CD4(178)-PE40 or Control Proteins?®

TAIV-1 IC,, (nM)

Cell Type Iniected CD4-PE40 PE40 sCD4 CD4-PE40,,ss,
8ES yes 0.08 > 10° > 10° > 10*
A3.01 no > 10° > 10° > 10° > 10*
H9/HTLVIIB yes 0.1 > 8t ND ND
H9 no > 10° > 8k ND ND

“The cells were plated in 24-well tissue culture plates with serial tenfold dilutions of the
indicated proteins. After a 4-5 day culture relative numbers of cells were counted using the MTT
method as described in MATERIAL AND METHODS. ICjy, is the drug concentration required for
killing of 50% of cells. PE40?* and CD4(178)-PE40,,.,,"" are control recombinant proteins with
greatly reduced cytotoxic activity because of the absence of the cell binding domain (PE40) or a
muiation abolishing the ADP ribosylation activity {[CD4(178)-PE40,,.s5;]. In some experiments,
lys-PF40, a genetically engineered version of PE40 with an additional lysine residue in the amino-
terminal end of the molecule,?* was used instead of PE40. Some of the results presented in the
TABLE have been summarized from data reported in refs. 15 and 20.

? No toxicity at this concentration.

“ND = Not done.
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Cell Line : U937 u1 ue37 U1 sence of drugs.

{uninfected) (HIV} {uninfected) (HIV)

toxin only after HIV induction may have important clinical implications, because the
presence of latently infected cells is an important characteristic of HIV infection.?*

SUMMARY

CD4(178)-PE40 is a recombinant protein consisting of the HIV envelope glycopro-
tein-binding region of human CD4 linked to active domains of Pseudomonas aeruginosa
exotoxin A. The hybrid toxin selectively kills HIV-infected human T-cell lines and
protects against HIV spread in mixtures of uninfected and infected cells. We now
report that CD4(178)-PE40 also selectively kills chronically HIV-1-infected cells of
monocyte/macrophage lineage. The results provide further support for therapeutic use
of this hybrid toxin in the treatment of HIV-infected individuals.
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Early Events of HIV Infection as
Targets for Antiviral Agents

R. DATEMA

Virology Department 106
Bristol-Myers Squibb Company
Wallingford, Connecticut 06492

INTRODUCTION

The early events of HIV infection are defined here as binding of the virus to the
cell, followed by fusion of the virus with the cell membrane and entry intc the cyto-
plasm. The viral envelope glycoprotein gp120/41 is the key player in this sequence of
events. This glycoprotein is synthesized as a precurror, gp160, cleaved during intracellu-
lar transport to gp120 and gp41. These two subunits are held together by noncovalent
bonds as a part of a multimeric complex.'~* Expression of the glycoprotein is necessary
for formation of infectious virus particles and for cytopathic fusion of gp120/41-
expressing cells with cells containing the viral receptor, the CD, molecule.! Thus,
gp120/41 is a good target for antiviral therapies.

RECEPTOR BINDING

The first step in the infection of a cell by a virus is the attachment of the virus to
the host cell.* In this process, in the case of enveloped viruses, the viral envelope
glycoprotein binds to a constituent of the host cell membrane. It is possible to design
potential antiviral agents by identifying the binding domains of the viral glycoprotein
and the cell-surface receptor and studying their interactions. As shown in FIGURE 1,
three strategies come to mind immediately: (a) mimics of the [binding site present in
the] viral envelope glycoprotein or ligand analogues; (b) mimics of the [binding site
present in the] cellular receptor or receptor analogues; and (c) agents binding just off-
side the receptor or ligand binding site but interfering with ligand-receptor interaction
(black structures in F1G. 1). An example of a ligand analogue is an antireceptor
monoclonal antibody;’ soluble forms of the cellular receptor are examples of receptor
analogues. Receptor analogues have obtained considerable attention as potential antivi-
ral agents.®
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RECEPTOR ANALOGUES

The receptor for HIV in most cell types is the CD, molecule.” Using truncated
forms of CD, and mutational analyses, it was found that the gpl20 binding site is
present in the N-terminal part of CD,, namely the region covered by amino acids 31
to 58.% Several truncated forms of CD, have been proposed as antiviral agents, and
some have entered clinical trials.” The soluble derivatives of CD, show potent antiviral

L: ligand

R: receptor
VYIUS

FIGURE 1. The binding of the virus to the cell is mediated by the viral envelope protein
(—>), embedded in the viral membrane, binding to the receptor (——' <+ which is also a
transmembrane protein. The picture shows ligand analogues (=—~—[>). receptor analogues
(~—[%). and other agents (M. ®) interfering with receptor-ligand binding.

effects in vitro using laboratory strains of HIV.'* '* In addition, synergy between sCD,
and dideoxynucleosides was demonstrated,'® further emphasizing the usefulness of this
class of agents. Nevertheless, potential limitations of the sCD, approach are (1) clinical
isolates of HIV may have a lower sensitivity to sCD, than lab strains;'® (2) some celis
may be infected by HIV through CD,-independent pathways'’ or by way of virus-
immune complexes,'® that is, through F. receptors; (3) CD, analogues may affect the
immune system; and (4) the CD, analogues may not have the preferred pharmacokinetic
properties. Some of these issues are now being addressed. Thus sCD, still blocked
infection of monocytes in the presence of enhancing antibodies.!® Also, the MHC
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molecule-binding and gp120-binding sites of CD, can be separated, allowing synthesis
of the CD, analogues, possibly not affecting the immune response.? Further, hybrid
sCD,-immunoglobulin molecules, fusion proteins of a gp120-binding domain of CD,
and an IgG heavy-chain constant region, have a long serum half-life.--??

This work clearly shows that it is possible to “engineer” derivatives of CD, with
additional useful properties.?> One preferred way is to use CD, analogues to target
toxins (ricin, Pseudomonas exotoxin) to gpl120-expressing, that is, infected cells. This
can be accomplished by covalent conjugation or by expressing parts of CD, and the
toxin as a fusion protein®*?* (this symposium). Another way is to express soluble CD,
with a C-terminal extension (Lys-Asp-Glu-Leu), thus retaining it in the endoplasmic
reticulum.?*?¢ In this way, the HIV envelope glycoprotein, when synthesized in infected
cells, is retained in the endoplasmic reticulum, preventing cell-surface expression. It
remains to be seen whether this leads to effective intracellular immunization.

LIGAND ANALOGUES

The region of gp120 binding to CD, is highly conserved among HIV-1 isolates and
found in the C-terminal part of gp120."° The CD,-binding domain of gp120 resembles,
of course, a norma!l ligand for CD,. This molecular mimicry, a possible cause of
autoimmune disease,?’ is an obvious concern in the design of ligand analogues.

To determine the functional anatomy of the CD,-binding region of gp120. muta-
tional analyses were performed.?®* It is not clear yet whether the CD,-binding region
is present in a “canyon” lined by conserved residues, as shown for some other viral
receptor-binding proteins.’®*! Analysis of tertiary structure determinants of gpl20
relevant for CD, binding (disulfide bonds,**** glycosylation sites, and glycosylation per
se) and analysis of the critical amino acid residues affecting viral tropism™ are the first
steps in the rational design of ligand analogues. X-ray diffraction studies of (truncated
forms of) gp120 are to follow. Antiidiotypic antibodies can be obtained. as positive
images of the CD,-binding site, to generate structural information on this target en-
abling rational drug design.*

In retroviral systems glycosylation of the envelope glycoproteins plays an important
role in determining viral infectivity,*® and this also applies to HIV (this symposium).
In fact, it is well-established that the protein-bound oligosaccharides play an important
role in generation and maintenance of protein conformation.***” Furthermore, several
studies suggest involvement of gp120-bound carbohydrates in CD, binding™ but also
in binding to cells independent of CD,.*

OTHER INTERACTIONS

Polysulfated polysaccharides, other polysulfated polymers, and certain polyanionic
dyes (aurin tricarboxylic acid, for example) effectively block HIV replication in cell
cultures by blocking binding of HIV to CD, * cells.***? The mechanism by which these
polyanions block infectious cell entry remains to be studied at the molecular level but
may be due to “shielding” of gp120.4
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High-capacity screening systems for compounds blocking gp120/CD, interaction
can be easily designed and will in the near future lead to discovery of new inhibitors.
The antiviral potential of such agents and the advantages or disadvantages compared
with sCD, derivatives are of considerable interest.

POSTRECEPTOR-BINDING EVENTS

Following receptor binding a virus is internalized. This is a complex process,
involving virus-cell fusion, studied in detail only in a few viral systems,* excluding
HIV. Clearly, CD, binding is not sufficient for infectious cell entry. Thus, mouse cells
expressing human CD, are refractory to HIV despite virus binding to CD, and despite
the facts that full-length HIV-cDNA transfected into mouse cells can give rise to
infectious progeny or that an HIV pseudotype, wrapped in a VSV-coat, can infect
mouse cells (see ref. 7 for a review). Analyses of these systems in fusion assays** should
lead to a better understanding of post-CD,-binding events in infectious cell entry.

With HIV, internalization is preceded by a fusion of virion with the plasma mem-
brane.” Genetic analyses'® suggest involvement of both gp120 and gp41, the transmem-
brane part of the HIV envelope glycoprotein, in the fusion process. The N terminus of
gp41, generated by trypsin-like cleavages of gpl160 has the properties of a “fusion
peptide” analogous to the fusion peptides of ortho- and paramyxoviruses.’ Influenza
A viruses fuse with the cell membrane in endosomes at pH 5. This low pH triggers a
conformation change in the viral hemagglutinin, “exposing” the fusion peptide to
participate in fusion.*’ Preventing this conformational rearrangement is an ideal target
for antiviral agents. The equivalent reaction in gp120/41 has not yet been identified,
however. Thus, whereas the detailed structural information on the influenza virus
hemagglutinin would allow rational design of a flu fusion inhibitor, fusion assays
have to be used to screen for inhibitors of gp120/41-mediated fusion. These assays,
measuring, for example, polykaryon or syncytium formation when cocultivating CD,-
expressing cells and gp120/41-expressing cells, identified a trypsin inhibitor,* pradi-
micin A,* oxathiin carboxanilide,*” and a (1,3)- and a (1,6)-D-mannose-specific lec-
tins,*® as inhibitors of the postreceptor-binding events. The inhibition of tryptic clzavage
concerns a cleavage of gp120 (not the cleavage of gp160 to gp120/41) by cell-bound
tryptase(s). Both pradimicin A and the lectins have affinity for mannose-containing
oligosaccharides. By binding to the highly glycosylated gp120/41, the agents may
prevent conformational rearrangements immediately preceding fusion.

PERSPECTIVE

Initial efforts to obtain inhibitors of infectious cell entry concentrated on receptor
analogues. As shown above other antiviral strategies are emerging, whereas the receptor
analogues become more and more sophisticated in their design. Indeed this area of
antiviral research nicely complements the other sophisticated areas: inhibition of HIV
reverse transcriptase and inhibition of the HIV protease.
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PART 1Il. NOVEL USES OF ANTIVIRAL THERAPEUTICS IN THE
TREATMENT OF ATDS

Innovations in the Use of Antisense
Oligonucleotides

GERALD ZON

Applied Biosystems, ~
Foster City, Californ. 4404

INTRODUCTION

The use of antisense oligonucleotides for control of genetic expression has received
an increasing amoun: of attention during the past few years, from both the scientific
community and in the area of new business developme .at. Antisense oligomers refers
in a gencral way to synthetic DNA-like molecules that have approximately 10 to 30
nucleobase-like components that can hybndize with complementary bases in RNA in
a sequence-specific manner. This binding can in turn either directly inhibit or otherwise
interfere with the normal course of production of the specific “‘target™ protein encoded
by the intercepted RNA. Pioneering work in this area, which began over 20 years agu,
included various lines of investigation: oligodeoxynucleotides with aitached alkylating
groups,'? nonionic oligomers (with either CH,C(O)* or P(O)CH,* internucleoside link-
«ges) to interfere with RNA function, and demonstration of antiviral (Rous sarcoma)
effects with an unmodified 13-mer oligodeoxynucleotide.**

Structurally unmodified oligodeoxynucleotides. which are now readily obtained by
the use of automated DNA synthesizers,” have been more or less (depending on the
particulars) successfully employed for inhibition of specific protein synthesis ‘n vitro.
both acellularly and with whole-cell cultures.® Due to degradation of oligonucleotides
by nucleases, it is generally assumed at this time that effeciive in vivo pplications as
chemotherapeutic agents require the development of appropriat.-iy modified rliconucle-
otide analogues, which will have suitable stability as well as a desired profi'e of other
drug properties.

Development of antisense oligomer drugs involves considerations that are unique
to this entire class of molecules, such as accessibility of either unprocessed RNA or
final mRNA, their tertiary structure, sequence-specific hybridization, and optimal
kinetics relative to transcriptional and translational events. By contrast, other consider-
atious are unique to subset members of the general class or antisense oligomer molecules.
Such analogue-dependent items include stability toward nucleases in +: ), pharmacoki-
netics, cellular uptake, tissue distribution, delivery vehicles, metabolism, toxicity, and
other side effects. Finally, superimposed upon the aforementioned factors, there are
very practical considerations involving cost of manufacturing. cost of drug needed for
treatment, acceptable charges for treatment, available alternative drugs, and risk-
versus-benefit analysis associated with any new drugs.

Perhaps thc most significant impeius for developing antisense oligomer drugs is the
pronuse of effective therapy for major diseases that have no current treatment but could
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be combated by inhibiting the expression of specific proteins. Inasmuch as a number
of recent review articles® ' and a monograph'* comprehensively cover the state of the
art at this time, this report will focus primarily on those antisense oligomer studies
that deal with HIV and related topics. Chemical developments are occurring rapidly,
and some of the most recent ones are also described, together with relevant analytical
methods.

ANTI-HIV STUDIES

In June 1986, Zamecnik and co-warkers'® published the first report on the possihility
of using antisense oligomers to inhibit replication of HIV in cultured human cetis:
transformed T-lymphocyte (H9) cells and peripheral human blood cells. Unmodified
oligodeoxynucleotides 12 to 26 residues in length. which were targeted either close to
the tRNA Lys primer binding site, or at donor and acceptor splice sites for the tat
gene, were incubated with cells plus virus at 5-50 pg/mL, which corresponds to 1-10
uM concentrations of a 15-mer (5000 MW). After 96 h, measurements gave percent
inhibition of HIV reverse transcriptase (RT) activity, relative to control cells incubated
without oligomer. The percent inhibition of the production of virus-encoded p15 and
p24 proteins was also measured. Some level of activity was found for each of the
conditions reported, except for a 15-mer that failed to give measurable inhibition,
presumably due to its noncomplementaritv with HIV sequences. In a subsequent
publication,'” 20 different target sites were selected and studied with unmodified oligo-
deoxynucleotides (all 20-mers) and a similar assay: Molt-3 cells + HIV + oligomer
(0.6-15 uM) for 96 hours. Activity was scored as percent inhibition of syncytia forma-
tion and production of p24, relative to control cells. As before, all of the 20-mers were
active to some extent, except for the noncomplementary control. [i was stated that
different noncomplementary controls had been used in other series of experiments and
were uniformly inactive. Shortly thercafter a third report'” by the Zamecnik group
indicated that. in the same assay with Molt-3 cells,”” unmodified 15-mer homopolymers
(dA . dCy., dGq, and dT <) all showed some activity. This is indicative of a sequence-
nonspecific antiviral effect, assuming there 1 a relatively low degree of complementarity
between HIV sequences and these homopolymers (including shorter domains the,ein).
Based on other findings in this report.’” essentially the same results and conclusion
obtain for oligodeoxynucleotides modified throughout with either phosphorothioate
[P(O)S ], phosphormorpholidate [P(O)NR., R, = CH, CH, O CH, CH.]. or phos-
phorbutylamidates [PIO)NRR”, R’ CH. CH, CH, CH,, R" = H]. Subsequently
reported™ experiments by Zamecmk and coworkers using this same assay'® have been
carried out with oligodeoxynucleotde  anaiogues  having  methylphosphonate
[P(O)CH ) linkages. In cach case there was some activity: however, no data was
given for controls with noncomplementary sequences. which prectudes any conclusion
regarding scquence specificity of the observed antiviral effects,

A similar study by Zaia ez ul 7 involved HY cedls + HIV + Scmer test compounds
(<100 uM) with measurements of percent inlubinion of synevtia formation and RT
activity, refative to controls. The three sequences tested were antisense o a splice site
of tar ats sense counterpart, and a sequence complementary 1o herpes simplex virus.
Although the antisense construct was the most acove. terpretation of the results is
complicated by the absence of reparted mformation about the complementanity of these
short ¥-mer sequences to HIV sequences
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Matsukura et al.* likewise investigated unmodified and modified antisense oligo-
mers using an infection assay of the sort mentioned above: immortalized T4 T cells
(ATHS cells) * HIV * oligomer (1-25 pM) and measurement of viable cells as a
function of time. Various 14-base target sites were selected, and the sense, noncomple-
mentary, and homooligomers were used as controls for sequence specificity. In contrast
to the aforementioned reports,'*'® identical sequence anti-rev?*! phosphodiester [unmod-
ified, P(O)O -] and methylphosphonate 14-mer oligomers failed to show statistically
significant levels of activity, whereas the corresponding phosphorothioate had 70%
antiviral activity at 10 uM. On the other hand, the control phosphorothioate oligomers
clearly revealed that there were sequence-nonspecific antiviral effects. This sequence
nonspecificity has been confirmed by more recent and extensive experiments.>? Southern
blot analysis was used by Matsukura et a/.?° to establish that, at 1 uM for 7 days, a
28-base phosphorothioate homooligomer of dC prevented detectable levels of de novo
viral DNA synthesis. This observation implied that a mechanism (or mechanisms) of
action was (were) operative at an early stage of the infection process.

In summary, the collective data in these several initial reports'*-*" indicated that
unmodified oligonucleotides and various different modified oligomer analogues can all
exhibit sequence-nonspecific antiviral effects as measured in a virus-challenge (de novo
infection) assay. By its very nature, such an assay allows a test compound to potentially
interfere with any critical process within the virus life cycle. Consequently. de novo
infection assays are efficient for initial screening of compounds for antiviral activity but
are inappropriate for establishing mechanisms of acticns, including whether antiviral
activity exhibited by an intended antisense oligomer actually derives from an antisense
process.

This ambiguity and the relatively potent anti-HIV effects found for phosphorothio-
ate oligomers prompted Matsukura and co-workers** to use chronically HIV-I11,-in-
fected HY cells as the basis for assays aimed at establishing, in a convincing manner,
whether a phosphorothioate oligomer was capable of exhibiting sequence-specific sup-
pression of viral expression. In these investigations, which used an extended (28-mer)
version of the previously described?® anti-rev sequence, antiviral activity (measured by
[*H]nucleotide uptake and p24 levels at 10 uM oligomer) was found for the phosphoro-
thioale but not the unmodified (phosphodiester) control. More importantly, in a series
of control phosphorothioates, neither the sense, random, dC,,, nor anti-rev with N*-
dT residues showed statistically significant levels of activity. The latter control com-
pound has no measurable duplex formation with model DNA target. The altered HIV
mRNA profile induced by the anti-rev phosphorothioate oligomer was consistent with
a sequence-specific antiviral effect derived from interference with the regulatory gene,
rev, by some form of ‘‘translation arrest.” It is unclear at this time whether this
mechanism accounts for the anti-HIV effects observed by Shibahara et al** for ana-
logues closely related to these phosphorothioates, viz oligo (2'-O-methyl) ribonucleoside
phosphorothioates. The ambiguity arises from a lack of irrelevant control sequences
and, moreover, use of a de novo infection assay.**

SEQUENCE-NONSPECIFIC EFFECTS OF THE OLIGOMERS

15 2322

As noted above, anti-HIV testing of unmodified oligonucleotides and analo-
gous modified oligomers has revealed sequence-nonspecific activity in de novo infection
assays. This conclusion has been supported by more recent data also obtained with the
de novo infection assay.” Interestingly, 3’ attachment of a cholesteryl group had an
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enhancing effect, possibly due to more favorable interaction of the polyanionic oligo-
mers (phosphodiesters and phosphorothioates) with cell membranes.”* Perhaps the
most significant “spin-off”’ discovery to date regarding sequence-nonspecific biological
activity of the phosphorothioates is the finding by Mitsuya (personal communication)
that the 28-mer dC homopolymer protects against dysfunction of accessory (antigen-
presenting) cells following exposure to HIV in vitro. Dextran sulfate zlso had a protec-
tive effect, whereas DNA-chain terminators 3’-azido-2’, 3'-dideoxythymidine (AZT),
2’, 3'-dideoxyadenosine (ddA), and 2’, 3'-dideoxycytidine (ddC) did not provide statisti-
cally significant protection.

Forma! analogy with the long-known?® inhibitory properties of synthetic thiol-
containing DNAs toward polymerases suggests the possibility of a similar mode of
action for phosphorothioates and perhaps other types of oligonucleotides. This has
now been found in several cases. Wilson and co-workers?’ determined that purified
HIV RT is inhibited by 28-mer oligodeoxycytidine as well as its phosphorothioate
analogue, with the later (K; = 2.8 nM) being 200-fold more potent that the former.
This phosphorothioate also inhibited murine leukemia virus (MuLV) RT and cellular
a- and y-polymerases, but not DNA polymerases 8 and Pol 1. Cheng and coworkers®
subsequently reported that this phosphorothioate (and related homooligomers) strongly
inhibited herpes simplex virus type 2 (HSV-2) DNA polymerase, but showed less
inhibition of human DNA polymerase a, 3, and 7, as well as HSV-1. More recently
the 2', 5'-phosphorothioate tetramer 5'-monophosphate analogues of 2-5A were found
to be effective inhibitors of HIV RT.? Phosphodiester-linked a-anomeric oligonucleo-
tides likewise inhibit both HIV RT and MuLV RT.*

Stein and coworkers (private communication) have used a gel retardation assay to
obtain evidence for binding of soluble recombinant CD4 to both phosphodiester and
phosphorothioate 28-mer homooligomers of dC, with the latter being more effective
than the former. These investigators also found that both oligomers could be displaced
by a fluoresceinated (FITC) derivative of gp120, the envelope protein of HIV that binds
to CD4, which suggests that sequence-nonspecific blockage of gp120 binding to cellular
CD4 may be one of the mechanisms by which phosphorothioate (and other) oligomers
protect cells from this virus. It is unclear at this time whether such in virro binding
phenomena are related to those reported for polyanionic sulfonated carbohydrates such
as dextran sulfate.”’

Sequence-nonspecific inhibition of protein translation by phosphorothioate olige-
mers in acellular systems*** and in microinjected Xenopus oocytes** has been reported
recently. Adventitious binding of oligomers to either ribosomal components, or an
antitemplate-like effect,’®?® are possibilities for consideration. In any event, the more
localized negative charge distribution on sulfur in internucleoside O = P — S link-
ages, and the lower electronegativity (polarizability) of sulfur compared to oxygen.
could lead to stronger electrostatic interactions between phosphorothioate groups and
positively charged amino acid residues in proteins, especial'y those that *recognize”
polynucleotides through phosphate contacts. Investigations of the influence of thio-
phosphate substitution on various different nucleases,*'* RNA-protein (bacteriophage
R17 coat protein) interaction,* duplex DNA structure,'® and autolytic processing of
RNA' are worth noting in this connection.

OLIGONUCLEOTIDE UPTAKE BY CELLS

The cellular uptake of intended antisense oligomers is obviously a subject of great
importance for effective use of these compounds as inhibitors of gene expression.




ZON: ANTISENSE OLIGONUCLEOTIDES 165

Zamecnik and co-workers'” investigated the uptake of **P-labeled unmodified oligonu-
cleotides and suggested that cells exposed to a 20 uM solution of a 20-mer for 15 min
acquired an apparent intracellular concentration of 1.5 uM. More recently Loke er
al.*® reported that oligonucleotides are taken up in a saturable, size-dependent manner
compatible with receptor-mediated endocytosis. It was further noted that methyl-
phonate-linked oligo(dT), did not block uptake of oligo(dT),, whereas oligo (dT),,
and phosphorothioate-linked oligo (dT), efficiently inhibited uptake, which led to the
suggestion that the ionic character of the oligomer backbone may be a critical determi-
nant of the mechanism of uptake, given Ts’o and Miller’s carlier data® on passive
uptake of methylphosphonates. Using oligo (dT)-cellulose for affinity purification, Loke
et al.*® identified an 80-kDa surface protein that may mediate transport. Yakubov et
al.*® shortly thereafter described the use of alkylating oligonucleotides to detect 79-
and 90-kDa proteins in mouse fibroblasts that apparently undergo alkylation upon
exposure to these reactive oligomers. The binding to the proteins was inhibited by other
oligodeoxynucleotides, double-stranded DNA, and RNA, but not polyanions such as
heparin, thus indicating specific receptor proteins in binding of oligomers to mammalian
cells.

A fluoroescein conjugate of the 28-mer phosphorothioate anti-rev sequence?* has
been used by Egan and coworkers (private communication) in a flow cytometric study
of its fluxes into and out of cells, primarily H9, but also U937, K562, and peripheral
blood lymphocytes (PBLs). At concentrations from <1 pM to 60 uM of this labeled
oligomer in the medium, there was rapid uptake during the first 30 min, followed by
a more gradual, sustained uptake that leveled off after 1-2 hours. Calibration against
standardized beads revealed that at 25 uM the measurable internal concentration was
0.5 uM after 1 hour at 37 °C. Following incubation in fresh medium, this internal
concentration fell to 0.25 uM, but then leveled off, thus suggesting some sequestration.
The uptake by PBLs was markedly lower (10-fold) than that exhibited by the other
cells after correction for cell volumes. Significantly, no remarkable big differences in
uptake were seen when the unmodified phosphodiester conjugate was studied. This
latter observation is in contrast to the report by Neckers and coworkers* that phospho-
rothioate oligomers were taken up by cells much more slowly than their unmodified
phosphodiester counterparts.

ONGOING ANALOGUE STUDIES

The automated solid-phase synthesis of methylphosphonate analogues 1s now
achieved by use of methylphosphonamidite precursors.*' #* Purification of these com-
pounds can be achieved by either reversed-phase HPCL*® or ion-exchange chromatog-
raphy *** A detailed study*’ of the effect of ionic strength on the hybridization of
methylphosphonate oligomers to unmodified oligodeoxynucleotides indicates that, at
high salt, the substitution of methylphosphonate linkages only affects the dissociation
rate constant. Oligomers with different arrangements of methylphosphonate linkages
have been examined for nuclease sensitivity in vitro, stability in tissue culture, and
ability to form RNase H-sensitive substrates with complementary RNA.* The latter
results indicated that a span of three internal phosphodiester linkages was necessary
and sufficient to direct cleavage of the RNA ia the Guplex. An earlier investigation™
of RNase H activity using oligomers with 2'-O-methylroboside residues also indicated
the necessity of internal phosphodiester linkages, whereas in the case of phosphorothio-
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ates,’? no internal phosphodiester linkages were needed. By contrast, a-anomeric oligo-
mers bound to B-globin RNA did not lead to cleavage by E. coli RNase H.>? These
results agree with relative inhibitory strengths of oligodeoxynucleotides and various
analogues in microinjected Xenopus oocytes, where the phosphorothioatcs were the
most potent inhibitors of protein synthesis.’? The same conclusion obtains for acellular
cranslation of the mRNA for ras p21.** In view of the fact that relatively high concentra-
tions (ca 100 uM) of methylphosphonate oligomers are needed for high levels of
inhibition of protein synthesis, attention is being given to increasing their efficiency
by functionalization with photoactivatable (cross-linking) psoralens®’ and free-radical
generating groups.** A more novel approach to this end has been investigated by
Bischofberger and Matteucci,*® who incorporated an extra polycyclic base (intercalator)
into oligodeoxynucleotides to achieve hybridization characterized by enhanced thermal
stability.

STEREOCHEMISTRY

In an oligonucleotide analogue, the presence of asymmetric linkages, such as O =
P — S~ and O = P — CH,, leads to the possibility of 2" stereoisomers, where n is the
number of asymmetric linkages. This can, in principle, afford a large set of stereoisomers
that have different binding constants in interactions with putative receptors, polymer-
ases, other proteins, and target RNA sequences. Investigations™!' aimed at elucidating
the magnitude and significance of these effects have been hampered by the unavailability
of convenient and, one hopes, automatable methods for synthesis of stereoisomers
having either the R or S absolute configuration at each asymmetric internucleoside
linkage. Progress is being made with relatively short ( < 8-mer) homopolymers, which
contain either ethylphosphotriester (O = P — OCH, CH,),* O = P — CH,,* or
O = P — S linkages;*? however, a considerable amount of additional work is needed
for efficient practical synthesis of sufficiently long mixed-sequence oligomers for testing
of their relative potency as antisense inhibitors.

Two fundamentally different approaches to bypass asymmetric linkages have been
independently investigated by various laboratorics. One strategy involves the use of
modified nonchiral linkages, achieved in several ways: (1) isosteric substitution of the
naturally occurring O = P — O moiety with X = Y — X, as in phosphorodithioate™
(S = P — S ), dialkylsilyl** (R-S:-R), or formacetal (H-C-H) (M. Matteucci, private
communication) analogues; (2) isosteric substitution of either the 3’ or 5" oxvgen in the
phosphate moiety as in 3'S-PO,-O5’ recently reported by Cosstick and Vyle,** 3O-
PO,-S5' reported earlier.”® or ¥O-PQ,-NH5' ;" and (3) replacement of the entire
phosphate moiety with either CH,C(O)" or carbamate®* linkages between the intact
D-ribose residues (or cognates® thereof). The second strategy involves retention of the
naturally occurring nonchiral phosphate moiety and use of either a-anomeric D-ribose
or 3-anomeric 1.-ribose®’ moieties, as the former has been bound to be relatively stable
toward degradation by nucleases.”"*

Although not strictly apropos to the subject of oligomer stereoisomerism, it is
nevertheless worthwhile to note increasing interest in acyclic oligonucleotide analogues
that have either no C-3" moiety™ or no nucleoside moiety (W J. Stec, private communi-
cation), and cyclic oligonucleotide analogues that have no base residue (W. Egan,
private communication),
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ANALYTICAL METHODS

Polyacrylan "{e gel electrophoresis (PAGE) of unmodified oligonucleotides and
their structurally modified analogues continues to be perhaps the most widely employed
and most useful method for analysis and purification.** PAGE can be used for sequenc-
ing unmodified oligonucleotides®® as well as methylphosphonate® and phosphorothio-
ate®” analogues. Continuous-flow electrophoresis with tube gels, multiple-mode moni-
toring in real time, and automated fraction collection have been recently made available,
and are referred to as high-performance electrophoretic chromatography (HPEC™) %
This new technology can lead to significant time saving in analytical and microprepara-
tive applications hecause of the ability to conduct real-time quantitative mcasurements
and use collected fractions withcut further processing.

Capillary electrophoresis (CE) systems,*® a second major advance in electrophoretic
separation technology, have received recent widespread attention.” CE can be con-
ducted either without a sizing matrix, such as polyacrylamide or agarose, or in the
presence of such matrices. The chief advantages of CE are its relatively high sensitivity,
high performance with regard to separation, and speed, as runs can typically be com-
pleted in less than 10 minutes. Another useful feature is the ability to inject sample
vnlumes in the nanoliter range, which allows direct monitoring of the usual microliter-
scale in vitro reactions and, possibly, intracellular processes through sampling the
contents of a single cell.

As more and more analogues of oligonucleotides are investigated, the need for
reliable, generally useful mass spectrometric methods of analysis becomes increasingly
more desirable. Most of the reports in this area have apparently dealt with fast atom
bombardment (FAB) mass spectrometry;”’ however, ***Cf plasma desorption mass
spectra’ may also prove to be useful, especially with the advent of relatively easy to
operate and lower-cost systems (Bio Ion).”* Polyanionic oligonucleotides with O = P
— O~ and O = P — S~ linkages can, in principle, be peralkylated’™ to give neutral
derivatives that may allow more tractable materials for these mass spectrometric
analyses.

Computer-assisted analytical methods of importance to the development of anti-
sense oligonucleotides include calculations of RNA secondary structure and compari-
son of sequences. These calculations need to be routinely applied by nonexperts in a
user-friendly manner. Calculations of this sort are now available™ but have been applied
in only a few strategies for the selection of sequences of antisense oligonucleotides.”™
Much more work needs to be done before the success of this approach can be evaluated,
especially in view of complications due to the unknown tertiary structure of RNA, the
dynamics of its processing, and possibie involvement of RNase Hs, which have unde-
fined sequence specificities and “‘footprints™. Regardless of the method of sequence
selection, which can range from strictly empirical testing to computer-directed testing
from RNA calculations, the sequences of the intended antisense oligomers should be
compared with currently available sequence information in Genbank and similar data
bases. Ideally, one would aim to always work with antisense oligomers that have
minimum complementarity to nontarget sequences currently in Genbank, whether
DNA or RNA. For interactive sequence comparisons between the target RNA, RNA
calculations, and data base libraries, one can take advantage of new fast-data finder
(FDF) technology.”™ This technology, which has user-transparent programmable hard-
ware (as opposed to software), can greatly facilitate the searching speed of a conven-
tional VAX computer. For example, in a comparison of the ca 10 kb HIV sequence
with ihe 30 million bases of sequence information currently in Genbank, use of a VAX
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computer would take about 10 days, which can be reduced to about 24 hours with a
Cray Supercomputer, and to only 10 minutes with the FDF,

SUMMARY

The use of antisense oligonucleotides for controlling genetic expression has recently
received widespread attention, especially as a new class of potential chemotherapeutic
agents. This coupled with the urgency of developing new effective therapies for acquired
immunodeficiency syndrome (AIDS) has led to various antisense studies dealing with
human immunodeficiency virus (HIV), which are briefly reviewed here. Anti-HIV and
other biological activities found for oligonucleotides suggest that sequence-specific and
sequence-nonspecific mechanisms of action can be found. Recent developments in
oligonucieotide analogue chemistry and relevant analytical methods are also described,
including fast-data finder technology.
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The use of oligonucleotide analogues as potential chemotherapeutic agents has captured
widening interest over the last several years. The possibility of using modified “anti-
sense” oligonucleotides to inhibit the expression of genomic DNA and RNA at the
level of transcription or translation through sequence-specific hybridization has been
convincingly demonstrated in a variety of in vitro systems (recently reviewed by Zon').

In anticipation that biological activities in cell culture experiments will continue to
Lnprove through a combination of molecular modification and a better understanding
of genetic targeting, the requirement for producing unpreceacntedly large quantities of
oligonucleotide analogues for biological, pharmacological, and toxicological testing
will demand increasing attention. Current DNA synthesis and punfication technologies
provide material on the microgram to milligram scale for use in hasic and applied
research. The multiple grams that will be required for pharmacokinetic and toxicologi-
ca} studies in small animals represents roughly a 1000-fold increasc in scale over
current automated synthesis technologies. More importantly, the quantitics required for
preclinical and clinical evaluation and, eventually, commercialization will necessitate
cost-effective processes for the synthesis. purification. and postchromatographic pro-
cessing of oligonucleotide analogues on a scale 10*-10" umes greater than current
technologies.

Irrespective of a growing number of promising and diverse examples of inhibition
of genetic expression in cell culture, the real potential of antisense therapeutics can
only be developed through extensive in vivo testing. Among the many substantial
challenges facing the development of antisense chemotherapeutics in vivo are two
challenges that must be met very early. First, pharmacokinetic studies will require
existing chain assembly technologies to be scaled up to enable the reliable production of
gram quantities of crude oligonucleotide analogues that can be purified by conventional
chromatography systems; second, innovative technology must be developed that allows
reliable and cost-effective production. characterization, and quanty assurance of tens
of grams to kilograms of test material under Good Manufacturing Practice (GMP)
guidelines. The latter objective must be met in order to commencz with preclinical and
clinical testing.

The anticipated high cost of treatment using antisense oligomers must be moduliated
through a balance of pharmacological optimization and reduced cost of production
An obvious approach to reducing production costs would involve extensive scale-up
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of synthesis and purification processes in order to dilute the effect of high labor costs.
Our experience in all aspects of oligonucleotide synthesis, however, suggests that extrap-
olation of current technologies to scales commensurate with the above needs would
fall far short of cost: that would allow even affordable clinical evaluation. One need
only consider that the chain assembly of unmodified oligonucleotides in the length
range of 25-30 bases would entail material costs of between $8000-12,000 per gram
and that batch size will be limited by the risk exposure represented by such costs. As
a corollary, the considerable processing labor costs can be only moderately reduced by
upscaling, unless the basic material costs are dramatically lowered so that batch sizes
can be substantially increased.

A brief discussion of practical considerations for the synthesis of a particular kind
of oligonucleotide analogue can be used to illustrate a strategy for developing eventual
cost-effective production technology. DNA analogues are represented by a great variety
of base, sugar, and backbone modifications, but our current focus is concentrated on
analogues with the phosphorothioate backbone linkage (F1G. 1, structure III). This
class of analogue is of particular interest due, in part, to the recently reported antisense
activity against the messenger RNA of the HIV-III gene rev,? and the following
discussion largely derives from experience gained in developing gram-scale synthesis
and purification methods for such oligonucleotides.

All DNA analogues incorporating this modification will derive from nucleoside
precursors (FiG. 2, I) that will have their reactive functionality protected (Fi1G. 2, II).
In solid-phase synthesis methodologies, the four types of protected nucleoside are
converted to their respective generically " .oaded” monomer forms (FiG. 2, III) in
which X, Y, and Z enable both efficient chemical synthesis and ultimate expression of
the desired modification.

Current, practical technologies for synthesizing oligonucleotide phosphorothioates
use loaded monomer in the form of either a phosphoramidite® or a hydrogen phospho-
nate* synthon (FIG. 3). These two distinctly different building blocks can be used to
assemble phosphorothioate oligonucleotides in qualitatively different ways: the phos-
phoramidite method involves oxidative sulfurization at each cycle of monomer incorpo-
ration, whereas the hydrogen phosphonate (H-phosphonate) route aliows postpone-
ment of oxidative sulfurization until the entire oligonucleotide chain has been
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constructed. Both of these methods use a common set of 5'-OH and base-protecting
groups in their loaded monomer forms.

The efficiency of each monomer coupling step (i.e., step yield) dictates the maximum
yield of desired oligonucleotide in a heterogeneous mixture of all possible deletion
sequences, capped failure sequences, and noncapped shorter sequences. After each
cycle of monomer addition, step yields are measured by dividing the UV absorbance
of trityl cation effluent resulting from 5’-hydroxyl deprotection by the trityl absorbance
of the previous cycle. Such measurements hide inefficiencies in the 5-OH deprotection
step preceding monomer addition and reflect only the precision of monomer coupling.
Individual measurements of trityl cation always suffer a significant degree of uncer-
tainty, but when averaged over all monomer addition cycles of a synihesis (and over
many syntheses of the same base sequence), a credible degree of precision is realized.
For an oligonucleotide of length “n,” there are n-1 linkages, and the maximum yield
of a desired sequence is: (average step yield/100)" '. The consequences of 95%. 99%.
and 99.5% step yields are illustrated in FIGURE 4. It is important to note that (00%
minus the percentage yield of the target compound is, minimally, the aggregate yield
of all possible shorter, capped sequences resulting from inefficient monomer coupling.
More realistically, the failure population can also contain (n — 1) and (n + 1) sequences
resulting from incomplete 5'-OH deprotection and dimer addition, respectively. In
addition, a population of all possible shorter lengths of 5-ODMT (trityl) terminal
oligomers can result from inadvertent chain growth on incipient functionality that may
be continually revealed on the solid controlled pore glass (CPG) support through the
course of synthesis. There is, then, a potentially significant difference between real step
yields and apparent step yields measured by trityl cation.

The factors affecting both apparent (by trityl measurement) and real sten vields
derive from the nature of the solid support, and the precise chemical means by which
deprotection, monomer coupling, capping. oxidation, and washing of the support are
effected. Measured step yields distinguish major differences between the use of phos-
phoramidite and hydrogen phosphonate methodologies in the “large scale™ synthesis
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FIGURE 3, Oligonucleotide phosphorothioate synthetic routes.

of phosphorothioate analogues. In our hands, a large number of automated solid phase
syntheses of an antisense phosphorothioate 28-mer complimentary ta the HIV-11] ~ene
rev? revealed a consistent pattern inherent in the two methods. The average step vields
in the H-phosphonate method on a 200 micromole scale were generally in the 95-97¢;
range, irrespective of monomer stoichiometries in the range of 2- 10 times substrate,
whereas the step yields in the phosphoramidite method consistently averaged in the
98.5-99.5% range.

On the other hand, the H-phosphonate method has the distinet advantage of yield-
ing oligonucleotide product with ~ 100% phosphorothioate linkages resulting from a
single oxidative sulfurization step with elemental sulfur (S,)/pyridine/triecthylamine at
the end of the chain assembly. By contrast, the relatively high vield couphng efficiency
of the phosphoramidite monomers i1s compromised by the requirement for oxidative
sulfurization at each cycle of monomer addition. The originally reported automated
method for phosphorothioate synthesis' using S, suffers from 5- 107 phosphodiester
contamination in the phosphorothioate product. Recently, a very promising sulfurizing
reagent was reported” that effects rapid oxidative sulfurization at ambient temperatures
of the intermediate phosphite triester linkage. This reagent, 3H-1.2-benzodithiol-3-one-
1,1-dioxide, may possess the requisite high sulfurization efficiency and other character-
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istics that would allow the utilization of the highly efficient phosphoramidite methodol-
ogy to produce phosphorothioate analogues.

The goal of achieving the highest possible step yield in oligonucleotide synthesis is
usually appreciated in terms of the simplest sense of maximizing final yield. The
high-step yield goal, however, underlies the more important objective of using a blend
of affinity and reverse phase chromatography to isolate the target sequence. Polymeric
chromatographic supports have been developed that have a strong affinity for oligonu-
cleotides bearing highly lipophilic 5-ODMT protected termini. If the chain assembly
conditions are sufficiently well-controlled to minimize or eliminate the (n + 1) and
(n — 1) by-product populations, ignoring for the moment the possible class of 5-ODMT
shorter oligomers, then the final population of molxcules will primarily consist of
S$-ODMT terminal-desired sequence and a complex mixture of shorter capped se-
quences. The use of such a chromatographic support is illustrated in FIGURES 5 and
0. The reverse-phase analytical profile shown in FIGURE 5 reveals 80.8% of 5-ODMT
terminal product peak and an 11.2% collection of capped failure sequences resulting
from an automated 200 micromole synthesis of the anti-rev (HIV-III} phosphorothio-
ate. This result correlates well with the measured trityl yields averaging 99.2% and
which also predicted an 80% yield of the desired anti-rev phosphorothioate product.
FIGURE 6 shows the analytical profile of 700 mg of the 5'-ODMT product isolated
from a single injection of the entirety of crude, cleaved, base deprotected product from
the same 200 micromole synthesis onto a 2.5 x 15 cm column containing a trityl
affinity polymer matrix.® As long as the true step yields are maintained at a very high
level (e.g.. > >99%). the trityl-bearing species will be highly homogeneous, and such
tritvl-specific isolation modalities may be refined to enable higher throughput and
capacity for increasing scales of purification. New chromatographic matrices and new
pumping/ fraction splitting systems are envisaged for the future that will enable isola-
tion of 10-20 grams of phosphorothioate product per hour from the samc size column.

The point made above about a potential by-product population of 5'-ODMT shorter
oligonucleotides underscores a problem that may be most inherent in syntheses con-
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ducted on gla.s supports where there is the possibiity of continually “expressed™ silanol
functionality resulting from the cleavage of 5i-0-Si linkages by solvolysis or other
means through the course of synthesis. Such functionality would serve as unwanted
sttes for inadvertent chain growth, with new oligomer chains starting at each cycle of
synthesis on newly expressed S-OH functionality. The problem may be exacerbatd in
large scale batch operati ns where the tragile glass beads may crack and spall when
subjected to shear not common to flow processes. In addition, the low loading of 3'-
terminal nucleoside necessiiated by the requirements of high-yield synthesis chemistry
further compromises the us2 of glass supports. Reactor designs for large-scale chain
assembly may require strong agitation under very concentrated conditions in order 1o
achieve adequate mixing of reactants for high synthesis efficiercy. Thus, new pelvmer-
based supports with much higher nucleoside toading must ne developed that can
tolerate high shear and whose bulk density and loading are such that chain assembly
chemistry can be conducted at -ery high concentration.

Some of the foregoing considerations can now be viewed from perspectives iilus-
trated in TABLE | concerning various synthesis strategies of an oligonucleotide phos-
phorothioate 28-mer. The costs at the top of the bars roughly approaimate wholesale
transfer costs that a primary producer might charge for purified. Lulk oligonucleotide
product. Bar I represents the miniiaum cost ($15) of one gram of phosphorothioate
28-mer that would somehow be miraculously assembled by coupli=g the appropriate
nucleosides together through phosphate linkages in 1009 vield. using no tabor. soi-
vents, or reagents other than the raw nucleosides. Bar IT makes the same assumptions
but uses a higher level monomer. namely the commonty used set of protected nucleo-
sides: the $100/gram of 28-mer is brokea down into a material and labor component.
with the labor representing the cost associated with producing the protected monomer
from the raw nucleoside precursor. Bar Ti1 iHlustrates the cost of 28-mer with similar
assumptions (1009 yields and 1:1 stoichionmietry between monomer and support bound
substrate), but it incorporates both loaded n-onomers and solid support tCPGY: again,
the labor component represents only the labar associated with producing the ioaded
monomer and loaded solid support. It is imporrant to recognize that, so far, no reagents,
solvents, or processing labor appear in the cosis.

Bar IV assumes 1009 yields, loaded monom r at 1:1 stoichtometry. «olid support.
all reagents. and all processing labor. including the analyvsis of intermediates and final
products. The labor component now contains all labor costs assoctated with producing
loaded monomer, solid support, reagent preparation, and all processing labor associated
with producing the oligonucleotide phosphorothioate. It is instructive to note that the
$1560 material cost is predicated on a 1X monomer =toichiometry. and 100 vields
in chain assembly, purnification, and postchromatography processmg. Superticially, it
would appear that the total cost here ($18.860) would be the fowest cost for producing
a gram of phosphorothioate 28-mer, untl the leveraging effect of scale on labor is
considered. Before considering scale effects, it 1s mstructive to discuss the real costs
calculated from the actual synthesis of several grams of o phosphorothioate oligomer.

The costs in Bar V are calculated from the real costs of an actual large scale
production of 3 grams of the above-mentioned anti-rev (HIV-11D phosphorothioate
analogue, which is undergoing pharmacokinetic analvsis and toxicological testing by
the Developmental Therapeutics arm of the National Cancer Institute. The isolation
of 3 grams of phosphorothioate product produced a 267 averall vield resulting from
12,600 micromoles of chain assembly at a repeated scale of ~ 200 micromoles, with
about a 4:1 monomer to substrate stoichiometry. The relative enormity of the labor-
cost component denves mostly from labor intensive postchain assembly processing
The $2700 material component appears much smaller than the usual calealation of
material costs would indicate, because, as in the previous cases, the labor associated
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with the production of loaded monomers, loaded solid support, and all reagents is
transferred to the labor cost component. Thus, when labor 1s properly accounted
for, this analysis reveals that the upper limit of wholesale transfer cost for such an
oligonucleotide phosphorothioate would be in the vicinity of $40,000/gram.

When the labor associated with producing loaded monomer, loaded support, and
reagents is added back to those materials, the materials cost will be closer to $12,000/
gram of oligonucleotide. It is against this fact, which will dominate the early efforts to
achieve the benefits of upscaling, that the leveraging effects of scale must be considered
The risk exposure represented by such materials costs, as mentioned earlier, will limit
the degree to which batch processing can be scaled up. Thus, a number of improvements
must be simultaneously developed in order to evolve processing to larger and larger
scales.

Bar VI illustrates a cost objective for which a strategy is developed that we believe
is acitievable in a period envisaged for future clinical trials. Details cannot be given
here, but the strategy assumes a 60% overall yield at a chain assembly scale of 2300
micromoles. development of a new activation catalyst that will facilitate the stoichio-
metric optimization of monomer coupling, the development of a new, high-loaded
polymer-based synthesis support, a number of improvements to the methodology of
chain assembly, and automation of postchain assembly processing. These major changes
must be implemented while maintaining the integrity of the chain assembly chemistry
to achieve real coupling vields > 99 percent.

Bar VII represents costs that would be attainable by combining the above develop-
nients with innovative, fully integrated processing at a 12.5 millimole chain assembly
scale with overall vield in the range of 70 percent. Both in this and the previous case,
the risk exposure represented by the material inputs of a single batch 1s mmnimal and
allows for significant. progressive scale-up from each newly established technology
base. The foregoing discussion cutlining the benefits and pitfalls of chain assembly
efficiency serves to underscore some of the considerations that must be given to the
elaboration of innovative improvements in automated synthesis. The point is clear.
however, that such cost efficiencies will never be achieved by ~simply scaling up the
existing oligonucleotide synthesis technology.

These projected costs appear to be high in an absolute sense, but it 15 worth noting
that some of the newer, chemically sophisticated drugs also have high wholesale transfer
costs on a weight basis: tissue plasminogen activator (TPA) at ~ $15.000/gram, ervth-
ropoietin at ~3%1 million/gram. and salmon calcitonin at ~ $160.000, gram Data 1\
yet to be developed for the potential dose size of an antisense oligonucleotide therapeu-
tic, but these potentially achievable production costs may serve to better define first
approximation dose objectives in specific therapeutic applications. We beheve that the
great potential of this new therapeutic technology justifies considerable effort to develop
innovative production technology up front, so to speak, so that the probable discovery
of therapeutic candidates will be coupled with the timely ability to produce quantities
for clinical evaluation and, eventually, commercialization.

SUMMARY

The therapeutic potential of antisense oligonucleotides will heavily depend on a
balance of two [actors: pharmacologic effectiveness and cost of production Pharmaco-
logic optimization will be achieved to a limited degree in in virro systems, but substantial
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progress can only be made in the context of appropniate in vivo models. The quantities
of synthetic oligonucleotides required for modest in vivo testing are several thousandfold
greater than can be produced by conventional DNA synthesis technology and 10°-10’-
fold greater for preclinical and clinical evaluation. Cost-effective synthesis and purifica-
tion cannot be achieved by extrapolating current technologies to scales commensurate
with these quantities. Recent interest in anti-HIV (anti-rev) phosphorothioate analogues
of DNA (~ 28-mers) has prompted us to develop scale-up methodology for routinely
producing gram amounts of such analogues. These results and considerations given to
producing clinical and commercial quantities were discussed.
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INTRODUCTION

Certain RNA molecules have enzymatic activity as was first described for the
autocatalytic removal of the intervening sequence from the large ribosomal RNA
precursor of Tetrahymenu thermophila' * This important disc overy has changed our
views of macremoleculor evolution, recognizing the fact that an informational molecule
can simultaneously possess enzymatic activity. Catalytic KNAs have now been de-
scribed in a number of systems from bacteria through humans;'>*'* the ubiquity of
catalytic RNAs has prompted intense investigation into potential applications as well
as the mechanisms of catalysis.

Perhaps the simplest RNA autocleavage domain involves the formation of a cata-
lvtic active center that has been termed a “hammerhead.™ " This autocleavage domain
is common to several plant viroids and virusoids as well as to a repetitive satellite
transcript from an amphibious newt® and is graphically illustrated in FiGURF 1. There
is a high degree of sequence homology among the selfcleavage domains of the hammer-
head famiily of ribozymes, including 13 conserved nucleotides that form the catalytic
center "' For the cleavage reaction to occur, only a divalent cation such as magnesium
is required. The catalysis involves cleavage of a phosphodiester bond with resultant 2'-

“This research was supported by a PHS National Cooperative Drug Discovery Group Grant
from the National Institutes of Health A125959. J. J. Rossi. E. M Cantin, and, J. A, Zaa are
members of the Cancer Center CA34991. P. S. Chang was supported in part by a MSTP feliowship
from Loma Linda Umversity, School of Medicine.
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¥ cyclic phosphate and SOH groups at the termint of the cleasod frapments” 7 as ig
depicted in FIGURE 2.

A crtical finding 16 that the essential constituents for the hammerhead ribozyvme
can be brought together tn truns. with one molecule serving as a cataly st for the cleavage
of the other in an /n vitro reaction.” ' 7' In these rrans-cleavage reactions, the cataly tic
center 1s flanked by base-paired sequences as depicted in Frot R 10 The inherent
specificity of base pairng ensures that the cleavage takes place at a targeted sue in the
substrate. Because the catalytic strand is unaltered during the reaction, it can dissociate
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FIGURE 1. Comparison of two classes of rrans-acting hammerhead nibosames The hosed
nucleotides (nts) indicate the essential bases for formation of the catalytic center of the hammeer
head ribozymes The symbol X represents anv of the four nudleondes AC.G or U and N
represents the complementary base-pairing partner. The symbol N represests any of the three
nucleotides, A. C. or U, which can function as the cleavage site, XUN Goas avery poor Cleavage
site nucleotide and should be avoided in nbozyme designs. Ribozyme A reguires target sequences
to provide half of the catalytic center as well as stem T I contrast to nbozyme AL nhozvine B
contains all of the required nucleotides in the catalytic strand with the exception of the cleavaye
site. In this ribozyme, stem 111 1s formed by intermolecular base-pairing interactions

from the cleaved products and reanneal with another target to catalyze multiple cleas -
age reactions as diagrammed in FIGURE 2.

A second important finding relevant to the potential use of catalvtic RNAS as
antiviral or gene-inactivating agents is the development of a ribozyme in which the
catalytic strand harbors 11 out of the 13 conserved catalytic center nucleotides (we
will herein refer to tnis as a holo-uboayme to distinguish it from the other models)
By incorporating all but the cicavage site nucleotides into the rruns-acting catalyvst, the
potential number of cleavage sites along a target strand of RNA W greatly expanded
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It should be noted that <ome mvestigators find that a cleavage after o guanosine
(G) occurs poorly, or not at all, but the cleavage site can he XUN, where X s anmy
nucleotide and N s either C. UL or A 7" Thus by random chuance, there should be
a potential hammerhead rbozyvme catalvzed cleavage site found at least once every
or 6 nucleotides.

As an extenston of antisense RNA eaperiments i which the target s the HIV-1
genome and transcnibed mRNAS, we realized that rrans-acting catalhvic RNAS huve
potenttal as antiviral, and in particular, anti- HIV- ] therapeutic agents Using the plant
viroid and virusoid hammerhead nbozyme mott in which the catabvnie domams are
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FIGURE 2. Schematic model tor fraee ot ribeovme mednded Cleavave ot tarzet RN A

composad of three groups of ghlv conserved sequence clements, we have designed
several trans-actuing rihozyimes turgeted to HEV-T RNAS We demonstrate two modes
of cleavage, one i which HIV-T RNA sequences torm part of the active site ot the
ribozyme and are subsequently cleaved by a zrans-acting cataly e strand, and the other.
based upon the Hascloff and Gerlach design, “mowhich only an XUN S supphed ty
the HIV-T RNA 7n wiro. these clenvage reactions are spectfic, multiple substrate
turnover 1s observed, and specitic cleavage reactions can take place moa mileus con-
tamming total cellular RN AC We also demonstrate that o bologically actne nbosyme
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s expressed moa el culture svstem. These rosalis hase inaportant imphcations fon the

potential use of nibozvmes as antt HIV-1 therapeatic agents

RESULTS AND DISCUSSION

General Principles Behind Desigas of Trans-acting Ribozyvpies

Frovre §odepiets two peneralized designs for srensacting nbosvmes, In b gy
{AL the substrate contributes nucleotides to the active site o ihe nibozyme choved o
hasesy. The catalvtic strand supphes the remander of active conter aucieetiios (hoved
1n bases) and s targeted to g specttic site wathin the substrate by o paring T

cleavage reaction takes place between the "N ind adjoming nocicotide o ot aod
The catalyst can dissociate trom the cleaved target, reannead with another itact tarpd
molecule. and etfect cleavage of that molecule. The three stems indicaied i this ficure
are crucial to the cleavage reacnion. Stems Tand T are supphed by the basepaimn e o
sequences lapking the catalyhie conters Stem HE which s i the target maodkocalo o
most cithicult 1 establish because 1t depends upon the ferturous oo
GAAAX followed by o region that can form a stem isee Frao T why oo torn o
tollowed by an XUN cleavage site.

Ficeurt 1B depicts a generalized nbozyme stracture based upor the ddimes ot
Huseloff and Gerlach * The catahvue sirand s desipned such thag sions H s wapphicd
by the flanking base-paired remons. Because only an NUN cleavage sie s required o
the turget, the frequency of cleavage sites using the mode!l B ribozvme zreathy eacecds
that for model A

RNA-Cutalvzed Autocleavage of HIV -1 RN

Based upon the model presented i Brae k1 FAL we rensoned thar o hammerhead
nbozyme could be formed by combiming FIV-T RNA nd o rasssupplicd catalast,
which would thus effect self-cleavage of the HEV- T target Tocarey thisout we searched
for sequence elements in HIV-T that conformed o the virowd and virwesoid aatocteas e
motif and harbored the sequences GAAACX and GUN m orelanyehy close tustapos-
tion. The third required sequence block (CUGANGAY wonld be supplied i rram cas
depicted in FIGURES TA and 3AY Using this strategn 11 possibie tarpets were identitied
1 HIVHXB2 proviral DNA Those regrons that had the greatest peieninal o1 fermnng
astable stemy HTwere examined turther The st target that met these ererna swas the
gug gene sequence dlustrated m Btk 3 I order toancosponate this gog sequenae
mnto an autocleavage domam., we conthesized o 20 base Tong cataiviic ~strand by o v
transeription. This catalyst supplied the third block of reqired nncleondes and was
targeted to sequences thinkimg the HIV-T GAAANC GUC Block (Fia 3 When this
ribosyvme was ncubated m equmolar ameuant with a 138 base,

P

vicre: produced vae
transenpt. cleavage of the substrate o two fragments of the cyvpected size was ob

served (Fiao 3y The smaller cleavage prodoct was actually composed of severai frag-
ments of heterogenous lengths This heteropenenty was shown by direct sequencing to
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be at the 3’ end of the gag transcript, the consequence of erratic in vitro transcription
termination. and not a variation in the cleavage site (data not presented).

The catalytic efficiency of this ribozyme was examined under several different
temperatures (data not presented). Surprisingly, the cleavage efliciency was uniform
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FIGURE 3. Ribozyme-mediated autocleavage of HIV-1 RNA. Ribozyme-mediated cleavage of
gag gene target harboring GAAAC and GUC nucleotide blocks. The occurrences of GAAAC in
HIV-1 isolate HIVXHB2 were identified by computer search and are indicated schematically
this Fioure, The target of choice encompasses nucleotides 1743-1757. A 138 nucleotide (HIV
nucleotides 1711-1789 plu, 60 nucleotides of vector polylivker) i1 vit-o - produced transeript was
used as substrate for the cleavage reactions in both A and B. The reaction depicted was carried
out for 14 hours at 37°C in 10 mM MgCl,, 50 mM Tris-HCI pH7.5. and | mM EDTA with
equimolar amounts of ["PJUTP-labeled ribozvme and substrate. The reaction muxtures were
electrophoresed in i denaturing acrylamide gel and autoradiographed. The left Tane depicis the
138 nt uncleaved target, whereas the right lan~ depicts the resnlts of a cleavage reacoon. The
target (1), cleavage products (Sp and 3p). which are 106 and 32 nts, respectively, s well as the
ribozyme (r), are indicated

over a rather broad range of temperatures, from 37° to 55°C, with maximal activity
observed betw.en 37" and 45°C. It should be noted that in contrast 1o the results
described below. complete cleavage of the substrate using this ribozyme has not been
observed at any temperature after 14 hours incubation. We behieve this to be a conse-
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quence of instability of stem III, which is crucial to formation of the hammerhead
catalytic center. Nevertheless, we have clearly shown that HIV-1 RNA can participate
in the formation of a hammerhead autocleavage center.

Holo-ribozyme-Mediated Cleavage of HIV-1 RNAs

Subsequent to our studies with the above-described catalytic RNA. Haseloff and
Gerlach published studies of rrans-acting ribozyu:us targeted to the bacterial CAT
gene.'® Their ribozyme design was based upon the structure of the catalytic center of
the satellite RNA of Tobacco Ringspot Virus and harbored two of the three required
catalytic center elements (FIG. 1, ribozyme B). This ribozyme design allows much
greater flexibility in the choice of target sites. Using the same gag RNA substrate
described above, we designed a catalytic RNA (F1G. 3) following the principles of
Haseloff and Gerlach. When a temperature profile for this ribozyme was carried out,
relatively uniform cleavage activity was also observed over a broad range of tempera-
tures, with maximal activity also between 37°C and 45°C (data not presented). At a 1:1
ribozyme to substrate ratio, this ribozyme effected complete cleavage of the substrate
at 37°C, following a 14 hour incubation (FI1G. 4). As described above, the heterogeneity
of the shorter 3’ cleavage product is due to the erratic transcriptional termination of
the in vitro produced transcript. Investigation of the specificity of the cleavage site by
dideoxy sequencing of the cleavage reaction products demonstrated that the cleavage
takes place after the predicted C nucleotide (data not presented).

Time Course of the Cleavage Event

The holo-ribozyme described in FIGURE 4 was incubated with an equimolar amount
of the 138 nt long gag target transcript for varying amounts of time at 37°C. Under
these conditions. substantial cleavage was observed after 30 minutes and progressed
continually over the 4 hours of incubation at 37°C (Fi1G. 5). Complete cleavage of the
gug transcript at a l:1 substrate to ribozyme molar ratio was observed following
prolonged incubation as demonstrated in FIGURE 4.

The Anti-HIV-1 Ribozymes Turnover Multiple Substrates

We have examined the substrate turnover abilities of two holo-ribozymes targeted
to gag and to 5" long terminal repeat (LTR) sequences, respectively. In these experi-
ments (F1G. 6), the amounts of substrate were kept constant, whereas the rthozvmes
were titrated to vary the substrate to ribozyme ratios from 1:1 to 50:1. In each case,
incubation of the ribozymes with molar excesses of substrate resulted in catalytic
turnover of molar excesses of substrate. It must be emphasized that we have made no
deliberate attempts to optimize the turnover rate of these ribozymes. These data simply
demonstrate that the anti-HIV-1 molecules are capable of multiple substrate cleavages.
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FIGURE 4. Holo-ribozyme-mediated cleavage of HIV-1 RNA_ An illustration of the interaction
and cleavage site of the Haselotf and Gerlach holo-ribozyme targeted to the same region of
HIV-1 gag RNA as described in the legend to Fia. 3. The stems corresponding to those presented
in F16. 3 are also tllustrated. The autoradiogram depicts an experiment in which the holo-ribozyme
was incubated under cleavage conditions with the 138 nt gug region substrate. The left lane depicts
the cleavage reaction. whereas the right lune depicts uncleaved substrate. Symbols are the same
as described for Fia. 3.

Anti-HIV-1 Ribozymes Can Function in a Milieu of Total Cellular RN A

The ultimate goal of developing catalytic RNAs that cleave HIV-1 sequences is
their utility as therapeutic agents in patients. Before ribozymes can be effective thera-
peutic agents, the many variables that could potentially influence the effective use of
ribozymes in a living cell must be experimentally examined. Some of these variables
can be examined using an in vitro cell-free system. In an attempt to begin examining
some of these variables, we have synthesized a gene coding for a holo-ribozyme that is
targeted to the translational initiation region of the HIV-1 gag gene. This ribozyme
was initially cloned into a transcription vector such that the /n vitro transcript resulted
in a ribozyme with 70 non-HIV-1 complementary nucleotides. Fifty of these are
appended to the 5 end of the ribozyme and 20 to the 3’ end (Fi.. 7). These extra
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nucleotides were derived from the polylinker sequences of the cloning vector. This
ribozyme was tested against a 610 nucleotide long gag region RNA substrate in a cell-
free system. In addition to the substrate, varying amounts of total RNA prepared from
HO lymphocytes either uninfected, or infected with HIV-1, were added to the ribozyme-
gag substrate reaction. This was done to simulate a complex in vivo milieu. The results,
depicted in FIGURE 7, clearly demonstrate that the extra flanking nucleotides did not
inhibit cleavage of the target sequence. Additionally, the added total cellular RNAs

M A B C D E F
§ ne “ .|

FIGURE 5. Time versus activity profiles of holo-ribozyme. Ribozyme activities were assayed
under standard cleavage reaction conditions in the presence of 10 mM MgCl, and at a 1:1 substrate
to ribozyme molar ratio. The substrate or target is the 138 nt gag transcript described in Fi1G. 3.
The reactions were stopped after the times indicated below. Lanes: M, molecular weight marker,
Hpall digested pBR322 DNA; A, 4 hours incubation without MgCl, added (negative control);
B, 0.5 hour reaction: C, | hour reaction; D, 3 hour reaction; E, 4 hour reaction; F. 4 hour
incubation of substrate without ribozyme B and MgCl,. The open arrow indicates the ribozyme
position, and the solid arrows indicate the two cleavage products that are the same as described
in the F1G. 3 legend.
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from both uninfected as well as HIV-1-infected H9 cells had no marked effect on the

the target substrate, and the incubations were carried out at 37°C for 14 hours, condi-
tions that favor the complete cleavage of the target RNA. It should also be poined
out that the target itself was somewhat degraded when incubated under rcaction
conditions in the absence of ribozyme (2Znd lane, F1G. 7B). By focusing upon the
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FIGURE 6. Holo-ribozyme titrations versus gag and 5' LTR substrates. respectively. (A) The
gag-targeted holo-ribozyme (F1G. 4) was titrated relative to a fixed amount of 138 nt gag substrate.
such that substrate to ribozyme molar ratios were as follows: A, 1:1; B, 5:1. C. 10:1; D, 25:1; E.
50:1; F, 1:1 in the absence of MgCl,. The target (T). ribozyme (R1), and products (P) are the same
as described in F1G. 4. Reactions were assayed under standard conditions with 20 mM MgCl..
(B) The LTR-targeted holo-ribozyme (ribozyme C) depicted in this FIGURE was titrated relative
to a fixed amount of S'LTR substrate (coordinate:602-622) such that the target to ribozyme ratios
were as follows: A, 1:1; B, 5:1; C, 10:1; D, 20:1; E, 50:1; F, 1:1, without MgCl. added: G, substrate
alone, no ribozyme, plus MgCl,. Standard reaction conditions were employed using 20 mM
MgCl,. Symbols: Ri indicates ribozyme C, T indicates 5’LTR substrate, and P indicates cleavage
products that are 13 nts and 8 nts.

amounts of the smaller cleavage product, which does not appear to be subjected to the
breakdown observed with the input transcript and larger cleavage product, it can be
observed that inclusion of RNA from HIV-1-infected cells in the reaction resulted in
substrate competition for ribozyme-mediated cleavage of the input labeled target. This
is evidenced by reduced amounts of the smaller cleavage product in the lanes containing
the HIV-1-infected, H-9 total cellular RNAs (compare the + lanes to the — lanes
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FIGURE 7. Evaluation of the catalytic activity of a holo-ribozyme harboring non-HiV-1 comple-
mentary nucleotides in a complex milieu. This holo-ribozyme is targeted to the gag gene between
nucleotides 805 and 806, just downstream of the AUG translational initiation codon at 789-731.
The ribozyme has 70 nts that are noncomplementary to HIV-1 sequences. These extra nucleotides.
designated by “N”, are derived from the polylinker sequence of the vector in which the ribozyme
is cloned. The cleavage reaction experiments were designed to simulate an in vivo milieu by adding
total RNA from HIV-1-infected (+) or -uninfected (—) H9 lymphocytes. Two different ratios
of ribozyme to substrate (R:S) were used, 2:1 and 8:1 as indicated. The amounts of total RNA
from either the HIV-1-infected or -uninfected cells are indicated and range from 0.3 through 1.8
ug as indicated above each lane. The substrate (in this case a 610 nt containing transcript)
containing coordinates 675-1275 (plus 10 bases of polylinker on the 5' end) is indicated (S). as
are the cleavage products (P), which are 141 (5') and 469 (3) nts. and the ribozyme (R). The
reactions were performed under standard conditions with 20 mM MgCl..
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under conditions of a 2:] ratio of ribozyme to input gag transcript). When the ratio of
ribozyme to template was increased fourfold, there was no observable competition
effect (compare + and — lanes, where the ribozyme to input gag transcript ratio was
8:1). These results provide several important conclusions. First, a ribozyme with 5’ and
3’ flanking sequences noncomplementary to the target can still effect specific cleavage
of the target. Second, competition by total ccliular RNA does not markedly atfect the
specificity or efficiency of the cleavage reaction. Third, the ribozyme cleavage is affected
by an input of RNA from HIV-1-infected cells, suggesting that the gag region tran-
scripts from these cells were, as expected, a competitor for ribozyme cleavage. When
the amount of ribozyme was increased, the competition was no longer discernible.

Expression of an Anti-gag Ribozyme in Transfected CD4" HeLa Cells

Intracellular expression of the ribozyme depicted in FIGURE 7 was obtained follow-
ing cloning of the ribozyme DNA intc a mammalian expression vector containing the
human f-actin promoter and an SV-40 late transcriptional termination and polyadeny-
lation signals.?® This recombinant vector was transfected into CD4* HeL A cells,?! and
stably transfected clones were isolated and assayed for ribozyme expression using a
polymerase chain reaction assay*??* (F1G. 8A). A Northern blot analysis was also
performed on poly A+ RNA isolated from one of the expressing clones. A rather
diffuse hybridizing band, centered at approximately 450 nts, was observed (F1G. 8B),
suggesting that approximately 200-300 polyadenosines appended to the primary tran-
scripts.

To determine whether or not the ribozyme transcripts were catalytically active.
varying amounts of total RNA from one of the clones were tested against an in
vitro-transcribed gag target RNA. At the highest RNA concentration (5 ug), detectable
cleavage of the input target RNA was observed (FI1G. 9). Preliminary results with
pooled clones of transfectants suggest that these cells are somewhat protected from
HIV-1 infection based upon reduced amounts of gag RNA (FiG. 10). These data are
corroborated by reduced levels of proviral DNA and gag antigen in the ribozyme
expressing clones (data not presented). It remains to be determined whether or not this
reduction is the direct result of cleavage of incoming RNA mediated by the ribozyme.

CONCLUSIONS AND FUTURE PROSPECTS

We have exploited a class of selfcleaving molecules, the hammerhead ribozyme, to
design and test RNAs that can specifically cleave HIV-1 genomic and messenger
RNAs at predetermined sites. The cleavage reactions can take place at physiological
temperatures in a complex milieu of total RNAs. Furthermore, the ribozymes act as
true catalysts in that they turn over multiple substrate molecules.

As a prelude to experiments in which a ribozyme can be used therapeutically to
treat HIV-1-infected cells, we have obtained expression of the anti-gag ribozyme in
CD4+ HelLa cells. The ribozyme expressed in these cells is biologically active, effecting
cleavage of input target RNA in an in vitro reaction. These results demonstrate that
despite the extended length of the ribozyme transcripts (ca 400 extra nts), biologically
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FIGURE 8. RNA analyses of HeLa CD4 " cells transfected with a gag-targeted holo-ribozyme.
The expression of the holo-ribozyme depicted in FiG. 7 from a mammalian expression vector
transfected into HelLa CD4 * cells was assayed by both RNA-based PCR (A: upper panel) and
Northern blot analysis (B: lower panel). (A) For the polymerase chain reaction (PCR) analyses.
0.5 ;12 of total RNAs from transfected clones or pools of clones were extracted. subjected to one
round of reverse transcription using a primer complementary to transcribed vector sequences 3’
of the ribozyme, followed by DNA ampiification with the addition of a second primer carrying
the ribozyme sense sequence. The PCR products were treated as described previously'' and
hybridized with a “P-labeled oligonucleotide complementary to the ribozyme sequences. The
lanes depicted are as follows: M, Hpall-digested pBR322 marker: A-D, PCR-amplified rnibozyme
from transfected ceils; E, contamination control lacking template. Controls in which the RNA
templates were present, but the reverse transcription step was omitted, gave no detectable products
(not shown). (B) The Northern analyses were done on poly (A) + RNA from Hela CD4 - cells
expressing the holo-ribozyme of FIGURE 7 from the human B-actin promoter. (lane A). RNA
from the untransformed HelLa CD4* parent line was electrophoresed in lane B. The RNAs were
electroblotted from a denaturing polyacrylamide gel onto a nylon membrane and probed with a
‘2P.labeled oligonucleotide probe complementary to the expressed ribozyme. M s the Hpull-
digested pBR322 molecular weight marker.
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FIGURE 9. Cleavage of in vitro-transcribed gug substrate by intracellularly expressed holo-
ribozyme. Total RNA from a HelLa CD4 - clone expressing the ribozyme of FIGURF 7 was tested
for cleavage activity. A 178 nt in virro-transcribed gag substrate (Jarge solid arrow. coordinates
675-841 plus 1G polylinker nts) (lane A) was mixed with in virro-transcribed ribozyme (lane B)
or 5 pug (C). 1 pug (D). or 0.2 ug (E) of tatal RNA from the ribozyme-expressing HeL A clone
The in vitro cleavage reaction conditions were as described in the legend to FiG. 3, except that
the MgCl, concentration was 20 mM MgCl,. The bracketed bands are spontancous degradation
products of the “UTP-labeled substrate. As can be seen in lane B. these are substrates for the
ribozyme, because the in virro transcribed molecules completely cleave these to smaller products
(not seen in this picture). The small arrow indicates the 5 cleavage product. which is 141 nts in
length. The 3’ product of 36 nts 1s not shown. The large open arrow indicates the electrophoretic
posttion of the in vitro-produced ribozyme.

functional ribozyme molecules are produced in this system. We have also obtained
preliminary data suggesting cleavage of HIV-1 gag region RNAs in HIV-1 -infected
HeLa CD4 - cells expressing this ribozyme.

The therapeutic use of ribozymes in treating HIV-1 infections is a goal of our
research efforts. Two possible modes of treatment are envisioned. The first is exogenous
delivery of preformed ribozymes targeted to highly conserved regions of the virus. The
delivery to infected cells may take place through liposome carriers capable of targeting
these molecules to the cytoplasm of infected cells, or simply by infusion of ribozymes
into peripheral blood. In both cases. the ribozymes will need to be modified to protect
them against rapid degradation by both serum and cellular nucleases. There are several
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possible strategies for doing this. Onc approach is the development of chimeric DNA-
RNA molecules with nuclease-resistant DNA analogues flanking the RNA catalytic
center. The flanking DNA sequences can provide the base-pairing specificity but may
contain thioester bonds or methylphosphonate residues to protect the molecules from
exonucleases. Another strategy is the use of modified ribose moieties such as 2'-O-
methylribose, which may also resist nuclease degradation. The chemistry for these
strategies is currently available and needs to be applied to ribozyme syntheses. If a
simple infusion approach is used, the ribozymes may need to be complexed with some
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FIGURE 10. PCR analyses of HIV-1 RNAs and DNAs from HeLa CD4 " cells expressing a
gag-targeted holoribozyme. HeLa CD4 * cells transfected with, and expressing the holo-ribozyme
depicted in F1G. 7 were challenged with HIV-1, as previously described.”” Seven days postinfection,
total RNA or DNA was extracted from these and control cells and analyzed for HIV-1 LTR-gag
RNAs (using LTR-1 and GAG-1 primers), which amplify a product that spans the cleavage site
of the ribozyme, as illustrated. As a control, RNA adjacent to the cleavage site was also assayed
using PCR primers that amplify a gag segment adjacent to the cleavage site (GAG-1 and GAG-
2). In both cases the amplified products were treated as previously described”’’ and probed with
a *?P-labeled oligonucleotide complementary to gag sequences common to both PCR products.
Lanc /& w0 buili cases depicts PCR-amplified product from the HeLa (D4 parental cells. Lane
B in both cases depicts PCR-amplified product from HeLa CD4 ' ribozyme-expressing cells. Lane
C in both cases is a contamination control in which only primers, no templates, were included in
the PCR reactions. The product sizes and their derivations are diagramed in the upper panel of
the FIGURE.
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molecule that will facilitate intracellular transport. It should be possible to combine
ribozymes with recombinant proteins that will bind to a specific cellular receptor and
allow endocytosis of these molecules. Clearly, the potential for exogenous delivery
exists, but a great deal of basic research is still necessary before this delivery strategy
can be implemented.

The second potential method of ribozyme delivery is through gene therapy. We have
already demonstrated that ribozymes can be expressed in cultured cells. Intracellular
expression of these molecules could lead to either cytoplasmic or nuclear localization.
It is not clear at this time where an anti-HIV-1 ribozyme will be most effective. The
most effective localization is certainly going to depend on the target (gag, rev. tat, nef.
etc.) RNA and where it is most susceptible to base-pairing and subsequent cleavage.
It is now possible to use expression vectors and strategies that will allow for localization
of expressed ribozymes in a particular compartment within the cell. We are currently
investigating a number of parameters that will affect intracellular ribozyme expression
and localization. The results obtained from these experiments should facilitate our
understanding of what factors will enhance the efficacy of these molecuies as anti-
HIV-1 therapeutic agents.

The gene therapy approach will depend upon availability of safe and efficient vectors
for delivering the constructs to pluripotent stem cells and/or other cells that are
potential targets for HIV-1 infection. A great deal of progress has been made in the
use of retroviral vectors for gene therapy.”* Testing delivery methods for ribozyme
gene constructs in appropriate animal models®® is an important step in evaluating the
potential efficacy of these molecules in a gene-therapy situation. Such experiments are
presently underway.

As with any anti-HIV-1 therapeutic strategy, the problem of genetic variability
must be addressed.’® In the ribozyme strategy, genetic variability is critical, because a
base change at the cleavage site would destroy the effectiveness of the ribozyme. A first
approach to this problem is to define targets, which when mutated. destroy the biologi-
cal function of the gene. Targets such as splice signals, translational initiation codons.
and binding sites for RNA regulatory factors such as fat and rev are among those that
should be used. Multivalent ribozymes that simultaneously target two or more sites
will increase the probability that at least one site will be cleaved. As we learn more
about the mechanisms of ribozyme-mediated catalysis, it is conceivable that some
genetic changes will be tolerable. This is clearly an important area for future investi-
gation.

In summary, catalytic RNAs or ribozymes represent a new class of potentially
potent antiviral therapeutic agents. The field is still in its infancy and will require many
hours of investigation before ribozymes can be used as therapeutic agents. It is our
hope and intention that these studies will ultimately lead to a ribozyme therapy for the
treatment and management of AIDS.
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Antisense and Antiviral Therapy
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HIV 15 a complex virus and AIDS is o difficult disease to contend with. In view of this,
the speed with which basic research and clinical discoveries have contributed 10 vur
understanding of HIV and AIDS has been impressive. In considerable purt. this s
because AIDS has become prevalent in the midst of the biotechnology explosion. On
the other hand. current therapeutic strategies for combatting AIDS are sull relatively
unsophisticated. It will be interesting, in retrospect, to examine how ultimate therapeu-
tic approaches to this disease have been influenced by opportunities that our new-found
technology base allows.

One of the innovative approaches being considered as an anti-AIDS therapeutic
strategy is the use of antisense oligonucleotides. The concept of using antisense se-
quences to block gene expression dates back several vears and has been used against
numerous genetic targets {see ref. 1). Indeed. in 1986, Zamecnik of al” first reported
the feastbility of the approach for HIV, at least for infected cells in culture. As the
other articles in Part T of this volume attest. we are becomng progressively more
sophisticated in our ideas of how to exploit the antisense strategy effectively for thera-
peutic purposes. Gne can now imagine the use of DNA antisense ohgonucleotides to
block expression of viral mMRNA or more complex antisense structures and strategies
that would intertere with cither retroviral replication or transcription of’ provirus
Conjugated oligonucleotides have been destgned that vanousty lead to enhanced bind-
ing o, covalent binding to, or degradation of. the target nucleic acid sequence (reviewed
by Cohen and Zon'). Combined ribozyme-untisense technology is another example of
a more claborate approach that has already been shown to clicit cleavage of HIV viral
RNA in a catalytic manner.’

The antisense strategy 1s particularly suited to appheation i anti-HIV and other
antiviral therapies because 1t should be possible to target unique viral sequences that
do not have functional counterparts in the human genome. In theory, thein airantisense
therapy could have exquisite spectficity.

As s so often the case with new therapeutic approaches, there are significant
difficulties that must be overcome betore antisense therapy can become a reality
Although the strategy might be novel, the major problems are not fundamentally
different Irom generic ones that must be addressed in the development of any therapeu-
te, namely how to generate an active, safe. and cost-effective drug. A number of
technical issues are relevant to such concerns. including optimizaiion of potency of
antisense molecuies, determination of the most effective and safest wavs of getting
antisense sequences mto cells, evaluation of the pharmacokinetios of antisense mole-
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cules, procuction of adequate amounts of antisense therapeutics to do animal and
clinical testing, and generation of antisense therapeutios in a cost-effective manner.

POTENCY OF ANTISENSE SEQUENCES

Antisense sequences directed against different regions of the target nucleic acid can
be differentially active; there are several possible reasons for this.! For example. anti-
sense sequences that hybridize with the 5 end of mRNA .ire often relatively good
inhibitors of translation, presumably because they block initiation.® On the other hand,
antisense sequences that hybridize to interral regions of the mRN A molecule can also
be eticctive, ostensibly because they serve as substrates for RNase H action:® uniike
the former event. the latter one would irreversibly inactivate the mRNA molecule.
Superimposed upon these factors must be general considerations such as base composi-
tion (which would influence strength of hybridization) and tertiary structure of the
target sequence (which would determine accessibility to the target antisense molecule).
Such issues will be assessed with increasing success s we generate progressively more
effective models for predicting nucleic acid tertiary structure.” Building catalytic prop-
erties into antisense molecules through ribo.yme structures could significantly contrib-
ute to their efficacy, although it will be necessary to generate such therapeutics with
reaction rates that are markedly increased over existing corstructs. Finally. although
the technological challenge is considerable, efforts are in progress to use antisense
molecules to block gene expression at the level of the genome.” Success in these attempts
could greatly enhance the potency of antisense therapeutics because the number of
target molecules would be vastly reduced relative to that of the mRNA or protein
products of the target gene.

CELLULAR UPTAKE

There i1s much work to be done to optimize cellular uptake of antisense oligonucleo-
tides. Oligonucleotides consisting of some types of monomers appear to be actively
transported into cells. whereas others are most hikely taken Lp by passive diffusion.””
Facilitation of oligonucleotide uptake by chemical hukage to nonoligonucleotide conju-
gates has also been considered.' There are advantages and disadvantages for all of
these cell uptake routes, and 1t 1s too early to predict which strategy (or combination
thereof) 1s hkely to be the most cffective. In the case of ribozyme technology. the most
obvious approach would be to introduce such sequences hy way of viral fransduction.
This route carries the potential advantages ol efficient cell penetration and even targeted
delivery, but care will have to be taken to ensure that the viral sequences will not cause
undestrable mutations (leading to malignancy). for example. by tegration into the
cellular genome.
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PHARMACOKINETICS

In order to be maximally effective the antisense molecule must reach its intracellular
target in an intact state. It is likely that in patients there will be a series of impediments
to achieving this end. For example, nucleases in blood will undoubtedly reduce the
circulating half-life of such molecules unless they are constructed so as to prevent this
occurrence. Notwithstanding the importance of this issue, there has been a paucity of
documented studies on the pharmacokinetics of antisense molecules in animal models
because of production difficulties and cost considerations.

PRODUCTION

In order to carry out animal studies with antisense molecules. relatively large
amounts of material are required. Generation of such amounts of material is difficult
and expensive because of limitations of current technology. This will no doubt slow
progress in elaboration of critical animial studies to evaluate utility, pharmacokinetics,
and toxicity of antisense therapeutics. The article by Geiser'' in this volume addresses
some of the key issues regarding production of antisense therapeutics.

COST EFFECTIVENESS

Several factors will ultimately influence cost effectiveness of antisense therapeutics.
I.. the space of just a few years, the costs of producing natural and modified oligonucleo-
tides have dropped dramatically;'' however, costs of labor and starting materials will
probably soon prohibit further significant reductions. A more hopeful consideration
for achieving competitiveness of antisense therapy will be to dramatically reduce the
effective dose (currently in the micromolar range”) by improving a combination of
properties of the molecules including potency, cellular accessibility, and pharmacoki-
netic profile.

In conclusion, several events are likely to be required before antisense therapy
becomes an effective and competitive strategy in AIDS or any other major disease
category. The requisite changes will probably occur in an incremental and step-wise
fashion. Some of these future achievements are likely to have considerably more impact
than others; for example, we are only begirning to evaluate feasibility of designing
antisense molecules that will act upon genomic DNA rather than mRNA:" success in
this area could dramatically increase the scope and utility of antisense therapy. It is
difficult to predict when such breakthroughs will occur. Nevertheless, the concept of
an antisense drug is compelling because it offers the opportunity to act pharmacologi-
cally at very early stages of gene expression; this approach could ultimately provide us
with a therapeutic strategy with broad generic utility tat is efficient, effective. nontoxic,
and specific.
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PART IV. BIOCHEMISTRY AND EVALUATION OF ANTI-HIV THERAPEUTICS
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INTRODUCTION

A number of 2',3-dideoxynucleosides inhibit the in virro infectivity of human
immunodeficiency virus (HIV), the etiologic agent of the acquired immunodeficiency
syndrome (AIDS).!? Of the dideoxynucleosides studied to date the dideoxypurine
nucleoside 2,3'-dideoxyadenosine (ddA) and its deaminated derivative 2°. 3 -dideoxyi-
nosine (ddI) exhibit particularly favorable therapeutic ratios and appear to be equally
effective in the ATH-8 cell system.* Phase I studies also have shown that dd1 produces
objective responses in patients with AIDS and severe AIDS-related complex.*

The antiviral activity of these drugs is thought to be mediated by inhibition of
reverse transcriptase (viral RNA-directed DNA polymerase) in virus-infected cells.’
Hence phosphorylation of the nucleoside prodrug is required for activation to the
putative active triphosphate. In earlier studies, ** we showed that ddA could be metabo-
lized in human lymphoid cells to its metabolite ddATP but also was rapidly converted
through the ubiguitous enzyme adenosine deaminase to ddl, which was cleaved to the
purine base hypoxanthine by purine nucleoside phosphorylase. Additionally, attempts
were made to see if prevention of deamination of ddA by the potent inhibitor 2'-
deoxycoformycin (dCF) could enhance the antiviral activity of the drug; however. this
inhibitor did not greatly improve either the antiviral activity of ddA or its activation

“This work was generously supported in part by PHS Grants 1 ROT ALRT652 and 1 ROV CA43206;
by (CORE) Grant P30 CA21765 from the National Institutes of Health; and by the Amencan
Lebanese Syrian Associated Charities.
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to the active metabolite ddATP. These results suggested that there might be alternate
modes by which dideoxypurine nucleosides could be metabolized to the putative active
inhibitor of HIV replication in human cells.

In this report, we would like to review our recent studies that deal with the
enzymatic basis for, and regulation of, dideoxynucleotide accumulation from ddA. ddl,
and a novel dideoxypurine nucleoside 2',3'-dideoxy-2’-fluoroarabinosyladenine (2'-F-
dd-ara-A) (F1G. 1).

EXPERIMENTAL PROCEDURES

Material

Cells

Human T lymphoid cells CCRF-CEM and Molt-4 were maintained as described
previously.® The CAR-1, Py9, and CARA mutants, defined by their deficiencies in
deoxycytidine (dCyd) kinase, adenosine (Ado) kinase, and both dCyd kinase and Ado
kinase, respectively, were grown as described.”

Radiochemicals

[2.3’-*H]ddAdo, 30 Ci/mmol; [2,8-* H]ddAdo and [8-'H] carbocyclic 2°,3'-didehy-
dro-2',3’-dideoxyguanosine (Carbovir), both 1.3 Ci/mmol; [8-*H]ddguanosine (Guo).
2-3.5 Ci/mmol; {8-*H]dGuo, 16 Ci/mmol; and [2-*Hl}inosine (Ino), 35 Ci/mmol were
obtained from Moravek Biochemicals (Brea, CA). [8-'H]dAdo. 20 Ci/mmol was from
ICN Radiochemicals, Irvine, CA. [2,pr,3'-*H]ddIno was prepared by means of enzy-
matic deamination of either the sugar-labeled or base-labeled ddAdo using calf intesti-
nal adenosine deaminase (Sigma Chemical Co., St. Louis, MO). 2'-F-['H]-dd-ara-A (25
Ci/mmol) was purchased from American Radiolabeled Chemicals Inc. (St. Louis.
MO).

Chemicals

ddADP and ddATP were purchased from Pharmacia (Piscataway. NJ), 2’-F-ddara-
AMP was synthesized by means of the general method of Yoshikawa et al.,” and 2'-F-
dd-ara-ATP was synthesized according to the general method of Kovacs and Otvos.®
ddAdo (NSC98700) and 2'-F-dd-ara-A (NSC613792) were obtained from the Drug
Synthesis and Chemistry Branch (NCI, NIH). Carbovir was provided by the courtesy
of Dr. Charles Litterst of the Developmental Therapeutics Branch (NIAID). Al other
nucleoside and nucleotide standards were purchased from Sigma Chemical Co. (St.
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Louis, MQ).! Enzymes: adenosine deaminase (calf intestine) (200 U/mg) and alkaline
phosphatase (E£. coli; 45 U/mg) were purchased from Boehringer-Mannheim Biochemi-
cals, Indianapolis, IN and Sigma Chemical Co., MO, respectively. PEI-cellulose TLC
plates (20 X 20 cm) with UV, fluor were from Brinkman Instruments (Westburg,
NY). Dithiothreitol and ATP were from Research Organic, Cleveland, OH.

Methods

Metabolism Studies

For metabolism studies, cells (Molt-4, CEM, or ATH-8) or CEM variants deficient
in either dCyd kinas~. Ado kinase, or in both enzyme activities growing in log phase
were incubated at a density of about 1 x 10° cells with either ['H]ddAdo, ["H]ddIno,
or 2'-F-[*H]-dd-ara-A (10 uM final concentration, with 5 uCi/mL cell suspension), in
the presence or absence of 5 uM dCF for 15 min prior to addition of the dideoxynucleo-

NH o
N
Nz \>
‘\\ N FIGURE 1. Structure of 2°.3-dideoxy-2"-fluoroarabinosyla-
N denine.
0
HO F

sides. After 5 h of incubation, cells were centrifuged and pellets were washed with cold
phosphate-buffered saline and extracted with 60% aqueous methanol (—20°C). After
centrifugation, 200 uL of the supernatant was subjected to chromatography on an
anion exchange Partisil 10 SAX column. One minute fractions were collected and
radioactivity determined by liquid scintillation counting. Radioactive dideoxynucleo-
tides in the HPLC fractions were identified by comparing their retention times with
those of authentic standards.

Enzyme Assays

Ado kinase and dCyd kinase were purified from CCRF-CEM cells or from human
leukemic blasts obtained by leukopheresis from patients with leukemias, as described.”
The kinase activities were separated from nucleotidase activity and other nucleoside
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phosphorylating enzymes. The standard reaction mixture for the assay of dideoxy-
nucleoside phosphorylation contained 10 to 25 ug protein for dideoxynucleosides and
0.1 to 2 ug protein for natural substrates in a total volume of 26 uL containing 10 mM
sodium HEPES buffer, pH 7.5; 3 mM dithiothreitol; 5 mM ascorbate; 20 mM MgCl,;
10 mM ATP; 15 mM phosphoenolpyruvate; 0.3 units pyruvate kinase; and 20 mM
NaF. The assays were started by addition of substrate with incubation for 30 min at
37°C; the rate of phosphorylation was constant over the time period used. Reactions
were terminated by addition of 75 uL of 1 mM unlabeled substrate in water. Aliquots
(45 uL) were pipetted onto DEAE cellulose discs (2.4 cm Whatman DER81); the discs
were dried at 75°C, washed three times with water, and counted. Background controls
(2ero time) were determined as above and subiracted from each test assay.

Nucleoside phosphorylation by 5'-nucleotidase was done with 2.4 mM *H-labeled
nucleoside (0.5 pCi) in a volume of 15 L buffer containing 100 mM HEPES pH 7.4,
50 mM MgCl,, 500 mM KCl, 5 mM IMP, 3 mM dithiotreitol, 5 mM ATP, and 15 ug
protein from the fast-flow Q/Blue Sepharose-purified nucleotidase(s). After 30 min at
37°C, reactions were terminated; 20-25% hydrolysis of the substrate IMP occurred
during such incubations. Products from these reactions were measured by using poly-
ethyleneimine (PEI)-cellulose thin layer chromatography. The thin layer plates were
prespotted with carriers (10 nmol) and developed in water. Products and substrates
were located visually by UV absorption, cut out, and quantitated by liquid scintillation
counting as described.

Purification of Human Leukemic Cells 5'-Nucleotidase

The cytoplasmic 5'-nucleotidase was purified from fresh leukemic blasts obtained
by leukopheresis from patients. Briefly, a suspension of white cells freed of ervthrocytes
was homogenized in Tris HCI buffer, pH 7.4, containing 3 mM dithiothreitol. 10 (v/
v) glycerol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM O-phenanthroline.
5 mM benzamidine, and 0.5 mg soybean trypsin inhibitor. After centrifugation at
105,000 g, the supernatant was stirred with 200 mL ion exchange resin (fast-flow
Q-Sepharose that had previously been equilibrated with homogenization buffer). 5'-
Nucleotidase activity was eluted from the Q-Sepharose using a linear gradient buffer
of 0-0.6 M KCl in homogenation buffer after packing the resin in a 2.5 ~ 30 cm
column (Pharmacia XK-26). 5'-Nucleotidase activity was then further punfied on a
Blue Sepharose affinity gel (Reactive Blue 2 Sepharose CL-6B, Sigma). which previously
had equilibrated with 50 mM Tris buffer. pH 7.5, containing 3 mM dithiothreitol and
10% glycerol. The final 5’-nucleotidase activity was free of the major cellular nucleoside
kinase activities and non-specific alkaline or acid-phosphatase and was stable, stored
at —70°C for several months.

EXPERIMENTAL RESULTS AND DISCUSSION

Dideoxynucleotide Phosphorvlating Activities

In extracts of human T lymphoid cells (CCRE-CEM) there are two enzyme activi-
ties, dCyd kinase and Ado kinase, that can phosphorylate ddA As <hown in Tani ¢
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1, beth enzymes bind ddA with approximately the same affinity as their natural sub-
strate 2'-deoxyadenosine (dAdo). The reaction velocity, however, is substantially slower
with ddA than with dAdo, such that the inaximum efficiencies are only 1 and 0.06%,
respectively, of that reached with dAdo. Even at a concentration of S mM, no phosphor-
ylation of ddI was detected with either dCyd kinase or Ado kinase.

The results of preliminary experiments suggested that the phosphorylation of ddI
might be catalyzed in the reverse reaction of a cytoplasmic 5’-nucleotidase. TABLE 2
summarizes the procedure used to isolate this activity from CEM cells; a 24-fold
punhicaiion of this enzyme was achieved. This enzyme preparation was free of detect-
able ATP-dependent nucleoside kinases and nonspecific phosphatases (with phenyl
phosphate or ribose-S-phosphate as donors), was Mg’ * -dependent, and exhibited an
apparent K, of 2 mM MgCl, with 1 mM IMP (results not shown). The enzyme
displayed a fairly sharp pH optimum at pH 7.4 (results not shown).

As shown in FIGURE 2, this partially purified 5'-nucleotidase activity from CEM
cells, in the presence of IMP as a phosphate donor, 50 mM MgCl,, 500 mM KCl, and

TABLE 1. Kinetics of Dideoxynucleoside Phosphorylation by Deoxycytidine Kinase
and Adenosine Kinase”

Ko Vi Relative Efficiency
Enzyme Substrate uM nmol/h/mg V/K,,
dCyd kimase dAdo 190 34C iw
ddA 290 4 1.2
ddl ND* <0.1 < 0.001
Ado kinase dAdo 340 160 100
ddA 140 0.1 0.06
ddl ND <0.01 < 0.001

“ The ratio V/K,, is termed catalytic efficiency, with values for dAdo set at 100 with dCyvd
kinase and Ado kinase, respectively. Phosphorylation kinetics were plotted using the Enzfitter
computer program. Data shown represent the best fit to the Michaelis-Meunten equation. Each
assay was done with 10-25 ug of partially purified enzvme protein.

» Not determined.

5 mM ATP, catalyzed the formation of a phosphorylated product. The compound
synthesized in this reaction mixture coeluted with authentic ddIMP on HPLC; after
incubation with bacterial alkaline phosphatase and rechromatography on reverse-phase
HPLC, ddI was generated (data not shown). The role of ATP in the stimulation of dd1
phosphorylation was primarily as an activator and not a phosphate donor. For example,
in a reaction mixture containing ATP without IMP, phosphorylation of ddI was not
detectable { < 0.5% of rzaction with IMP and ATP). By contrast, phosphorylation of
radiolabeled ddI was increased 3-5-fold in the presence of ATP and IMP. In addition,
the phosphorylation of ddl by the 5-nucleotidase was also stimulated 3-5-fold by
GTP and endogenous compounds such as glycerate 2,3-biphosphate and diadenosine
tetraphospha. (Ap4A).

The specificity of the phosphotransferase/5’-nucleotidase for ddI phosphorylation
was compared to that for other dideoxypurine nucleosides. TABL £ 3 indicates that
several other nucleosides, including 2'.3’-dideoxyguanosine and carbocyclic 2°.3 -dide-
hydro-2',3'-dideoxyguanosine (Carbovir), but not ddA. served as suabstrate for this
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TABLE 2. Purification of 5'-Nucleotidase from Human Lymphoblast Cells*

Total Total Specific
protein activity activity Fold
Step mg nmol/h nmol/h/mg purification
105,000 g supernatant 2600 260,000 100 1
Fast-flow Q-sepharose 660 174,000 290 3
Blue sepharose 30 70,000 2300 23

¢ Activities were measured with 2.4 mM Ino in the presence of 5 mM ATP and 5§ mM T™P.
Activity is expressed in terms of nmol/h Ino phosphorylation to IMP.

phosphorylation. Obviously much work remains to be done with this enzyme in the
area of structure-function relationships; however, of the 2',3’-dideoxy compounds tested
to date, ddl appears to be the best substrate for the 5'-nucleotidase.

Metabolism of ddA4 and ddl in Kinase-Deficient CEM Cells
We also investigated the metabolism of radioactively labeled ddA and ddlI in intact

human lymphoid cells and mutants of these cells deficient in deoaycytidiiie kinase,
adenosine kinase, or in both enzyme activities in order to identify the anabolic routes

4000 +~

2000

T

ddino-Vmax, nmol/h/mg

] ] 1 I
1 2 3 4 5

IMP Concentration, mM

FIGURE 2. Effect of IMP concentration on V,,, tfor ddIno phosphorylation by §'-nucleotidase.
Assays were performed with 400-2000 uM ddlno at variable IMP concentration and S mM ATP
at each point. Rates are expressed as V,  -nmol/h/mg for ddIno phosphorylation to IMP. Rate
data were fitted to the Michaclis-Menten equation using the Enzfitter computer program. Each
assay was done with 18 ug protein. Analysis by the Enzfitter program showed a K, for IMP at
4.4 mM and a V,,,, for ddIno phosphorylation at saturating IMP of 9000 nmol/h/mg
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TABLE 3. Dideoxynucleoside Phosphorylation by 5'-Nucleotidase?

K. Vo Vi Ko
Substrate mM nmol/h/mg VoK % Ino
ino 3.4 49000 14000 184}
ddIno 0.52 870 1700 12
ddGuo 0.85 630 740 5
Carbovir 1.7 470 280 2

* Assays were performed with 2 mM nucleoside, 1 mM IMP. and S mM ATP using purified
nucleotidase. Phosphorylation kinetics were plotted using the Enzfitter computer program. Data
shown represents the best fit to the Michaelis-Menten equation. Each assay was done with 18 ug
of protein and from 0.2 to 2 mM nucleoside.

responsible for the intracellular activation of these compounds. When ddA or ddl was
incubated with wild-type CEM cells or MOLT-4 cells at concentrations of 3 to 10 uM
(which represents an EDj, concentration for inhibition of HIV replication for these
drugs). identical metabolites were generated.” Thus, ddl, like ddA, was metabolized to
dideoxyadenosine nucleotides (ddAMP, ddADP, and ddATP) and also to the meno-
phosphate of ddI, but not to ddIDP or ddITP. The results in TABLE 4 show that
elimination of either dCyd kinase or Ado kinase or both enzyme activities had little
effect on the conversion of ddA to its nucleotides unless the ADA inhibitor 2'-dCF
was prescit. As shown in TaBLE 4, 2’-dCF, at a concentration of § uM. blocked almost
entirely the conversion of ddA to the nucleotides in the double mutant deficient in both
kinase activities. By contrast, 2'-dCF had no offect on the anabolism of ddl in these
mutants.

From these results, it could be proposed that ddA can be metabolized by either of
two different metabolic pathways, that is, directly. by way of phosphorylation to
ddAMP by either dCyd kinase or Ado kinase, or indirectly. by a route that involves
its deamination to ddI followed by phosphorylation of the latter to ddIMP and reamina-

TABLE 4. Phosphorylation of Dideoxyadenosine by Kinase-Deficient CEM Cells®

2'.dCF ddADP
Cell Line S uM ddIMP pmal/10¢cells ddATP
wild type - 1.1 0.35 0.66
+ 0.15 .33 061
dCK - 0.73 0.26 0.64
+ 0.18 0.05 (.28
AK - 0.91 048 .64
+ 0.26 011 034
dCK/AK - 1.2 0.28 0.70
+ 0.12 < 0.1 0.13

* Wild-type or kinase-deficient CEM mutants (1 ~ 107 cells) were preincubated with (+) or
without (--) 5 uM 2'-dCF for 30 min, after which 10 uM ['H]ddA was added: the incubations
continued for 6 h. Extracts of the cells were prepared and analyzed on Partisil-SAX (Whatman)
HPLC column as described in MATERIATL AND METHODS. Each data point represents the mean
of duplicate analyses.
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tion to ddAMP (FiG. 3), with the latter being quantitatively the predominant route in
human T lymphoid cells. To further verify this proposed route of activation, we used
L-alanosine, an inhibitor of the enzymes adenylosuccinate synthetase/lyase, which
converts IMP to AMP." As shown in TABLE 5, pretreatment of CEM with 20 uM
1.-alanosine markedly decreased the accumulation of ddATP from either ddA or ddl
in Molt-4 cells or kinase-deficient CEM mutants.®

Comparative Studies with 2',3'-Dideoxy-2'-Fluoroarabinosyladenine

Both ddA and ddI undergo a rapid cleavage in acid to form the base and dideoxyri-
bose.'! This may reduce their bioavailability after oral administration and limit their
efficacy. With this in mind, Marquez er al.'' recently synthesized a series of 2'-substi-
tuted derivatives that is highly resistant to acid hydrolysis. One of these compounds is
2’3 -dideoxy-2’'-fluoroarabinosyladenine (2'-F-dd-ara-A) (FIG. 3), which has shown

TABLE 5. Effect of 1.-Alanosine on the Formation of Dideoxynucleotides from ddA
and ddI“

L-Alanosine ddADP
Substrate 20 uM ddIMP pmol/10° cells ddATP
ddA - 0.28 0.13 0.06
+ 1.44 0.02 0.01
ddlI - 0.28 Qi 0.04
+ 1.39 0.03 <0.01

“ ["H]ddA (5 uM) or [*H]ddI (5 pM) was incubated with Molt-4 cells (12 ~ 10" cells) for 4 h
(ddA) or 6 h (ddI) with or without 20 uM 1-alanosine. Extracts of the cells were taken and
analyzed by HPLC.

interesting anti-HIV activity in ATH-8 cells and MT-4 cell systems.'"'" These results
led us to investigate whether the modification at the 2’ **up™ position leads to any other
changes in the biochemical properties of this analogue. 2'-F-dd-ara-A 1s deaminated
by adenosine deaminase at only one-tenth the rate that of ddA, and the resulting
deaminated derivative, 2'-F-dd-arahypoxanthine, is resistant to further cleavage by
purine nucleoside phosphorylase. It is also metabolized to the triphosphate, 2'-F-dd-
ara-ATP, approximately 2- and 5-fold more extensively than ddA in Molt-4 and CEM
cells, respectively (TABLE 6). We also anaiyzed the metabolism of 2-F-dd-ara-A in the
kinase-deficient CEM cells. As shown in TaBLE 7, phosphorylation of 2'-F-dd-ara-A
to its nucleotides decreased about 45% in the dCyd kinase-deficient var.ant and in the
double mutant lacking in both dCyd kinase and Ado kinase activities but was un-
changed vis-a-vis wild-type CEM cells in the Ado kinase-deficient variant. The adeno-
sine deaminase inhibitor, 2'-dCF, was found to suppress even further the capacity of
either dCyd kinase or the double mutant to accumulate 2'-F-dd-ara-ATP from 2"-F-
dd-ara-A.

i.-Alanosine also inhibited (ca. 459 ) the conversion of 2'-F-dd-ara-A to its nucleo-
tides in CEM cells with a concomitant increase in the formation of the monophosphate,
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Y-F-dd-ara-IMP. Taken wgether, these results indicate that unbtke ddA, 2'-F-dd-ara-
A 15 able to use both the direct and indirect route for its activation toward formation
of the putative active metabolite, 2-F dd-ara-ATP.

SUMMARY

Of the dideoxynucleosides described to date, the purine snalogues ddA and ddl
have exhibited very favorable therapeutic ratios in vitro.! ddl is presently undergomy
extensive phase [-11 clinical tnals. Whereas the action of adenosine deaminase (ADA)
and purine nucleoside phosphorylase (PNP) is usually to convert a given analogue of
Ado to an inactive or less active form, ddl appears 1o retain the same biological activity
as that of the parent ddA. An explanation for these observaiions was poszible when
we found that ddI (1) underwent only a slow cleavage to hypoxanthine through the
action of PNP and (2) accumulated the same active antiviral metabolite (2.0 ddATP)
as ddA in human lymphoid cells. The use of human lymphoid cells with deficiencres
in cellular nucleoside kinases and of inhibitors of pathways of nucleotide metabolinm
have also revealed new aspects of dideoxypurine metabolism in human lymphod cells,
including the identification of a salvage pathway (phosphotransferase/S -nucleondase
pathway) by which ddA/dd]l may be metabohzed preferentially 1o the active nucleotide

The effectiveness of ddA and ddl as orally administered antiviral agents may he
limuted by their susceptibility to actd hydrolysis and the low efficiency for nucleonde
conversion in human lvmphoid cells. The presence of a fluorine atom m the arabinose
configuration on C-2 confers resistance to solvolysis and renders the analogue fes
susceptible to enzymatic deamination and resistant (o phosphionvistic cleavage by PNP
In addition, human lvmphoid cells accumulated several fold higher levels of the putative
active triphosphate. 2'-F-dd-ara-ATP. than those of ddA or ddl This increased aceu-
mulation of the analogue triphosphate could be accounted for by a more direct conver-
sien of 2'-F-dd-ara-A by a direct phosphorylation through dCyd kinase than dda

Thus, a single substitution with fluorine at the 2 “up™ position of the sugar motety
of ddA markedly improves several btochemical properties relating to dideovynucleotide

accumulation in human lvmphod cells. Whether there are sigmificant alterations of

other biochemical properties, such as the ability of the analogue triphosphate tomnteract

rasLk 6. Comparison of Formation of Phosphoryvlated Metabolites of 2 F-dd-ara-A
and ddA 1 Molt-4 and CEM Cells:

Dideoxynucieotide Molr-4 CEM
pmol- 107cells

ddATP 01X 099

2Fdd-ara-ATP 0).Ro 214

“Moltd cells were incubated with S uM [PHJdAA or [H]2 -F-dd-ara-A and CEM cells with
10 M of the ~ame labeled dideovynucleosides for S h Extracts of the cells were tahen and
analvzed by Partea - SAN (Whatmany HPLC
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TABLE 7. Phosphorylation of 2'-F-dd-ara-A by Kinase-Deficient CEM Cellv:

JdCF 2-F-dd-ara-ADP 2 -F-dd-ara-ATP
Cell Line SuM pmols tan cells Toaal
Wild-type cells (CEM) - [IR] 214 14
N 129 236 A%
Deoxyeytidine Kinase- (184 Pow 193
deficient : 138 010 IRD
Adenosine kinase (.59 2 ax 3T
deficient . 0.%3 2R ol
Deoxyeyudine kinase 0.24 .60 | ~3
and adenosine - - 010 - 00 ERE

kinase -deficient

< Studies with kinase-deficient CEM mutants were carried out as deseribed i Tasib 4l
MATERIAL AND M1 THODS section.

with the target enzyme reverse transcriptase, has not vet been determined  Phus o
definitive resolution of the relative mert of ddA - ddl and s 2 fuoro-arabinoa anu-
logue is not yet possible on the basis of the studies deseribed here
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Acquired immunodeficiency syndrome (AIDS) is one of the major health concerns
around the world.' The key etiological agent being identified is the human immunodefi-
ciency virus (HIV).” Attempts to control the replication and propagation of HIV for
treatment of patients with acquired immunodeficiency syndrome are being pursued by
many laboratories worldwide. One logical way to explore selective antiviral agents is
to target virus-specific proteins. Such compounds could have a higher therapeutic
index, although they could also have a narrower spectrum of activity.

One of the most attractive targets for developing anti-HIV agents is HIV reverse
transcriptase (RT). This enzyme is essenuial for the early phase of viral nucleic acid
replication in cells. Once the viral genome is integrated into chromosomal DNA the
viral nucleic acid synthesis is no longer dependent on this enzyme.** Thus, the drug
targeted at HIV-RT will be useful for preventing infection in cells and will not be useful
for preventing viral production in chronically infected cells. Long-term usage of those
compounds is required to control the progress of AIDS. This raises the issue of whether
the compounds targeting at HIV-RT will ever be curative for patients with AIDS. It
is conceivable that chronically infected cells have a defined life span. Preventing infec-
tion of cells by virus from the chronically infected cells for a period covering their life
span by using drugs targeting HIV-RT should be able to cure individuals with AIDS,
providing drug resistance is not an issue. At present, the turnover rate, and enhance-
ment of turnover, of chronically infected cells 1s not clear.

HIV-RT is a heterodimer composed of two polypeptides with molecular masses of
66,000 and 51,000 daltons, respectively. These two polypeptides differ only in their
carboxyl terminal. The 51,000 dalton polypeptide is the result of a 15.000 dalton
polypeptide deletion (which has an intrinsic RNaseH activity) from the carboxy! termi-
nal of the 66,000 dalton polypeptide.”® Why the native virus prefers to have a hetero-
dimer instead of a homodimer of 66,000 dalton polypeptides is not clear. Using activity
gel analysis it was found the 66,000 dalton polypeptide has DNA polymerase, reverse
transcriptase, and RNaseH activities, whereas the 51,000 dalton polypeptide has only
DNA polymerase and reverse transcriptase activities.™ The association of RNaseH
activity domain with the carboxyl terminal of 66,000 dalton was supported by the
sequence analyss.” As a heterodimer, HIV-RT has three intrinsic activities; these are
DNA polymerase, reverse transcriptase, and RNaseH. The properties of those intrinsic
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activities are regulated differently in spite of their association with the same enzymes
and their common ability to bind to nucleic acid. For instance, a phosphothioate
oligodeoxycytidine (S-dC,y) could inhibit the intrinsic RT and RNaseH and have no
effect on the intrinsic DNA polymerase (TABLE 1), whereas phosphonoformic acid
(PFA) could inhibit both DNA polymerase as well as reverse transcriptase and have
no effect on intrinsic RNaseH. Furthermore, the properties of this RT are quite different
from that of RT associated with other viruses, such as AMV. Thus. if the goal is to
develop anti-HIV RT compounds, it is essential to employ HIV-RT from virion in the
studies and to examine the impact of the compounds on all three intrinsic activities,
which are all critical for viral nucleic acid replication. Using HIV-RT from recombinant
sources should always be done with caution despite its sharing some common properties
with HIV-RT from virion,

There are two approaches that may be taken for developing anti-HIV compounds
based on virus-associated RT. The first one is to look for selective HIV-RT inhibitors.
These include PFA' and phosphothioate oligonucleotides.!! The second approach is
to look for compounds that can be preferentially used by HIV-RT as a substrate over
that of host DNA polymerases such as a, 8, v, and 6. The mechanisms of a number
of anti-HIV nucleoside analogues appear to fit into this category. and many of those
nucleoside analogues are at different stages of clinical usage or trial for the treatment
of AIDS.

AZT has been approved and widely used for the treatment of AIDS."* The active
metabolite of AZT was suggested to be AZT triphosphate (AZTTP).!* The interaction
of AZTTP with virus RT and human DNA polymerases is shown in TABLE 2. All of
those enzymes except DNA polymerase « could incorporate AZT into DNA despite
different affinities for AZTTP."* The preferential interaction of AZTTP with HIV-RT
could be responsible for the selectivity of AZT in inhibiting HIV replication. Therefore.
alteration of the interaction between AZTTP and HIV-RT. induced by either a different
strain of HIV from different individuals or as a mutation of HIV, could alter the
sensitivity of HIV to AZT. This could be partly responsible for the drug resistance
issues encountered in the clinic. Furthermore, genetic and phenotypic variations of
HIV-harboring tissues could also play a role. For instance. AZT requires phosphoryla-
tion through several steps to the triphosphate level in order to exert an anti-HIV effect.
Individual variations in any of these steps at targeting tissues could have an impact on
the formation of AZTTP. Even if HIV-RT from different individuals has the same
sensitivity to AZTTP, the target tissues of AZT of different individuals may have a
different deoxythymidine 5’ triphosphate content, which could compete with AZTTP
for its incorporation into DNA. This could also influence the response of HIV to AZT.
Thus, the variation in HIV sensitivity to AZT, the metabolism of AZT or thymidine
at the HIV-harboring tissues, AZT catabolism through the courses of AZT treatment,

TABLE 1. Sensitivity of HIV-RT-Associated Activity to Phosphorothioate
Oligodeoxycytidine (S-dC.,) and PFA"

Associate activity Template used S-dC., (100 nM) PFA (5 uM)
Percent Inhibition
DNA polymerase (dC)(dG), . 12 48
Reverse transcriptase (rC),(dG),, 82 oR
RNase H (dC),(rGy, 89 0

* Details will be published. The enzyme employed is the purified HIV-RT from virions.
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TABLE 2. Interaction of AZTTP and ddCTP with HIV-RT and Human DNA
Polymerase”

K. (uM) K, (uM)
Enzyme TTP dCTP AZTTP ddCTP
HIV-RT 1.6 1.5 0.073 0.024
Human a 1.3 0.9 45 110
Human § 2.4 - 0.36 —
Human 8 43 43 0.67 2.6
Human y 0.4 0.3 0.23 0.016

“Activated calf thymus DNA was used as a template for all the enzymes studied. The conditions
for assays are the same except the amouni of salt employed for different enzymes. See details in
refs. 14, 18, 19, and 20.

and genetic variation in AZT metabolism in target tissues could play a role in clinical
drug resistance. All these issues should be addressed in exploring the mechanism of
drug resistance.

Regarding AZT toxicity, it is likely due to the ability of AZT to be incorporated into
chromosomal DNA by host DNA polymerases. Different individuals were reported to
have different tolerances to AZT. The pharmacokinetic variations among individuals
could be partly responsible for this difference. The variation of AZT and thymidine
metabolism in toxified tissues from different individuals could also play a key role. It was
reported that at the toxic dosage of AZT, the toxicity of cells in culture is proportional to
the amount of AZT incorporated into DNA.'* Thus, it is conceivable that its metabolic
variations in target tissues for AZT incorporation into DNA or its excision from DNA
could also account for the differential tolerance among individuals. Recently. it was
also observed in this laboratory that AZT could still be incorporated into DNA at a
noncytotoxic dosage. This is unexpected inasmuch as AZT should act as a DNA chain
terminator, which should stop DNA synthesis and cell growth, unless the incorporated
AZT could be transferred from one segment of DNA to another through the combined
actions of a DNA exonuclease and DNA polymerase in the presence of AZTTP. The
presence of a unique exonuclease that is capable of removing AZT from the terminal
of DNA was identified." This exonuclease, which we termed DNA exonuclease VI,
has properties quite different from other exonucleases. A summary of its properties in
comparison to others is described in TABLE 4. The longer half-life of AZTTP over that
of AZT monophosphate (AZTMP) has been demonstrated by several laboratories. A
metabolic chart of AZT in target tissues is shown in FIGURE 1. It is proposed that. in
addition to the possible differences in the activities of AZT metabolism, the activity of
this novel exonuclease could also play an important role in AZT tolerance among
different individuals.

Dideoxycytidine (ddC) was found to be a potent anti-HIV compound in cell culture
and shown to be effective in the treatment of AIDS.'*!” The antiviral specificity was
also attributed to the potent interaction of its active metabolite ddCTP and HIV-RT
(TaBLE 2). The toxicity profiles of ddC and AZT are quite different. The limiting
toxicity of ddC in the clinic is the development of peripheral neuropathy and pancreati-
tis after long-term usage of the compound. Due to the potent effect of ddCTP on DNA
polymerase 7y, which is a key enzyme for mitochondrial DNA synthesis, we suspect
that the cause of peripheral neuropathy and other delayed toxicity. such as pancreatitis,
could be due to the depletion of mitochondrial DNA in those tissues by ddC or other
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compounds that show similar limiting toxicities. In order to explore this hypothesis,
the potential of ddC in causing the delayed cytotoxicity in cell growth in culture was
examined. ddC, at a clinically relevant dosage of 0.2 uM, inhibited mitochondrial
DNA synthesis within one day and had no impact on cell growth for the first five days.
During this period. cells responding to the mitochondria depletion by ddC increased
glycolysis, and there was no significant alteration of either intracellular ATP or energy
charge. On the sixth day postexposure to ddC, cell growth was retarded, and mitochon-
drial DNA content was depleted at least 50-fold. The delayed cytotoxicity observed
could be due to the minimum content of mitochondrial DNA having been reached in
order for cells to have normal growth.*!

It ts conceivable that neuron tissue or some other tissues that show delayed-type
toxicity, as the result of ddC or other drug treatment, may also respond i. those
compounds in a similar fashion as culture cells. The selective manifestation of those
tissue toxicities could be that those tissues have less tolerance for change in mitochon-
drial DNA content than other tissues. Currently, we are examining the impact of a
clinically relevant dose of ddC on mitochondrial DNA content and the neuronal

AZT

AZTMP

2

AZTDP

3

AZTTP

DNA )
5’ -DNA-AZT-3'

DNA ’

FIGURE 1. Metabolic chart of AZT. Enzyme activities responsible for each step: 1. thymidine
kinase, 2. TMP kinase, 3. NDP kinase, 4. DNA polvmerase or reverse transcriptase, and 5. DNA
exonuclease VI.

function of well-differentiated neuron cells, such as the nerve growth factor-treated
PCI12 cell line in culture. Several other anti-HIV nucleosides with known clinical
limiting toxicities were also examined for their effect on cell growth as well as for their
effect on mitochondrial DNA content in cells during several days of treatment. These
results are summarized in TABLE 3. The limiting toxicity of ddC, ddl. and D4T was
suggested to cause peripheral neuropathy or pancreatitis. This occurs usually after two
to three months of treatment. All three compounds could inhibit mitochondrial DNA
synthesis at a dosage that does not have much impact on cell growth for the first four
days after drug exposure in cell culture, whereas AZT could inhibit cell growth without
much impact on the mitochondrial DNA synthesis. At high dosage, AZT can also
cause mitochondrial DNA depletion. It is known that the limiting toxicity of AZT is
anemia and bone marrow suppression, which can happen within a month of treatment.
The lack of peripheral neuropathy and other delayed toxicities with AZT treatment
could be due to the fact that the dosage used was not high enough to cause a similar
effect as was caused with ddC on mitochondrial DNA synthesis in susceptible tissues.
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TABLE 3. Effects of Anti-HIV Nucleosides on Mitochondrial DNA in CEM Cells
after Three-Day Treatment

Inhibition of
Concentration Cell growth mitochondrial
(M) inhibition DNA
ddC 0.10 — + 4t
ddl® 200.00 — + 4+
1000.00 — + 4+ + +
AZT 5.00 - —
20.00 +4 ++
DAT 20.00 + + 4+ ++
D4C 2.00 — + +
10.00 — + + +
araC 0.02 + —

2 Dideoxyinosine.

® More than 90% decrease in mitochondrial DNA content.

< More than 50% inhibition. Methodologies for assessing mitochondrial DNA previously pub-
lished.”!

¢ Approximately 509 inhibition. Unpublished data.

There is a good correlation of relative sensitivity of the effect on mitochondrial DNA
and cell growth to the clinical limiting toxicity, which further supports our hypothesis.
This raises an interesting possibility for assessing a given compound for its delayed
toxicity (similar to that of ddC), that is, to assess its impact on mitochondrial DNA
content in cell culture. This could resolve the issue of the lack of an fn vitro or animal
model for this type of toxicity.

In summary, HIV-RT plays a critical role in viral nucleic acid replication in the
early phase of viral cell infection. There are sufficient differences between HIV-RT and
host DNA polymerases that include polymerases a, 8. 7y, and 8. Thus, to develop a
selective anti-HIV compound that targets HIV-RT is logical. The compounds selected
should be effective in preventing new cells from serving as reservoirs for virus produc-
tion. It is not expected that these compounds will be able to cure HIV infection in

TABLE 4.
Mode of Mg Product Molecular
Enzyme action pH Optimum requirement nucleotides weight
DNase 1 endo 7.1 yes S'-oligo 31.000
DNase I1 endo 48 no 3-oligo 38.000
DNase I11 exo 8.5 ves §-mono/di 52.000
DNase IV exo 8.5 yes S'-mono 42.000
DNase V exo 8.8 yes 5'-mono 12,000
Lysomal exo 5.5 no 3 -mono 70.000
exonuclease
DNase V1 exo 7-8 ves §'-mono 100 to

150,000
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patients with a short course ot treatment. HIV-RT has high infidelity in making
DNA. The alteration of RT in virion during the course of treatment or through
virus propagation is also anticipated. The presence and appearance of a drug-resistant
population is predictable. Thus a single drug treatment for AIDS patients is unlikely
to have a high degree of success in the long run. A combination of compounds that
shows no cross-resistant pattern will eventually be more successful. With regard to
those nucleoside analogues that are currently used in the clinic, metabolizing and
interacting with human cellular components, they should have toxicity. Their spectrum
of toxicity could be quite different depending on how they are metabolized in tissues,
how well their active metabolites interact with the host DNA polymerases, and how
important the target molecule for cell function is. By knowing the mechanism of their
toxicity, an individual's tolerance to a given drug may become predictable, based
on laboratory testing. This should help in the choice of compounds for treatment.
Furthermore, it could also help in selecting compounds for combination therapy.
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Antiviral Drug Resistance’

DONALD M. COEN

Department of Biological Chemistry and Molecular Pharmacology
Harvard Medical School
Boston, Massachusetts 02115

INTRODUCTION

Antiviral drugs, which were only pipe dreams not so long ago, are now successful
enough that we have considerable knowledge about the ways in which viruses can
become resistant to them. Ir the context of AIDS, there are several good reasoas to
start a discussion of antiviral drug resistance with agents that have been successful in
treating herpesvirus infections. We know the most about resistance to these agents in
part because the most widely prescribed antivirals are those against the herpesviruses.
particularly herpes simplex virus (HSV). Herpesviruses are also common and dangerous
opportunistic pathogens in AIDS patients and resistance to antiherpesvirus drugs has
become an important clinical problem in this setting.! * The lessons that we have learned
in studying resistance to antiherpesvirus drugs are quite germane to the possibilities and
realities® of resistance to anti-HIV drugs.

CLASSES OF ANTIHERPESVIRUS AND ANTI-HIV DRUGS

There are two major classes of antiherpesvirus drugs. The first class, which has had
the most clinical success, comprises a wide variety of nucleoside analogues. These
include idoxuridine (IUdR); vidarabine (araA): acyclovir (ACV), which is the most
successful and widely used antiviral drug with indications against many herpesvirus
diseases; and ganciclovir (DHPG), which is secing considerable use against cytomegalo-
virus (CMV) retinitis. These nucleoside analogues are converted to mono-, di-, and
triphosphorylated forms by cellular and/or viral kinases, and it is these phosphorylated
forms that are active intracellularly. For example, in HSV-infected cells, araA is
converted to araA-triphosphate through cellular enzymes” and then goes on to inhibit
HSV DNA polymerase.” ACV, however, is converted to ACV-monophosphate almost
exclusively by the HSV thymidine kinase (TK)* and then primarily, if not exclusively,
by cellular enzymes to the triphosphate,” ™ which is a potent inhibitor of HSV DNA
polymerase."!

The second major class of antiherpesvirus drugs are analogues of pyrophosphate.
These include phosphonoacetic acid (PAA) and phosphonoformic acid (foscarnet,

“Grani support trom the National Institutes of Health (RO AT19838, ROL Al26126, PO
A124010, UOL AI26077, and SO7 RRO5381) is acknowledged.
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PFA). The latter is beginning to see some clinical use. These drugs do not require
activation; rather they inhibit viral DNA polymerases directly, evidently by binding to
the site involved in releasing the pyrophosphate product of DNA synthesis.'?

It is not surprising that many successful and promising anti-HIV drugs are also
nucleoside or pyrophospuate analogues. The one that has seen the greatest clinical
use thus far, zidovudine (azidothymiidine, AZT) is a nucleoside analogue. Like the
antiherpesvirus nucleoside analogues, it is activated by conversion to its triphosphate
and inhibits the viral DNA polymerase, retrovirus reverse transcriptase.'* As with the
herpesviruses, PFA has direct anti-DNA polymerase activity.'* Of course, for both
herpesviruses and retroviruses, other classes of drugs, some with much prou.ise, are
being developed.

WHY STUDY DRUG RESISTANCE?

There are at least three good reasons for studying drug resistance. Studies of drug
resistance can shed considerable light on drug mechanism, can help enable dissection
of viral proteins that serve as drug targets, and can help predict the frequency and
properties of drug resistance in the clinic. All three kinds of studies can lead to improved
therapies that might overcome or circumvent problems of drug resistance.

DRUG RESISTANCE AND DRUG MECHANISM

Because viruses are obligate intracellular parasites, the detection of resistance to an
antiviral implies a certain level of “'selectivity” in the action of the antiviral. Put another
way, virus replication can be inhibited either by interfering directly with virus-specific
processes or by incapacitating the host. The isolation of virus mutants resistant to a
drug strongly implies that the drug acts at least in part by the former mechanism. This
idea was probably first put into print by Herrmann and Herrmann."

Several disclaimers must be made. For example, aphidicolin, which is an inhibitor
of eukaryotic cellular replicative polymerases,'® is surely a cytotoxic agent and not very
selective against viruses. Yet, aphidicolin-resistant HSV and vaccinia-virus mutants
have been isolated'’-'° (although the concentrations of aphidicolin used in such experi-
ments are deleterious to the health of cell monolayers). Additionally, studies in cell
culture cannot predict organ or whole animal toxicities. Moreover, antivirals can act
selectively by modifying the host cell. Interferon operates this way. This selectivity has
been built into virus hosts over millions of years of evolution, however. It will be
difficult to develop selective artificial antiviral drugs with this kind of mechanism.

Selectivity by Inhibition of Viral Polvmerase

In the HSV system, the use of resistance to determine the selectivity and mechanism
of a drug has probably been most applicable to araA. As reviewed previously,” there
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was consideratle disagreement regarding the mechanism of the antiviral activity of
araA. AraA is cytotoxic and as a result it was suggested that it is not a selective
antiviral agent.?” Several investigators reported that it was difficult to isolate HSV
mutants resistant to araA.*'-** Eventually, however, it proved to be fairly easy to isolate
mutants resistant to araA.”?* Thus, araA is indeed a selective antiviral, although some
of its antiviral activity is related to s cyiotoxicity.

Once a drug-resistant virus mutant ‘< identified, a drug target can be identified by
defining the gene in which mutation to drug resistance has occurred. It can be inferred
that this drug target contributes to the selectivity of the antiviral. Herpesvirus drug-
resistance mutations can be assigned to specific genes by genetic analyses, including
complementation and recombination analyses®**® and more precise marker rescue
methods. All HSV araA-resistance mutations studied thus far have been assigned to
the genc encoding the viral DNA polymerase.”*¥** Thus, HSV DNA polymerase is
a target for araA and contributes to its selectivity.

In a similar fashion, the HSV DNA polymerase has been shown to concikts 10
the selectivity of ACV. ACV-triphosphate inhibits viral polymerase at concentrations
much lower than it does cellular polymerase.'* Selectivity has also been demonstrated
by muwiions in the HSV DNA polymerase gene that confer resistance to ACV."” This
is not a trivial poim. Cae ~ould iniagine that the selectivity of ACV resided entirely in
its activauon by HSV TK; subsequent efects could be due entirely to phosphorylated
derivatives incapacitating the host cell. Indeed that may b= the case with some of the
other anti-HSV drugs that have been developed. most of which have ouw more toxic
than ACV.

In the HIV system. the report that virus mutants containing engineered changes in
the pol gene were resistant to PFA™ or AZT™ demonstrates that these drugs inhibit
HIV replication selectively through inhibition of reverse transcriptase.

Mechanism of Ganciclovir Action and Resistance in CMV

In HSV, DHPG. like ACV, is activated by conversion to its monophosphate by
viral TK. CMV, however, is not known to encode or express a TK like that of HSV.
Despite that, CMV induces an increase in DHPG-triphosphate upon infection.**
Because CMYV also induces numerous cellular nucleoside kinases. including one with
weak activity towards DHPG." it was widely assumed that DHPG is activated by a
c-llular kinase that is induced upon CMYV infection.

The analysis of a CMV mutant that is resistant to DHPG. however, challenged this
assumption.’' This mutant, which was readily isolated by serial passage in increasing
concentrations of DHPG, exhibited a tenfold increase in the dose that decreased virus
growth 50%% (ED.,). Strikingly, this was associated with a tenfold decrease in the
level of phosphorylated DHPG. This decrease was not due to decreased stability of
phosphorylated drug or to decreased induction of cellular nucleoside kinases or nucleo-
tide pools. Moreover, the mutant is not deficient in induction of the weak celluiar
DHPG-kinase activity (K. Biron and J. Fyfe, personal communication).

These data demonstrated that DHPG is indeed a selective anti-CMV drug and
provided substantial evidence that selectivity was due. at least in part, to specific
phosphorylation of the drug. More importantly, they demonstrate that CMV encodes
a gene product that contributes to DHPG phosphorylation. Although this product
could induce very specifically a hitherto-unknown cellular kinase, a much simpler
interpretation is that this gene product is a viral enzyme that phosphorylates DHPG
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or possibly its mono- or diphosphate. Thus. a genetic approach provided evidence for
a unique virus drug target. which was not forthcoming from biochemical studies.

Pitfalls of Biochemical Approaches

Biochemical approaches can be limited not only in assessing mechanisms of drug
action, but also in assessing how a given virus mutant becomes resistant to an antiviral
agent. Such understanding is critical when dealing with issues of pathogenicity and
resistance in the clinic (as wii be discussed subsequently). Two examples from HSV
illustrate the pitfalls of a strict btochemical approach to resistance. In ihe firsi example,
there is an HSV mutant that contains a tk mutatic.: leading to very low levels of TK
polypeptide. which 1s unstable. ™ As a result, a standard TK enzyme assay on extracts
of cells infected with this mutant gives the result that the nuiant is TK-negative.™ The
standard interpretation would be that the mutant was drug-resistant due to a TK
defect. In fact, the mutant’s TK defect has little if any effect on its drug sensitivity.™
Instead, the mutant is a recombinant virus containing a DNA polymerase mutation
that confers the drug resistance (unpublished results). Sorting this out would be very
difficult without genetic approaches to map the drug-resistance mutation.

In the second example, there has been a report of a mutant that specifies a DNA
polymerase with an ncreased K, value for bromovinyldeoxyuridine (BVdU) -triphos-
phate; vet, this m=:tant is more sensitive to BVAU than its wild-type parent.”” Thus,
the biochemical analvses did not match the situation in virus-infected cells.

These pitfalls have recurred in analysis of HIV mutants. Site-directed mutagenesis
of a cloned HIV po/ gene resulted in a reverse transeriptase that requires higher levels
of AZT-triphosphate for inhibition. ™ Despite this, as in the second example provided
above, viruses containing the mutant pol genes were more sensitive to AZT than
their wild-type parent.”” Moreover, reverse transcriptase from bona fide AZT-resistant
mutants, which contain po/ mutations, did not require higher levels of AZT-triphos-
phate for inkibition.™™ Thus. biochemical assavs often do not assess resistance appropri-
ately. By contrast. genetic approaches by detimtion measure resistance in the authentic
context of the virus-infected cell.

ANTIVIRAL DRUG RESISTANCE AND PROTEIN STRUCTURE
AND FUNCTION

General Considerations

Once drug-resistance mutations identify a gene product, they can then be used to
dissect it functionally. They can be particularly useful in studies of essential gene
products because the resistance mutation does not abrogate protein function. but rather
alters specific functional features. A fine example of this s provided by the anaivsis
of amantadine resistance mutations mapping to the hemagglhutinin gene of influenza
virus. ™
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HSV DNA Polvmerase

Studies to dissect functionally the HSV DNA polymerase with the aid of drug-
resistance mutations have met with some success. Mutations conferring altered sensitiv-
ity to pyrophosphate analogues are expected to alter amino acids involved 1n pyrophos-
phate recognition. Mutations conferring altered sensitivity to aphidicolin, which inhib-
its competitively with deoxynucleoside triphosphate (dNTP) substrates, and mutations
conferring altered sensitivity to nucleoside analogues are expected to alter amino acids
involved in dNTP recognition. For structure-function studies, it is important to study
many different drug-resistance mutations, because any one could be due to mutations
at a position removed from a substrate-binding site, exerting its effects by changing
protein folding.

Sequence analyses of fourteen different polvmerase mutants with altered drug sensi-
tivity have been published. In the most extensive studv,* nine different mutations were
found in four distinct clusters within about one-quarter of the polymerase. starting
from about halfway in from the N terminus. The majority of the nine mutations and
four of the five others*' ** lie in or near two regions of sequence similarity with diverse
other DNA polymerases. This result led to the proposal that these two regions directly
participate in substrate recognition.* On the other hand. there is no region that seems
solely to be involved in pyrophosphate recognition or dNTP recognition. Rather, it
seems likely that folding brings the various amino acids together to form substrate
recognition sites.

One region, region A* is found in viruses that are susceptible to certain antviral
drugs and not in viruses that are not susceptible. This raises the possibility that region
A serves as a determinant of antiviral drug sensitivity.

The data argue that substrate recognition and thus polymerizing activity lic in the
C-terminal half of the polymerase. consistent with the ciystal structure of the large
fragment of E. coli DNA polymerase 1. Recent work indicates that for phage $29
DNA polymerase, a member of the family of polymerases that includes HSV polymer-
ase, amino acids required for 3'- 5" exonuclease activity are N terminal to those involved
in substrate recognition.*® as is the case for £ coli DNA polymerase 1. Remarkably,
these amino acids share sequence similarity with the 3-8 exonnclease domain of the
otherwise unrelated E. cofi DNA polymerase 1.

HIV Reverse Transcriptase

Site-directed mutagenesis of certain conserved regions of the HIV reverse tran-
scriptase resulted in altered sensitivity of reverse transenptase i viro 1o PFA and
AZT. ¥ Viruses containing mutations ncar certain conserved regions are resistant to
AZT." The results raise the possibility that the conserved regions are important for
drug and substrate recognition, but as vet, t90 few virus mutants have been assessed
to draw that conclusion.

In both the herpesvirus and retrovirus systems, these kinds of mutational analyses
should complement structural studies underway. Such a combined approach should
lead to detailed informauon about the active sites of these enzymes, which may permit
the design of highly specific antiviral drugs.
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STUDIES OF THE FREQUENCY AND PROPERTIES OF DRUG-
RESISTANT MUTANTS

Frequency of Drug-Resistant Mutants

Drug-resistance mutations arise frequently in laboratory stocks of HSV. This is
true not only for mutations in the 7k gene, which is nonessential in cell culture, but for
mutations in the polymerase. A compilation of the available data® gives an estimate
of mutation frequency for either ACV- araA-. or PAA-resistance of 10 *-10 ° One
source of this high frequency of mutation to drug resistance is the HSV DNA polymer-
ase. Mutations conferring an antimutator phenotype map to the DNA polymerase
gene.*” For one antimutator derivative, the lower mutation frequency appears to be
due to improved selection of nucleotides rather than increased editing by the 3'-5
exonuclease.**

There have been no published reports on the frequency of CMV mutants arising in
the laboratory, but they may arise at a lower frequency than do HSV mutants (unpub-
lished data). With respect to HIV_ its reverse transeriptase is highly error-prone.®™
and there 1s abundant evidence that extensive and Mologically important variaton is
rapidly generated at other loci, resulting in climcal isolates that are heterogencous
mixtures of virus.™ ** Tt is surprising that spontancous drug-resistant mutants hase not
yet been isolated in the laboratory.

Are these high frequencies of mutation in the laboratory a cause for alarm regarding
the use of antiviral agents in the clinic? It sull difficult 1o say with certainty Two
features of these mutants that can be studied in the (uboratory are relevant in consider-
ing their clinical importance: sensitivity to other antiviral agents and pathogenicity i
animal models.

Sensitivities to Other Antiviral Agents

Experience with bacterial pathogens has fughhighted the importance of having
agents that can combat organisms that are resistant to odher usetul diugs, TaBi b |
summarizes the results from studies too numerous to cite here that have been obtained
with HSV mutants resistant to ACV. There are Tour classes of single mutations that
confer ACV resistance. Three of these affect TK: mutations that completely abolish
enzyme activity (TK-negative): mitations that decrease acuvity, tor example by reduc-
ing the amount of activity or by decreasing atffiity for sabstrates (TK-partiaD: and
mutations that have little if any effect on activity towards the natural substrate. but
substantial effect on the ability to phosphorylate ACV (TK-altered). The remaming
class of single mutations results in altered DNA polymerase, which is ess able to be
inhibited by ACV-triphosphate. Double mutants with mutations i both the A and
DNA polymerase genes can also be tound.

In general, TK mutants of all three classes remaun sensitive o drugs that b,
viral polymerase without requiring phosphorylation by TK. The TK-negative mutants
are gencerally resistant to any drug such as DHPG that reguires TK tor activation,
whereas TK-partial or -altered mutants are sometimes sensitive to certain of these
drugs depending on their relative affinity for TK and the nature of the mutanon. It s
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TABLE 1. Cross-Resistance and Sensitivities of HSV ACV-Resistant Mutants

Type of Mutant Resistant to Sensitive to
TK-negative DHPG PFA_ araA
TK altered or partial depends PFA. araA
Polymerase altered often PFA often DHPG
TK, polymerasc double possibly all possibly nene

much harder to generalize with polymerase mutants, which can vary widely in cross-
sensitivity. Many ACV-resistant polymerase mutants, but not all, are resistant to PFA,
and many, but not all, are sen. itive to DHPG. One can imagine a double mutant tha
could be resistant to all currently available anti-HSV drugs. As will be discussed
subsequently, one can also imagine a double mutant that would be highly resistant
to ACV and retain considerable pathogenicity. This is an argument for continuing
development of new agents. Even if such agents are too toxic for widespread systemic
use., they should be kept available should life-threatening infections by drug-resistant
HSV mutants occur.

Sensitivities of Drug-Resistan: CMV and HIV

A DHPG-resistant CMV isolated in the laboratory proved sensiuive to every other
compound tested. except for a slight decrease in sensitivity to ACV."" Two PFA-
resistant CMYV mutants are sensitive to DHPG, but fairly resistant to ACV (Sullivan
and Coen, manuscript in preparation), which also demonstrates that ACV is selective
against CMV. The two PFA-resistant HIV mutants isolated by Larder er al”" wiie
actually hypersznsitive to AZT. All AZT-resistant mutants published to date have
come from patients; they showed no more than two- or threefold increases in ED
with PFA or dideoxycytidine, but some showed meaningful resistance to compounds
more closely related to AZT.® More mutants from both CMV and HIV need 1o be
studied before generalizations can be made. It seems prudent, however, to keep the
issue of alternate therapies in the forefront.

Pathogenicities of HSV Drug-Resistant Mutants

Pathogenesis studies on drug-resistant CMV or HIV have not yet been performed.
Such studies, just now becoming possible, should provide much interesting data, as has
been obtained with HSV. TABLE 2 summarizes the results of studies, too numerous teo
cite here. of single ACV-resistant mutants in mouse models of HSV disease. Of course.
caution must be used in extrapolating these results to humans.

All of the classes of mutants are generally capable of replication at peripheral sites
of inoculation. TK-n~gative and TK-partial mutants are the most impaired n this
category, but such mutants replicate to wild-type titers after corneal inoculation ™"
TK mutants are more impaired in their abthty to reactivate from latent infections
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u, 1 explant of ganglia, with truly TK-negative viruses being completely reactivation-
incompetent.” ** In general, polymerase mutants have no difficulty reactivating from
latency. The assay that is most sensitive to drug-resistance mutation is the ability of
the virus to kill mice after intracerebral inoculation. Even in this assay, TK-altered
mutants and some polymerase mutants are only modestly impaired.

Why Are Certain Drug-Resistant Mutants Altered in Pathogenicity?

This question can be raticnalized for TK-deficient viruses that account for the
majority of ACV-resistant mutants isolated in the laboratory. Presumably, because
HSYV is neurotropic and avoids immune surveillance in the nervous system, it must
build up its own nucleotide pools in nonreplicating nerve cells. Thus, HSV TK becomes
much more important in this setting than in cell culture. This would also explain why
many ACV-resistant, TK-deficient clinical isolates have come from immunocompro-
mised patic.ts where the virus can replicate in nonnervous tissue.

Less understood is why polymerase mutants would be less pathogenic, as most have
proven to be. One possible explanation would be that these mutants generally display
lower affinities for normal dNTPs.****7 Thus, because ANTP pools may be lower in
nerve cells than in cell culture, these mutants, like TK mutants, may be at a disadvan-
tage. Nevertheless, as described above one can isolate drug-resistant muta..'s that
exhibit substantial pathogenicity in several assave

TK-Negative Mutants Establish Latent Infections

Even though it is not possible to recover virus upon explant of ganglia from mice
infected with TK-negative mutants, recent results argue that these mutants establish
latent infections. Viral DNA can be found in these ganglia (Katz, Bodin, and Coen,
unpublished results), which expresses the latency-associated transcript.”** and which

TABLE 2. Behavior of ACV-Resistant Mutants in Mouse Models of HSV Disease

Replication Reactivation Neurovirulence
at from upon

Type of mutant Periphery Latency [.C. Inoculation
Wild-type e + 4+ + + PN
TK-negative + -+ 4+ + 0" 0
TK-partial ++-++++ R ol o o 4
TK-altered ++++ bbb + 4+
POL-altered + ++ + ot 0-+ + 4

¢+ + + + = wild-type levels of activity.

"0 = little o1 no activity.

"+ 44, 4+ + refer to intermediate lovels of activity with + + + being nearly wild-type
and + being nearly no activity.
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can be rescued from ganglia upon superinfection with a TK-competent virus.***® This
has a number of clinical implications, assuming that the mouse studies can be extrapo-
lated to humans. ACV-resistant, TK-negative virus would be present in ganglia of
patients who have developed resistant infections. This might be reactivated by TK-
positive virus present in the same neurons giving rise to mixed populations of virus
that retain both pathogenicity and resistance (see below). Additionally, drugs targeted
to inhibit HSV TK might be useful prophylactically during immunosuppression but
would be unlikely to prevent establishment of latency during acute infection.

Behavior of Mixtures of ACV-Sensitive and -Resistant HSV in Mice

Field and Eliis and colleagues have explored how mixtures of ACV-resistant and
sensitive viruses behave in infections of ACV-treated mice.”>% Mice infected with
defined mixtures of ACV-resistant and sensitive viruses could cause disease that was
less responsive to ACV therapy. Mixtures of pathogenic TK-altered and wild-type
viruses were particularly more difficult to treat. After passage of either defined mixtures
or wild-type virus in mice treated with ACV, highly heterogeneous mixtures of virus
were derived that retained pathogenicity and were more resistant than the input virus.
These viruses caused the most serious ACV-resistant disease. These results suggest that
sensitive viruses can complement resistant viruses for pathogenicity, and resistant
viruses can complement sensitive ones for resistance. In view of the latter idea, one can
speculate that the particularly pathogenic and resistant highly heterogeneous viruses
contained some DNA polymerase mutants, as these mutants are known to complement
sensitive viruses for resistance.” Such heterogeneity may already have reared its head
mn resistant isolates from patients suffering from severe, progressive HSV infections
that do not respond to ACV (see subsequent section).

Summary of Pathogenicity Studies in Mice

The relevance of any animal study to human disease is always in question. Neverthe-
less, based on these studies, among single mutants, TK-altered and DNA polymerase
mutants have the greatest potential for causing dangerous drug-resistant infections.
Infections caused by mixed infections may be even more worrisome. espectally if they
contain polymerase mutants.

DRUG-RESISTANT HSV INFECTIONS IN
IMMUNOCOMPROMISED PATIENTS

The first several ACV-resistant HSV strains isolated from patients in the early
1980s were not convincingly shown to contribute to disease, as reviewed by Larder and
Darby.*" and in some cases ACYV treatment did not seem to be impeded. More recently,
however. there have been several reports, especially from AIDS patients, of severe,
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progressive disease in the face of appropriate ACV therapy.**** Nevertheless in
reviewing all of the cases thus far, there has been tremendous variation in the severity
of disease, ranging from mere shedding, through *“indolent™ lesions, to life-threatening
illness. The few cases of DHPG-resistant CMYV infections reported thus far were
associated with disease that progressed and was refractory to drug treatment.’

Types of Mutations Found in Clinical Isolates

As yet there have been few if any virological correlates with clinical outcome. All
of the ACV-resistant clinical HSV isolates except two have exhibited TK-deficiency,
mainly as assayed by /n vitro enzyme assays. It should be stressed, however, that most
of the TK-deficient isolates were not examined adequately for whether they were TK-
partial as opposed to TK-negative. Neither were most of these examined for the
heterogeneity of the virus population. There is nothing to rule out the presence of TK-
positive, altered DNA polymerase mutants in most of the TK-deficient isolates. Two
isolates have been predominantly TK-positive, altered DNA polymerase.® 7 Both
types of isolates—predominantly TK-deficient and predominantly TK-positive—have
been associated with severe disease.

In the few cases when heterogeneity has been examined, both relatively uniform
populations and highly heterogeneous mixtures have been found. Interestingly, in one
case, the former was associated with an indolent infection,”” and in a second the latter
was associated with a severe, progressive infection.® Both populations contained DNA
polymerase mutants. It may be that the polymerase mutations, combined with heteroge-
neity, led to severe disease in the latter case and not the former.

There is no published data yet on the nature of the alterations in the DHPG-
resistant CMV isolates; however, preliminary studies indicate that these isolates, like
the original laboratory isolate, are deficient in phosphorylation of drug (K. Biron,
personal communication).

Pathogenicity Studies in Mice

There has been some examination of the pathogenicity of some ACV-resistant HSV
isolates from patients in mouse models; however, in many cases the resistant isolates
were not compared appropriately with sensitive, pretreatment isolates. There does not
seem to be sufficient recognition that mouse models of pathogenicity are not absolute
measures of pathogenic potential in humans. Different ACV-sensitive HSV isolates
from patients with severe HSV disease require very different titers of virus to establish
reactivable latent infections in mice or to kill mice atter various routes of inoculation.
Thus, finding that 10° plaque-forming units (PFU) cause 100% mortality after intrana-
sal inoculation does not imply that this isolate is “‘fully neurovirulent.”* It may well
be 10*-fold less virulent than its ACV-sensitive parent.

Only a few ACV-resistant isolates from patients have been compared appropriately
with a sensitive, pretreatment isolate that can be inferred to be the parent of the resistant
isolate by restriction enzyme fingerprinting.”**" ** Of these. some have exhibited de-
creased pathogenicity, and some have exhibited substantial pathogenicity in mice. As
yet, no obvious correlation has emerged between behavior in mice and clinical course.
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Treatment of Drug-Resistant Infections in Humans

Treatment of ACV-resistant HSV infection with PFA has been associated with
clinical improvement.***7>"2 Although this has been interpreted in some cases as
reflecting successful treatment, it is difficult to be sure that clinical improvement was
not the result of improvement in immune status, perhaps due to PFA suppression of
HIV in the case of AIDS patients. There are no published reports yet on treatment of
DHPG-resistant CMV; PFA would be a likely candidate for treatment in such situa-
tions, too.

DRUG RESISTANCE IN HIV: SIMILARITIES WITH
HERPESVIRUSES

To coalesce points made separately above, there are many similarities between drug
resistance in HIV and in herpesviruses that raise common issues. Many anti-HIV drugs
are analogues of nucleosides or pyrophosphates. Many anti-HIV drugs target the viral
polymerase. HIV polymerase is relatively unfaithful and is likely to be responsible for
much of the genetic variation observed. Clinical isolates are often heterogeneous mix-
tures of virus.

Unlike the case with herpesviruses, drug-resistant HIV isolated in the clinic has
preceded the spontaneous isolation of such virus in the laboratory. Nevertheless, the
analysis of the clinical isolates and engineered mutants constructed in the laboratory
has demonstrated that, as is true for herpesvirus mutants, biochemical assays can be
misleading, and alternate drugs may be useful in treating resistant isolates.

Among the issues outstanding in considering HIV drug resistance are whether sites
of mutations conferring drug resistance in the virus will reveal surprises regarding the
mechanisms of these drugs; whether the frequency of mutation to drug resistance will
be high; whether the initial indications that alternate drugs will be available to treat
resistant HIV hold up; and probably most important, whether drug-resistance HIV
will have serious pathogenic potential. In particular, will mixtures consisting of drug-
resistant and -sensitive virus play a role in pathogenic, drug-resistant infections? Fur-
ther results in this area are eagerly anticipated.

SUMMARY

Antiviral drug resistance is an area of increasing importance in acquired immunode-
ficiency syndrome (AIDS), not only in terms of the human immunodeficiency virus
(HIV), but also opportunistic pathogens such as herpes simplex virus (HSV) and human
cytomegalovirus (CMV). Studies of drug resistance in these and other viruses have
proven valuable both for the molecular dissection of drug mechanisms and drug targets
and for predicting the features of drug resistance in clinical settings: Drug-resistance
mutations arise readily, due in part to a lack of fidelity of viral polymerase. Both
biochemical and genetic analyses are generally required to understand the basis of
drug resistance. Novel drug targets, such as a CMV gene product that contributes to
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ganciclovir phosphorylation, can be identified by analysis of such mutations. Regions
of drug targets that are involved in drug recognition can be identified by sequencing
of drug-resistance mutations. Analysis of drug-resistant viruses, obtained either in the
laboratory or from patients, reveals a broad spectrum of alterations and points to the
importance of heterogeneous populations of virus in resistance and pathogenesis.
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INTRODUCTION

Infants born to mothers infected with either human lentiviruses (HIV) or oncornavi-
ruses (HTLV-I) are an expanding population who are at risk for retrovirus exposure
in utero, during parturition, and after birth through breast milk."* Chemotherapeutic
approaches directed toward reducing perinatal retrovirus infection require in vivo model
systems to develop effective treatment regimens that minimize toxicity. Cas-Br-M
MuLV infection of neonatal NFS/N mice is used to evaluate perinatal intervention with
antiviral agents. Infection of neonatal mice with Cas-Br-M MuLV leads to replication of
the virus in spleen with dissemination to other organs. most notably to the CNS where
pathologic lesions (spongiform encephalopathy) develop in the brain stem and spinal
cord. A chronic progressive neurodegenerative disease ensues that results in weakness
and paralysis in susceptible mice.’ * Because NFS/N mice are a genetically inbred
strain, the latent period for viral replication, dissemination, and the onset of disease
are highly reproducible, and the effects of antiviral agents can be clearly demonstrated

“These studies were snpporied by NIAID Contract NIH-NIAID-MIDP-1-YO1-60002. Three
of us (J. A, Bilello, R. Personette, and J. L. Eiseman) are partially supported by Merit Review
Awards from the Department of Veterans Affairs
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using both virological and clinical end points. Viral core (p30) and envelope (gp70)
proteins are detected in the spleen of infected untreated mice 2-3 weeks postinfection
(p.i.), in brain at 4 weeks, and in spinal cord 5-6 weeks p.i. Neurologic symptoms can
be evaluated within 5-8 weeks p.i. This well-defined pathogenesis of Cas-Br-M MulLV
in NFS/N mice permitted us to document the ability of the antiviral agent 3’ azidothy-
midine (AZT) to prevent retrovirus dissemination to the CNS and to alter the course
of neurologic disease.

Although Cas-Br-M MulLYV differs from HIV and HTLV-I in genetic constitution,
all retroviruses are nearly identical with regard to the early replication steps: adsorption,
penetration, reverse transcription, and integration of the proviral DNA. Two observa-
tions are particularly relevant to this study: MuLV reverse transcriptase is inhibited
by AZTTP, the nucleoside triphosphate form of AZT:* and AZT inhibits de novo
infection of murine celis with Cas-Br-M MulLV, but has no effect on viral replication
once integration has occurred.’

Clinical efficacy of an antiviral agent is dependent upon attaining effective (inhibi-
tory or virucidal) concentrations of the agent at sites of infection. For a nucleoside
analogue such as AZT, which has as its molecular target the retroviral reverse tran-
scriptase, it is important that an inhibitory concentration of the nucleotide triphosphate
is present in target cells. In this murine model we are able to determine the pharmacoki-
netics and pharmacodynamics of AZT or other antivirals and the impact of the dosing
regimen on drug distribution and the dise?se course.

METHODS

Mice

Pregnant NFS/N mice were obtained from the Animal Program administered by
the Animal Genetics and Production Branch of the National Cancer Institute. To
minimize exogenous infection, animals were housed singly in microisolator cages for
filtration of room air. Sentinel mice are routinely monitored for infection by exogenous
viruses in the environment, including mouse hepatitis. pneumonia virus of mice. minute
virus of mice, reovirus type 3, lymphocytic choriomeningitis, and Sendai virus.

Inoculation and Clinical Observation

Pregnant NFS/N mice were observed daily. and their pups were inoculated with
Cas-Br-M MuLV (1 x 10° plaque-forming units (PFU)/mL, 0.03 mL intracranially
or intraperitoneally) | to 2 days after birth. Pups were weaned at 21-2R days of age
and housed by sex, litter, and treatment. Observations of general health status were
done daily, and symptoms of neurologic disease, including tremor. toe splay. and hind
limb weakness were recorded weekly.
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Preparation of Tissue Homogenates and Virus Titration

At the designated time points, mice were euthanized and bled by cardiac puncture.
Spleen, brain, spinal cord, and other tissues of interest were removed and rapidly frozen
on dry ice or liquid nitrogen and stored at —70°C or less. Prior to assay the tissue was
weighed and homogenized at 4°C in phosphate-buffered saline. Protein content of the
homogenate was determined by Coomassie blue dye binding (BioRad. Rockville Center.
NY). Dilutions of the homogenates were made in duplicate in Eagies MEM tissue
culture medium without serum. Virus was titered by XC assay” after infecting SC-1
fibroblasts in duplicate with serial dilutions of tissue homogenates.

Polyacrylamide Gel Electrophoresis and Immunoblotting

Samples (300-400 ng of protein) were analyzed on 3 mm thick. 16 cm long. 12.5%
SDS-potyacrylamide slab gels.” Transfer of proteins to nitrocellulose was for 16 hours
~t 10 nly Going Tols glyciue-methanol buffer as described by Burnette.'” viral proteins
were identified after reaction with primary antisera (goat anti-Rauscher MuLV p30 or
Friend MuLV gp70) and '**I-labeled Protein G (Amersham, Oak Park. IL). Autoradi-
ography was performed using Chronex 4 film ¢nd Quantz ITl enhancing screens at
—70°C.

Assay of AZT Levels in Murine Tissues

A high-performance liquid chromatographic (HPLC) method was developed to
measure the concentration of AZT in murine tissues and plasma. Briefly, tissue homoge-
nates or heparinized plasma samples (200-500 ul) were spiked with 50 pL of the
internal standard (a 200 uM solution of the beta isomer of AZT). HPLC separation
was achieved with gradient flow of 1.2 mL/min from a Brownlee 22 cm Speri 5 RP-
18, 5 uM column. The mobile phases were acetonitrile and 10 mM ammonium acetate,
pH 4.0. Gradient was maintained at 179 acetonitrile in buffer for the first 7 minutes,
increasing to 30% acetonitrile in buffer for 3 minutes, and decreasing 10 17% acetoni-
trile by 30 minutes. All samples were analyzed by comparison to an AZT standard
curve that was quantified at 267 nm and was lincar from 0.1 uM to 200 uM AZT,
with less than 5¢ interassay variation (Eiseman et ol submitted.).

RESULTS
Efficacy of AZT Administered in Drinking Water

In vitro studies showed that 0.1 uM AZT was cffective in protecting cells from de
novo infection, but concentrations of AZT up to 10 uM did not effect the release of
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virus from cells chronically infected with Cas-Br-M MuLV.™'" Cocultivation expen-
ments, shown in FIGURE 1, demonstrate that continuous expaosure to 1O uM AZT in
tissue culture media protected uninfected cells in vitro from the cell to cell spread ot
Cas-Br-M MulV for a period of one month.

Pharmacokinetic studies of AZT in Cas-Br-M MuLV-infected and unnfected
NFS/N mice (manuscript in preparation) indicated the plasma half-life of AZT was
16 minutes in males and 18 minutes in females. Total body clearance in male and
female Cas-Br-M MuLV-infected mice was 1.3 L/kg/h and 1.0 L /kg/h. respectively.
after 1.v. dosing. AZT was not detected in murine plasma collected beyond 4 h after
dosing (lower detection limit, 0.1 uM). A comparison of AZ 1 plasma pharmacokinetics

% Cells Infected at Day 30

5
2 22
20
15
10
3.6
5
0 - —_— ————
No Treatment IFN 500 U/mI AZT 1uM ddC 5 uM

FIGURE 1. Mouse SC-1 cells chronically infected with Cas-Br-M Mul ¥V were cocultivated with
a 250-fold excess of uninfected SC-1 cells in the presence of inhibitory concentrations of AZT (i
uM), dideoxycytidine (ddC 5 uM). or murine beta interteron (IFN, 500 units/ ml 1 the medium
for a period of one month. Cells were passaged weekly, and the media was changed (1o maimntam
levels of IFN and AZT or ddC) every 72 hours. Virus-infected cells were measured by tevpsimizing
cell monolayers and plating dilutions of the cells with 10°" uninfected SC-1 cells. After § days
cells were exposed to UV and overlayered with XC cells.

in mice after oral and 1.v. dosing demonstrated AZT was 1009 bicavalable by 1he
oral route. FIGURE 2 shows that AZT accumulates more slowly in the brain, and peak
concentrations are an order of magnitude lower than in plasma or spleen. Notably the
concentration of AZT in the spleen was twofold higher than in the plasma of NFS N
mice, which indicates that AZT rapidly accumulates and may concentrate in this organ,
which is the primary site of Cas-Br-M MuLV replication.

Based upon the pharmacokinetic data, pregnant NFS "N mice were treated with
AZT (1 mg/mL in drinking water) beginning five days prior to parturition or when
the newborns were inoculated intracranially (1.c.) with Cas-Br-M MulLV (0 to 2 davs
after parturition). Three weeks postinfection, 1-3 pups per litter were cuthanized. and
spleen and brain homogenates were analyvzed for the presence of mfections virus. As
seen in TastE 1, no virus was found in the spleen and braim homopenates from s tinter
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FIGURE 2. AZT pharmacokinetics in plasma and tissues of NFS/N mice. AZT was administered
at a dose of 50 mgs/kg (0.05 mL of a 10 mg/mL solution for 10 grams body weight). At the
indicated time points after dosing, one antmal of each sex was sacrificed. Plasma was obtained by
centrifugation of heparinized blood at 1200 rpm for 10 minutes. Plasma. spleen. and brain were
frozen for subsequent assay of AZT as described in the METHODS.

where dams were treated with AZT prior to delivery. Only one of three pups tested
from a dam treated with AZT at the time of virus challenge had detectable virus in
the spleen. This pup had a four log lower titer than found in Cas-Br-M MuLV-infected
three-week-old mice from untreated dams (TABLE 1). At four weeks postinoculation
therapy was either halted or continued at 1 mg AZT per mL in the drinking water.
All auimals were observed for 15 months postinoculation. Untreated infected mice
were paralyzed and/or moribund and sacrificed by 18 weeks. The 16 Cas-Br-M MuL V-
-challenged mice who received AZT only during lactation and the S mice who received
AZT during lactation and for an additional 4 weeks were all normal by physical
diagnosis and histological examination of brain and cord. XC assav of homogenates of
brain, spleen, and spinal cord from these mice were negative. No viral p30 or gp70 was
detectable by Western blot of homogenates from uninfected or AZT-ireated mice (F1G.
3). In another study where Cas-Br-M MuLV-infected pups received AZT only through
milk from treated dams, | of 23 brain and 2 of 23 spleen homogenates were positive
for MuLV p30.” By contrast, when AZT was administered to dams for the first week
of lactation, all pups were virus-positive, albeit that virus titer in spleen and brain was
reduced by a factor of 5 to 10.

HEMATOPOIETIC TOXICITY OF AZT

By 4 weeks of treatment with I mg/mL AZT, the hematocrits of treated dams fell
t0 9.0% * 1.39% compared to control hematocrits of 52.7¢% = 3.4% (F1G. 4). Due
to a fourfold increase in water consumed by the lactating dams, the total dose of AZT




BILELLO er al.: ANTIVIRAL AGENTS 243

per mouse per day increased from approximately 190 mg/kg at day 1 of lactation to a
peak of approximately 800 mg/kg at day 24. Histological examination of bone marrow
from AZT-treated dams confirmed aplasia. Further, a marked decrease in the red cell
precursors in splenic red pulp was noted. Megakaryocytes and myelocytic cell types
were less affected (F16. 5). AZT-mediated depression of hematocrit was readily reversed
upon the removal of the drug from the drinking water (FIG. 6).

Weanlings who had received AZT by way of maternal transfer were either continued
on treatment (5 mice) with AZT at | mg/mL in the drinking water for an additional
4 weeks or had therapy terminated (16 mice). Those mice (12-14 g) who continued
AZT therapy for 4 weeks showed signs of weakness and inactivity when compared to
weanlings whose therapy had been terminated. This weakness was associated with
hematocrits below 30% as compared to normal values of approximately 50 percent.
As 1. dams, anemia and associated weakness were reversed when AZT dose was
reduced or terminated.

Toxicity and Efficacy of AZT Administered by Constar:: Infu.ion

Because of th: short half-life, detection of AZT in the plasma of mice drinking 1
mg/mL AZT was highly variable. In 16 dams the level of AZT varied from 21 puM 1o
unGetectable (less than 0.1 uM). Similarly plasma levels of AZT were variable and
usually not detectable in pups of such AZT-treated dams at the time of euthanasia. To
maintain therapeutic levels of AZT for prolonged periods, AZT was administered by
constant infusion using ALZET™ 2001 miniosmotic pumps implanted subcutancously
in near-term pregnant or lactating dams. Three successive implants of an ALZET™
2001 were required in order to maintain AZT levels for 21 days. Plasma AZT concentra-

TABLE 1. Virus Titer in Spleen and Brain Tissue Homogenates from Three-Week-
Old Cas-Br-M MulLV -Infected NFS/N Mice

AZT treatment” Number/ Virus titer
of dam total” Tissue PEL/0.1g - 1000
Control 3/3 Spleen < 0,0008

(No MulLV) Brain S 00008
none 3/3 Spleen a0
Brain 8

AZT 5 days prior 3/3 Spleen S 008
to birth Brain 0.000S

AZT 2 days after 2/3 Spleen - 0005

birth Brain - 00005

AZT 2 days after 173 Spleen 0.006

birth Hrain < 0.0008

“AZT 1 mg/mk was admimstered in the drinking water. At 2 days after birth the newbaorn
mice were nfected with Cas-Br-M MuLlV intracramally as described w the Me vpons
" The fraction reflects the number of pups with the indicated responsesthe number tested
Virus 1n tissue homogenates was titered using the XC plaque assay Results are expressed as
the average of cach sample in duplicate at each of the three dilutions tested



24 ANNALS NEW YORK ACADEMY OF SCIENCES

tions obtained from these dams demonstrated that ALZET'™ 2001 pumps loaded with
250 uL of a 25 mg/mL solution of AZT were maintained at approximately 1 uM
(0.854 = 0.145 uM) in lactating NFS/N mice. Pups from dams receiving AZT through
continuous infusion were sacrificed, and the plasma from 6 pups per litter was pooled.
Only one litter of 14 had a detectable plasma level (0.176 uM AZT) at the time of
sacrifice.

Administration of AZT to dams by constant infusion limited virus spread and
delayed the onset of symptoms in their offspring challenged with Cas-Br-M MuLV. At

AZT No Rx
s b c sb c

- - —p30

FIGURE 3. Western blot of spleeni (3), brinn thy, and spinal cord (¢) tissoe trom control and
AZT-treated NEFS/N nuce Tissue homogenates from Cas-Br-M Mub V anfected and AZ 7 -treated
1t eeted pups were analyzed by PAGE and imounoblotied as deseribed in My iHODS Antiserum
to Rauscher Mul.V 30 was used toadennify Mul Vispeatic protems with p30 antigeme deternu-
nants
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FIGURE 4. Hematocrits of NFS/N dams treated with | mg AZT/mL in drinking water. NFS/
N dams were permitted to drink untreated water or water containing AZT ad libitum for a period
of three weeks. Hematoerits were measured weekly on blood obtained from the orbital sinus

4 weeks postinoculation 2 pups per litter were sacrificed. and brain tissue homogenaies
were analyzed by XC assay. Four of four pups from continuously infused dams were
virus-positive and had an average of 2.1 x 10" XC PFU. whereas untreated mice had
an average of 5.2 X 10 XC PFU per 0.1 g of brain ussue. This difference was
reproducible. and variation between animals was minimal. Consistent with other data
on the drinking water regimen, brain homogenates from mice treated with AZT (1
mg/mL) in drinking water had no detectable virus (less thai 1 PFU per 0.5 mL of
homogenate) and were p30 negative by Western blot. At 18 weeks p-1. 16 of 16 untreated
Cas-Br-M MuLV-infected NFS/N mice were in late stage of neurologic disease,
whereas 3 of 7 offspring from continuously infused dams were symptomatic but with
less overt disease. Splenic hyperplasia and increased numbers of erythroblasts were
readily observed in dams continuously infused with AZT ar 25 peg/h (FIG. 5). At
necropsy darns with an AZT-releasing implant had an average spleen weight that was
twofold higher than untreated mice or mice with a saline-containing ALZET implant.
Using standard hematopoietic colony-forming assays. we observed an increase in hema-
topoietic precursors (BFU-e, CFU-c) in spleen and bone marrow of mice continuously
infused with AZT (data not shown).

FIGURE 5 (Sec overleaf). Histopathology of the spleen following AZT-treatment of NFS/N
dams. Sections of spleen or bone marrow stained with hematoxylin eosin and magnified ~ 600,
Panel A: Spleen from an untreated NFS/N dam; pancel B: hypoplastic spleen from a dam on 0.5
mg/ml. AZT. panel C: hyperplastic spleen from a dam with an ALZET miniosmotic pump
maintaining plasma AZT levels of approximately | uM: panet D: normal bone marrow, untrearted:
panct E: severely hypoplastic bone marrow, 0.5 mg/ml AZT: panel F: bone marrow from
continuously infused dam, showing extensive erythropotesis.
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Absence of Long-Term Toxicity upon AZT Administration

We observed no differences in the weight, size, or the general health status of litters
receiving AZT for three to four weeks by way of maternal transfer. Mice from AZT-
treated litters were brother-sister mated to determine whether AZT had an effect on
the reproductive capacity of the F, litters. No difference in fertility was observed.
Further, no significant difference in the litter size (7.8 = 0.91 vs 7.9 = 1.47), weight
at one week (5.21 * 1.24 vs 541 * 0.5), or general health status of the F, generation
was apparent. During the 18 months of observation and at necropsy no neoplastic
disease was documented in AZT-treated F, offspring.

Hematocrit (%)

50 - -
40
30
20 .
10+
AZT-treated AZT-treated * Contro!
1 2 3 4

Weeks Post-AZT

FIGURE 6. Recovery of hematocrits after removal of AZT from the drinking water of two
lactating NFS/N dams. The three dams, one control and two AZT-treated (1 mg/mL in drinking
water for four weeks) were all permitted to drink normal untreated water ad libitum for a period
of three weeks. Hematocrits were measured weekly on blood obtained from the orbital sinus.

DISCUSSION

These data indicate that AZT can be administered to newborn mice by way of
nursing dams to prevent both the initiation of retrovirus replication and the establish-
ment of reservoirs of infection in vivo. Perinatal challenge with Cas-Br-M MuLV was
chosen because natural transmission of several retroviruses occurs perinatally either
during parturition or through milk-borne transmission.!*'* This model may represent
a situation more like pediatric AIDS in children than other murine models using other
routes of infection, such as the one described by Sharpe cr al.'*
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Ruprecht and her colleagues first reported that AZT in the drinking water was able
to limit Rauscher MuLV infection of adult BALB/c mice. AZT therapy that began
four hours postchallenge with 10,000 PFU of R-MuLV prevented the establishment of
disease: spleen and plasma were virus-free 20 days postinoculation.'* Qur present study
demonstrates that AZT administered orally to dams by way of drinking water is
remarkably effective in preventing the establishment of MuLV infection in the offspring
after a single injection of Cas-Br-M MuLV. Infection with Cas-Br-E MuLV, howeer,
was not prevented by AZT therapy begun after introduction of virus-infected cells in
utero.”? Timing of AZT therapy is critical; increased viremia was observed in ca:s
treated 3, 7, or 28 days after infection with feline leukemia virus'® and in BALB/c mice
inoculated with R-MuLV and treated 19 days postinfection.'* Further, the length of
the treatment period is also important. AZT administered to lactating NFS/N mice
for a period of one week was not sufficient to prevent infection of their offspring
chalicnged withi Cas-B1-M MulV.

Our results suggest that the enhanced efficacy of the drinking water regimen over
continuous infusion may be directly related to AZT pharmacokinetics. Dams with
implanted ALZET miniosmotic pumps loaded with 25 mg/mL AZT had plasma levels
of AZT of approximately 1 uM. Levels of AZT in the spleen, the primary site of Cas-
Br-M MulLYV replication, were approximately twofold higher than piasma AZT levels,
whereas the concentration of AZT in brain was approximately tenfold lower, presum-
ably due to the limited penetration of AZT across the blood brain barrier. Mice
drinking AZT in water, in effect, receive AZT by way of pulsed delivery with high-peak
concentrations followed by low “though™ levels of drug. Direct measurement of AZT
levels in NFS/N plasma and tissue showed that levels of AZT above 150 uM were
reached within 5 minutes after oral gavage. Other studies also suggest greater efficacy
of intermittent dosing regimens. Human polymorphonuclear leukocytes pulsed with
AZT in tissue culture maintained higher intracellular levels of AZT di- and riphos-
phates.'” AZT is effective when administered at 250 mg/kg every four hours to patients
with AIDS. Continuous administration of AZT to pediatric patients was shown to be
effective in limiting and possibly reversing neurologic symptoms with minimal toxic-
ity.!” AZT delivered through continuous infusion to NFS/N dams was not as effective
in preventing infection as intermittent dosing. This may be due to lower levels of AZT
transferred to the offspring or the intermittent delivery through nursing. Other studies
in adult C57BL/6 mice, however, have shown that continuous infusion of AZT for 21
days (maintaining concentrations of 1 uM) was not as effective as longer treatment
with 1 mg/mL AZT in drinking water."" These data suggest that high-peak levels of
AZT achieved on the drinking water regimen may enhance the chemotherapeutic
application of AZT. Onset of neurologic disease, however, was delayed in mice nursed
by NFS/N dams continuously dosed for three weeks by way of ALZET pump, and
Cas-Br-M MuLV replication and/or spread was reduced. By contrast, no disease or
Cas-Br-M MuLV replication was observed in Cas-Br-M MuLV-challenged offspring
after receiving AZT at 1 mg/mL in drinking water for three weeks.

Lastly, anemia, bone marrow suppression, and neutropenia develop during treat-
ment of AIDS patients with AZT."® Similarly, nursing NFS/N mice treated with AZT
in drinking water had a marked decrease in the red cell precursors in the red pulp of the
spleen. Colony-forming assays performed by Bogliolo er al.'® confirm AZT-mediated
toxicity for murine hematopoietic progenitor cells. Hematopoietic stem cells were
capable of renewal after stopping treatment of NFS/N mice at 21 or 28 days, whereas
continued treatment resulted in aplastic anemia and death. By contrast. splenic hyper-
plasia and an increase in spleen weight but no depression of hematocrit was observed
in NFS/N dams with plasma levels of AZT maintained at nearly one micromolar,
using an ALZET miniosmotic pump. These data suggest that AZT alters erythropoiesis
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in the absence of overt hematopoietic toxicity or anemia. Because long-term continuous
infusion experiments were not performed, it is not clear whether AZT-induced hyper-
plasia and increased hematopoietic precursor cell proliferation/differentiation would
lead to neoplastic conversion or extensive depletion of marrow precursor cells.

In conclusion, these data demonstrate the utility of this murine model in evaluating
the efficacy and toxicity of therapeutic regimens and favor the chemotherapeutic use
of AZT at high dose for a limited period of time. Inasmuch as we do not know whether
macrophages (a primary target of HIV) are infected by Cas-Br-M MuLV and/or are
involved in MuLV dissemination to the CNS, it is not clear whether this regimen will
be sufficient to prevent the establishment of HIV infection. In contrast to T cells,
macrophages are not readily killed by HIV and may function as a long-lived reservoir
of infection. Clearly, chemoprophylactic regimens for HIV infection should be adminis-
tered for a period of time long enough to permit turnover and/or elimination of
potential cellular reservoirs.
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Strategies to Inhibit Viral
Polyprotein Cleavages
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INTRODUCTION

Some viruses encode their own protein-processing machinery. Following the initial
reports'* of this discovery. there have been numerous detailed accounts of viral protz-
ases and their substrate preferences (for a recent review see ref *), .s well as several
approaches to inhibitors (reviewed in ref. 3).

Thus far, biochemical studies of viral protein processing have proceeded indepen-
dently of any significant clinical results with virus-targeted protease inhibitors, but in
light of the current AIDS epidemic. one may expect that this will change dramatically
over the coming months and years.

In this paper, I will briefly give a personal view of some possible approaches to
inhibiting viral proteases. using data for HIV. as well as other viruses in the assessment.
Given constraints on space, much of the experimental evidence supporting one ap-
proach over another will be presented in a very abbreviated way, and for that I apologize
at the outset.

Features of Viral Proteases That Make Them
Attractive Chemotherapeutic Targets

Some salient characteristics of viral proteases are listed in TaBLE 1. They represent
an interesting class of processing enzymes because they are much more selective than
standard protein-degrading enzymes, but paradoxically they are substantially (¥-%)
smaller (less complicated?) than cellular proteases. So far. all are synthesized as part
of a much larger precursor protein and seem to be self-activating, capable of freeing
themselves from their precursor by clipping away their N- and C-terminal extensions.
They appear to be related to conventional active-site protease families. although this
has not been proven rigorously in all cases.

In general, there is irrefutable homology among the members of a virus group
regarding the protease and the cleavage sites used. Particularly at the active site, all
members of a virus family are identical or show very conservative substitutions. This
implies that viruses will have no easy task in escaping active-site directed inhibitors by
genetic drift, particularly if elements of their cleavage sites are included in the drugs.
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From studies of a variety of animal viruses. inactivation of the viral protease cannot
be rescued by the host cell.

The assignment of viral proteases to a known active-site class presents the drug
designer with an unwelcome potential technical hurdle. Although understanding the
basis of the catalytic site is of obvious benefit, it means that certain cellular proteases
may be partially sensitive to inhibitors of viral proteases. Possibly this can be overcome
by incorporating features of the viral cleavage sites into the inhibitors, but this will ¢
priori complicate the synthesis. Thus far, no claims of novel active-site chemistries for
viral proteases have appeared, and the HIV protease structure and inhibition pattern
clearly place it within the diverse and physiologically important family of aspartic
proteases.®’

At the present time, we have available an extensive catalog of viral cleavage sites,
but these sites are known only to the extent of the amino acids present as a linear array
surrounding the site. Virtually nothing is known of the folded structure of the site,
whether it exists as a surface loop or in some other form. This should become a fruitful
area for further detailed investigation.

TABLE 1. Characteristics of Viral Proteases

Virus-coded

Essential for replication

Smaller than cellular counterparts

High substrate specificity

Self-processing

Conserved active site; conserved cleavage sites

APPROACHES TO INHIBITORS OF VIRAL PROTEIN
CLEAVAGES

Assessment of Inhibitors

There have been two distinct, but overlapping. approaches for assaving inhibitors
for their ability to block viral protein cleavages. The traditional approach has been to
examine the pattern of viral protein synthesis and processing in infected cells in cul-
ture."® This approach is fairly complex, usually requires several days, may involve
handling of radioactive compounds. and is somewhat indirect, because inhibition of
protein processing may be the result of effects other than direct inhibition of a viral
protease. It offers, however, the major advantage of yielding results on intact cells,
which often translates better into genuine antiviral activity than exclusively cell-free
experiments.

Cell-free experiments can now be performed with semipurificd or homogencous
components in several convenient formats. Often these assay systems contain a purified
viral protease, which is reacted with a synthetic peptide substrate, based on the clements
of a viral cleavage site, plus a reporter group.™'" A ~ecent report described a convenient
chromogenic substrate for the HIV protease.’ The cell-free arproach is inherently




254 ANNALS NEW YORK ACADEMY OF SCIENCES

faster, less complicated, and more quantitative than experiments with intact cells, but
suffers from an inability to directly predict biological availability and efficacy of a test
compound. It is probably wisest to build a program seeking virus-specific protease
inhibitors based on a marriage of the cell-free and cell-based approaches. A program
based solely on the latter, however, is also reasonable.

Only rarely have protease inhibitors been reported in the literature to have antiviral
effects in vivo,'>!* and those have exclusively been carried out in model (rodent) systems
with RNA viruses. In spite of these limitations, those reports do contain data showing
efficacy of natural and synthetic protease inhibitors in selected viral infections in
animals. The reports also support the view that such an approach could lead to useful
antiviral drugs, although side effects or toxicities of the test compounds were not
carefully considered in the published accounts.

New techniques for rapid assessment of cleavage inhibitors in intact cells would be
of value. Our laburaiory recently devised “inverted” plasmid constructions that were
processed faithfully in E. coli. under control of a viral protease.’* We have adapted
that format to one in which the HIV protease is fused to a bacterial protein, namely
beta-lactamase. The construct yields lactarnase activity after autocatalytic removal ot
the viral protease (TABLE 2) and permits the cells to grow on penicillin-containing
media. Such an assay should be useful in testing large numbers of compounds for their
ability to inhibit the viral protease, scoring bacterial growth in the presence of penicillin.

Inhibitors of Viral Protein Cleavages

A multiplicity of approaches to inhibitors of viral protein cleavages have recently
been reviewed.® They fall into two fundamentally different categories (see TABIE 3):
alteration of the substrate so that it cannot be properly cleaved. and direct inactivation
of viral proteases.

Alterations of the viral polyprotein to prevent its cleavage are relatively simply
attained: high temperatures ( > 37°C), incorporation of amino acid analogues during
biosynthesis, exposure to certain metal ions, or denaturants, such as guanidino com-
pounds, as well as many other physical or chemical treatments, will lead to stabilization
or inappropriate cleavages of the viral polyprotein and associated loss of viral infect-
vity. The negative side of these approaches is fairly obvious: they cannot readily be
tailored to the virus. Amino acid analogues, for example. will be incorporated equally
well into cellular proteins as viral proteins, and such alterations wil' likely lead to
undesirable effects on host metabolic regulation.

The second category is more conventional in a pharmaceutical sense. that s, the
inhibition of viral proteases by natural or synthetic inhibitors. Naturally occurring

TABLE 2. Beta-Lactamase Expression in E. cofli from a Fusion Protein Cont2ining
the HIV-1 Protease

Clone Lactamase umts-myg protein
Wild-type HIV protease-lactamase fusion 470
Inactive HIV protease (D25/G)-lactamase fusion 188

Wild-1ype HIV protease (no lactamase present) - 10




. o—_——

KORANT: VIRAL POLYPROTEIN CLEAVAGES 255

TABLE 3. Classes of Inhibitors of Viral Protein Cleavages

Class Activity range for ED, (M)
Substrate modifiers
Amino acid analogues 10
Chelating agents 10 ¢
Metal ions 10 ‘o010 °

High temperature (> 37°C)
Natural inhibitors

Pepstatins 10 *w0 10 *
Pancreatic trypsin inhibitor 10 ™
Cystatins 10-°
Macroglobulins 10~
Synthetic inhibitors

Affinity labels 10 ‘o 10 *
Cleavage-site mimics 10 “wiC ™
Retro-inverso peptides 10 “to0 10 °
Dimerization inhibitors ?

¢ In vivo experiments in mice.
" Microinjected into infected cells.

protease inhibitors (including derivatives of compounds found in nature) that are
reported to be inhibitory to viral proteases range from small, antibiotic-like compounds,
such as pepstatin A.'* to small proteins, such as cystatins,' to very large, oligomeric
protease inhibitors, such as alpha-2-macroglobulin, sometimes present in serum at
concentrations of several milligrams per milliliter."” In several studies,™!'" '* ability of
such inhibitors to block virus replication was reported.

With the proteinaceous inhibitors, the one-to-one stoichiometry of the protease-
protease inhibitor complex means that substantial quantities of the inhibitors are re-
quired (molecular mass of alpha-2-macroglobulin is nearly 800.000 daltons). Further-
more, they penetrate intact cells poorly, or not at all. thus making for problems in
delivering them to an appropriate site of action. They are very effective inhibitors
of extracellular proteolytic reactions, however, and could play a prominent role in
deactivating any viral protease molecules that are released following exocytosis of virus
particles or cell lysis,

By comparison, smail tnhibitors, such as pepstatin derivatives, are likely to become
genuine leads for antiviral therapy. In one recent study,' the activity of pepstatin A was
enhanced against HIV-1 protease up to 100-fold with a simple chemical modification.
Assuming enhanced potency will translate into antiviral activity in cultured cells and
animals, a structure-activity relationship should begin to elaborate improved pepstatin
derivatives.

Completely synthetic proteasc inhibitors may offer the best opportunity to develop
new antiviral drugs. The recent successful entry of synthetic-converting enzyme inhibi-
tors as clinical antihypertensives provides an optimistic outlook for generalizing the
approach to include viral proteases. It was recently shown'™ ™ that peptide mimics of
viral cleavage sites, containing organic blocking groups at their ends, can have substan-
tial antiviral activity against a variety of viruses. A-peptidic analogues may be expected
to have improved stability in a physiologic sense and eventually to be made highly
specific for viral processing events. Finally, in the particular case of the retroviruses,
inhibitors of the dimerization process, which are required to form active enszyvme.”
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may provide another avenue for devising exquisitely specific inhibitors of HIV and its
relatives, independent of the active-site chemistry of the aspartyl protease family.

Prospects

The study of viral protein processing events has unfolded in the past twenty years
to offer many insights attractive for inhibitor design, not the least of which are the
recent descriptions of the structure of the HIV-1 protease. at nearly atomic level
resolution.®*

A complete knowledge of the structure of a viral cleavage site undoubtedly would
help in the design efforts, but sufficient informatton is contained in the primary se-
quences of the cleavage sites to allow the building of potent inhibitors that contain
peptidic linkages. Futuie ¢Jorts nrust ety v further strucrurai intormation and trial
and error to synthesize simplified nonpeptidic compounds that retain selectivity and
potency. For the retroviruses, this will include information on substrate binding sites
as well as monomer-monomer docking sites.

There will still be other barriers to overcome, as with any new drugs. The distribu-
tion into infected organs as well as into cells will have to be addressed. Perhaps more
formidable will be the avoidance of inhibiting cellular proteolytic enzymes that have
important roles in host physiology. Inasmuch as many such enzymes have yet to
be fully appreciated, it is premature to predict the eventual outcome with absolute
optimism.

On the positive side of the ledger. we are rapidly reaching a status where we have
a nearly complete por.rait of some viral proteases. including their biological functions,
mechanism, substrate specificity, structure. and genetics. Mo other viral functions have
yet been described in such intimate and useful detail. Qur obligation is 10 see that this
strategic approach receives the best basic research support possible, and that ‘nhibitors
that arise from the research studies are expeditiously guided and promoted through
thoughtful, well-designed clinical trials.
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INTRODUCTION

Feline leukemia virus (Fel.V), a4 contagiously transmitted feline retrovirus of the
family Oncoviridae, has teen recognized for over 20 years as the principal cause of
lymphosarcoma, myelopretiferative diseases, aplastic anemia syndromes, and perhaps
nost signttivantly. fats! immunodeficiency syndrome in cats.™ In this regard greater
than 80% of FeL “-infected cats dic within four vears of initial diagnosis, often from
opportunistic infections.” We have characterized and molecularly cloned a naturally
occurring isolate of FeLV {Fel V-FATDS) that induces persistent infection and fatal
immunodeficiency syndiome in specttic pathogen -free (SPF) cats * Features of the
disea ¢ include progresstve depletion of total, CD4 -, and colony-forming T lympho-
cyvtes.impatred T-dependiatimmune responses, persisten. diarrhea, wasting syndrome,
and terminat opportunistic infectiors
hics symptoms assoctaced wirth HIV

Studies of the pathe zenesis of FeLVAEFATDS have re cealed the onginal viral isolate
to consist of a hizaly renhication-competent common-torm genome and a replication-
defective bt hichly pathogeme major vacant genome. The pathoseness of Fel V-
FATDS inl ction ansolves viral rephication i bone marrow and systemic Ivmphod
tissues, and onset of anagenemua and vicemaa by three weeks postinoculation. Prefigur-
iy th onset of immue 2 fickenes syndrome, gh levels of the major FelLV-FATDS
puthogeme vanant virus sre detected v bone marrow, blood, and Ivmphoid tissaes.”

Irongert Ivmiphowd hype plasta progressise lomphond depletion, imparred immunaty,
an

“Thus, FeL V-FAIDS immunodeficiency resem-

Sochmcal immunodetisieney discase crsee after Ttent periods of 80 1o 31T davs
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Branch Divivion of ATDS NEALD N

I
A
=

ey




HOOVER e¢r al.: AZT AND ALPHA INTERFERON 259

(mean 171 days), depending on age and moculum uscd.” Studies employing viral
chimeras have implicated the envelope gene of the pathogenic variant as encoding
lymphocytopathic determinants of FeLV-FAIDS *

Whether prophylactic chemotherapy might be effective in arresting the development
of infection in individuals exposed to retroviruses, in particular HIV. is a cogent
question for which there are limited data in experimental models. AZT (3'-azido-3 -
deoxythymidine) (zidovudine) triphosphate has been shown to be active against a
variety of mammalian and avian retroviruses, depending upon a species-specific ability
to efficiently metabolize AZT to its 5'-triphosphate derivative.''* AZT has also been
shown to act synergistically with other antiviral agents such as IFNa, dextran sulfate,
and castapospermine, which target different stages of the retrovirus life cycle.'™ "
Promising results concerning early postexposure therapy come from the studies of
Ruprecht er al.'* and Tavares er al..' indicating that AZT is effective in arresting the
course of Rauscher murine leukemia virus and of another strain of FeLV, Fel V-
Rickard. The present study was undertaken to determine whether AZI'. when adminis-
tered as prophylactic therapy to animals exposed to a 100% infection-inducing dose
of FeLV-FAIDS, could abort the course of progressive infection. We thus determined
the capacity of AZT to inhibit de novo FeLV-FAIDS infectivity in vitro and then
evaluated its capacity to abrogate a severe viral challenge in vivo. Qur results point to
the probable usefulness of oral AZT and its combination with the IFNa for prophylactic
intervention in HIV infection.

MATERIAL AND METHODS

Animals

All animals were from a breeding colony of cesarcan-derived SPF cats maintained
at Colorado State University. These animals were age-matched. cight months of age wt
the time of inoculation, and free of infection and immunity to horizontatly transmitted
feline viruses. Cats derived from this colony have been used previously 1o characterize
the pathogenicity of FeLV-FAIDS. "~

Virus Inocula

The virus inoculum used consisted of the molecularly cloned pathogenmie but replica-
tion-defective FeLLV-FAIDS, clone 61C. rescued by 1ts rephication-competent counter-
part FelLV-FAIDS, clone 61E.* Thus the molecular clones used represented the sigmti-
cant retroviral genomes contained within the intectious, pathogenic orginal field isolate
of FeLV-FAIDS.' FeLV-FAIDS 61E/C was produced from AHY27 feline tibroblasis
cotransfected with clones 61C and 61F and expressed mapproximately equal represen-
tation.” The inoculum for animals contamed 6 - 107 focus forming units (Fu) adminis-
tered intraperitoncally. The mnoculum used i onovarre infectivity assavs i Crandel
fehne kidney (CrFK) cells conststed of 3+ 10* ffusml | tor neatrahzmg antibody
assavs, an moculum contwning - 107 Fu per well was used
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Antiviral Compounds

3'-Azido-3'-deoxythymidine (AZT) was provided by Burroughs Wellcome Ltd ,
Research Triangle Park, NC, through the Developmental Therapeutics Branch, Divi-
sion of AIDS, NIAID, Bethesda, MD. Human recombinant alpha-interferon 2b
(IFNa) was provided by Schering Plough Research Inc., Bloomfield, NJ, by Dr. Jerome
Schwartz.

In Vitro Antiviral Assays

The capacity of AZT and IFNa to inhibit repiication of FeLV-FAIDS 61C/E was
determined by FeLV p27 antigen capture ELISA of inoculated CrFK at 96 hours
postinoculation (p.i.). In all cases 5§ x 10* cells were seeded with antiviral compounds
and Polybrene (4 pg/mL) in 1 mL of culture medium (Falcon multiwell 23047,
Becton Dickinson Co., Lincoln Park., NJ) 24 hours prior to infection with Fel.V-
FAIDS. Media was then aspirated, and cell monolayers were exposed to FeLV-FAIDS
in the absence of antiviral compounds (1 hour), washed with Dulbecco’s phosphate-
buffered saline (PBS) (GIBCO Laboratories Grand Island. NY). and then replaced
with 1 mL of fresh media plus antiviral agents for the duration of the assay (96 hours
p-i.). Supernatants from at least three tests wells were pooled and assayed in triplicate
by antigen capture ELISA. Calculations of combined drug effects of AZT and INFa
in vitro were evaluated by the dose-effect analysis program designed by Chou and
Chou.'*

Virus-Neutralizing Antibody Assay

A microtiter assay was developed to determine serum-neutralizing antibody titers.
CrFK fibroblasts (2 % 10* cells/well) were incubated with 4 u/mL of Polybrene for
24 hours in 96-well plates (Corning #25860, Corning, NY). Monolayers were then
washed with PBS before applying twofold dilutions of heat-inactivated (56°C for 30
minutes) test sera. Fifty microliters of cach serum dilution was incubated with 50 ul.
of virus inoculum (I x 10" flu of FeLV-FAIDS) diluted for use in culture media. After
24 hours the inoculum was replaced with 200 pL of fresh media. At 96 hours pa.
supernatants were collected from two test wells, and pooled and assayed in triplicate
by p27 capture ELISA. The virus neutralization end point was defined as the highest
serum dilution that completely protected cell monolayers from infection with 1« 10
ffu of FeLV-FAIDS.

In Vivo Treatment Protocol

Cats were randomized mto four treatment groups. All treatment regimens were
begun 24 hours prior to FeL.V-FAIDS inoculation and continued tor 42 dave Cats
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were treated with oral administration (20 mg/kg) of AZT given three times daily
(TID). This dosage was reduced to 10 mg/kg TID from day 7 to 28 then increased to
20 mg/kg TID until the end of the treatment period (42 days). AZT pharmacokinetic
studies were performed durirg the first 24 hours prior to inoculation with FelLV-
FAIDS.

IFNa was administered concurrently with AZT. IFNa was injected subcutaneously
once daily at 1.6 X 10° uiiits/kg for 7 days and then reduced to 1.6 x 10° units/kg
daily for the remainder of the 42 day treatment period. To determine whether a second
course of AZT therapy might influence recurrent antigenemia, a second treatment
pertod was undertaken 80 days p.i. in two cats. These animals were antigenemic at the
start of the second AZT treatment regimen, and both cats received 20 mg/kg AZT
administered orally three times daily for 7 weeks. FeLV status and hematologic parame-
ters were monitored weekly in all cats (three cats per group) for the duration of the
study.

Detection of Circulating FeLV p27 Antigen

FeLV p27 antigen was measured by ELISA using monoclonal antibodies (p27 A2
and B3) developed by Lutz ef a/.* and supplied by Dr. Niels C. Pedersen. University
of California, Davis, CA. Antigen-binding antibody at 2 pug/mL was used to coat 96-
well microtiter plates; 50 uL of test serum was added to each well; and 50 L of a
second horseradish peroxidase-conjugated FeLV p27 monoclonal antibody was added
and incubated for 30 minutes. The plates were then rinsed and blot dried: 50 uL of
3,3, 5,5 -tetramethylbenzidine (TMB) in the presence of a peroxidase substrate solution
(Kirkegaard and Perry Laboratories, Gaithersburg, MD) was added to each well. After
10 minutes absorbance was determined at 650 nm. Test well reactions were considercd
positive if an absorbance value of greater than 0.100 was obtained. Background readings
were obtained with FeLV negative, SPF cat serum.

Statistical Analysis

Significant differences in the mean levels of p27 in serum and bone marrow reactiva-
tion cultures were determined by Student’s  test. P values less than 0.05 were ~ansidered
significant.

RESULTS

AZT Efficacy In Vitro

Anti FelLV-FAIDS activity was evident at AZT concentrations of -0 005 gg-mlL
(F16. 1) concentrations of 0.5 to S yg/ml completely inhibited infectivity without
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FIGURE 1. /n virro inhibition of FeLV-FAIDS replication by AZT. CrFK indicator cells were
treated with AZT 24 h prior to inoculation with 3~ 10° ffu of FeLV-FAIDS. Supernatants from
treated and nontreated wells were collected 96 h postinoculation, pooled, and assayed by ELISA
for p27. Pooled samples were assayed in triplicate, and inhibition was scored as percent p27 of
virus-infected control wells. Values represent the mean; bars represent the standard deviation of
the mean.

producing cytotoxicity to feline fibroblasts. Antiviral activity was enhanced by the
addition of IFNa at concentrations from 100-2000 units/mL (FiG. 2). IFNa at 500
and 1000 units/mL inhibited viral replication by an additioual 30 at AZT concentra-
tions of 0.01 to 0.005 pug/mL. IFNa alone inhibited viral replication by 25% at 100
units/mL and 60% at 2000 units/mL. Evaluation of this combination treatment with
the combined dose-effect analysis program of Chou and Chou' indicated the majority
of AZT/IFNa combinations (11 of 13) to be synergistic in their inhibitory activity
agamst Fel.V-FAIDS in vitro (F1G. 3).

AZT Lfficacy In Vivo

Placebo-treated control cats challenged with Fel. V-FAIDS became antigenemic by
week 2 DPL peak levels of circulating p27 were reached by week 3 (Taste 1) The
group recenning AZT alone remamed negative for arculating p27 throughout the 6
week treatment period. Inone of (wo cats, however, antigenemia developed 32 dar
after treatment was discontinued. At this point AZT therapy was remnstituted (TABI ©
LRy penod 22y and by week 4 of this second treatment period crreolating p27 again
dechned below buckground fevels The group recening AZT + 1FNa remained negatinve
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for circulating antigen throughout the treatment period. To date (40 weeks) induction
of clinical signs of FeLV-FAIDS-induced disease are delayed in all AZT-treated groups
compared with those receiving either IL-2 alone or placebo controls. Thus, AZT proved
able to abort the onset of persistent FeLV-FAIDS infection and to reverse the course
of FeLV-FAIDS infection.

Therapy Side Effects

At 5 weeks after the start of treatment, animals receiving either AZT or IFNa
developed nonregenerative anemia that was reversible when therapy was withdrawn.
Blood cell numbers of animals receiving AZT alone remained within normal limits
throughout the study. Both treatment groups became transiently anorexic and lost
weight during the first two weeks of therapy. These symptoms dissipated thereafter.

Neutralizing Antibody Responses

Significant neutralizing antibody titers developed in all cats successfully treated
with AZT by day 81 or 114 postinfection. Each of the animals that responded with
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FIGURE 2. In vitro inhibition of Fel V-FATDS infectivity by AZ L im combimation with TN«
CrFK indicator cells were treated with AZT und TFNa 24 b prior to noculition with 3
10? ffu of Fel.LV-FAIDS. Supernatants from treated and nontreated wells were collected 95 h
postinoculation, pooled, and assayed by FLISA for p27 Inlubinion was scored as percent p27 of
virus-infected control wells. Values represent the mean, bars represent the standard deviation of
the mean
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antibody had documented transient antigenemia after virus exposure. None of three
cats treated with AZT+IFNa, in which no transient p27 antigenemia was detected,
developed neutralizing antibody titers > 1:8, implying that prophylactic block of viral
infection was most complete in these animals. Neutralizing antibody also was not
detectable in cats that developed persistent antigenemia after virus challenge (i.e.,
treatment failures and placebo controls).
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FIGURE 3. Prophylactic therapy of FeLV-FAIDS infection in cats with combined AZT/cyto-
kine treatment. Circulating p27 antigen levels in cats treated with AZT in combination with
IFNa. Lines are representative of weekly ELISA results of each treatment group. Treatment
period #1 was 42 days; treatment period 32 was 44 days, as described in the MATERIALS AND
METHODS section. Serum samples were assayed in triplicate: bars represent the standard deviation
of the meun.

Detection of Latent FeLV

Although therapy with AZT alone was effective for blocking the development of
antigenemia, latent FeLV-FAIDS could be detected in these animals by in ftro culture
of marrow cells in the presence of hydrocortisone (TABLE 2). By contrast, no reactivati-
ble latent vitus could be detected in marrow cells cultured from cats treated with
AZT +IFNa, even after culture for 5 weeks. Thus AZT + IFNa therapy appeared to
confer more complete protection than AZT alone against FeLV-FAIDS infection
inasmuch as viral replication appeared to be terminated prior to dissemination and
integration into hemopoietic cells, an established previremic stage in the progression
of FeLV infection in cats.”!
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DISCUSSION

AZT, alone or in combination with IFNq, is the most potent nucleoside analogue
we have tested to date in the FeLV-FAIDS model. Antiviral activity was attained in
vitro at concentrations between 0.005 and 0.5 pg/mL, 10-100 times more potent than
2’,3'-dideoxycytidine in this system.?’ Viral inhibition was potentiated 30% by the
addition of IFNa, similar to results reported for AZT + IFNa with HIV.'> Combined
dose-effect analysis indicated these agents to be synergistic in their antiviral effect in
vitro.

In agreement with Tavares er al,'® who conducted the only other study of AZT in
cats, we found that oral administration (as opposed to subcutaneous administration)
of AZT throughout a 6 week period provided protection against FeLV challenge.
Moreover, we found that concomitant treatment with IFNa enhanced the antiviral
activity of AZT in vivo. In cats treated with AZT + IFNa, FeLV p27 antigen was never

TABLE 2. Latent FeLV-FAIDS in Bone Marrow 80 Days after Inoculation

Days of marrow culture in vitro®

Treatment
(no. of cats) 7 14 21 28 is
AZT 0.0095% 0.154 0.163 0.275 (L3836 = 173
AZT(i) IFN 0.011 0.076 0.133 0.123 0.110 = 054
P]a(zc)fbo 0.318 0.788% 0.838 0.959 0913 = 060
No(\B/)irus 0.013 0 0 0 0
(S8}

“ Bone marrow mononuclear cells cultured in hydrocortisone (10 © M).

»FeLV p27 antigen capture enzyme-linked immunosorbent assay (OD at 490 nm}. Mean *
SEM. Background range extends up 10 0.150.

“AZT + IFN group is statistically different from all treatment groups (p < 03).

detected in the circulation nor was latent virus reactivatibie from bone marrow cells
cultured in vitro. Qur results reinforce those of Ruprecht ez al.* ' in mice, demonstrating
that IFNa and AZT synergize in their antiviral activity against retroviral infection in
vivo.

Combined therapy with agents that act at several different stages of the virus hfe
cycle probably will be necessary to prevent continued viral expression from integrated
provirus.** Combined AZT/IFNa therapy proved most effective m blocking de novo
FeLV-FAIDS infection. This is cousistent with studies demonstrating that DNA chain
terminators like AZT in high concentration in vitro greatly inhibit but do not completels
thwart de novo HIV infection.”® Likewise, the observed escalation in antigenemia
the face of chronic AZT therapy in AIDS pattents has ocen observed ™7 Combined
AZT/cytokine therapy may be an effective means of bypassing retrovirat escape mecha-
nisms and minimizing drug-induced toxicity by exploiting un additive antiviral effect
while permitting lower drug dosage. AZT 1s toxic to normal feline ervthrowd precursors
in vivo and in vitro (Dornsife, Zeidner, and Hoover, utpublished data), as scen m
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humans.®*® The AZT treatment regimen employed in the present study produced
manageable hematological toxicity. Moreover, only maximum-tolerated dosages of all
drugs were used; lower combination therapy doses may be equally efficacious in pre-
venting viral infection. Our studies in the FeLV-FAIDS model suggest, therefore, that
retroviral infection can be completely subverted through early postexposure therapy
with AZT in combination with alpha-interferon.

SUMMARY

AZT inhibited replication of an immunodeficiency-inducing strain of feline leuke-
mia virus (FeLV-FAIDS) in vitro at concentrations as low as 0.005 pg/mL. This
antiviral activity was augmented an additional 25-30% when AZT was combined with
human recombinant alpha-interferon (2b) (IFNa). Administration of AZT alone or in
combination with IFNa, beginning at the time of exposure to a 100% persistent
viremia-inducing dose of FeLV-FAIDS, abrogated the progression of viral infection
and protected treated animals from induction of persistent antigenemia and disease.
Low levels of antigenemia were detected intermittently in some AZT-treated cats
throughout the 6 week treatment and 40 week observation period. Combination of
AZT with IFNa appeared even more effective than AZT alone. In this treatment group
even transient antigenemia was undetectable throughout the therapy and posttherapy
observation periods, and latent virus could not be reactivated from bone marrow cells
of protected animals. These results provide additional evidence that early treatment
with AZT or AZT/IFNa therapy can be effective in completely aborting retroviral
infections.
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Evidence for HIV-1 Infection in
Rabbits

A Possible Model for AIDS
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INTRODUCTION

A major obstacle in the study of acquired immunodeficiency svndrome (AIDS) has
been the lack of suitable animal models for testing drugs, vaccines, and other agents
directed against human immunodeficiency virus-1 (HIV-1), the causative virus of this
disease. Although several animal models for AIDS have been described, all have certain
shortcomings. Because of the chimpanzee's close phylogenetic relationship to humans.,
infection of this species with HIV-1 provides the most appropriate model for the study
of AIDS."* Studies are limited. however, by the scarcity of chimpanzees and by the
difficulty and expense in working with higher primates. Infection of more available
primates using related viruses? * has yielded valuable information involving the proba-
ble course and consequences of HIV-1 infection in humans. However, because immuno-
deficiency viruses, which are pathogenic in these animals, are not identical to HIV-1.
results from vaccine trials and other specific therapies may not retate diectly to AIDS
in humans. Other animal models using HIV-1 have been proposed, these mclude the
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laboratory rabbit® ~ and severe-combined immunodeficiency (SCID) mice reconstituted
with human lymphoid cells.**

The possibility that rabbits may be infected with HIV-1 was suggested by the
observation that transformed rabbit cell lines infected with HIV-1 actively produced
infectious virus.*In vitro infection was verified by a number of techniques, demonstra-
ting the production of HIV-1 protein, DNA, RNA, and mature viral particles. Based
on this success, in vivo HIV-1 infection was attempted using a protocol similar to that
described by Miyoshi and his co-workers! for infection of rabbits with HTLV-1. This
method involves intravenous injection of human cells infected with the retrovirus. In
the course of our studies,” another group reported that rabbits could be infected with
HIV-1 using an approach different from that described here.” These workers showed
that intraperitoneal injection of HIV-1 following injection of thioglycollate resulted in
HIV-1 infection. Both routes of administration result in seroconversion and presence
of virus in the rabbits. The approaches are similar in that both use New Zealand white
rabbits and well-characterized HIV-1 strains. The present repoert details evidence for
HIV-1 infection in rabbits and demonstrates that immune suppression may be a conse-
quence of this infection.

ANTIBODY RESPONSES TO HIV-1

In these experiments, A3.01 cells'! were infected in virro with HEV-1, (strain LAYV)
and monitored for reverse transcriptase activity and evidence of syncytia formation.
At the time of peak mrection the HIV-1-infected A3.01 cells were injected 1.v. into
rabbits. Control animals were injected with uninfected A3.01 cells. The dose of infected
cells ranged from 1 = 10" t0o 5 = 107 infected cells. To date, SI rabbits have been
injected with HIV-1-infected A3.01 cells, and about 907 of these developed antiviral
responses. Circulating antiviral antibodies were detected by a commercial ELISA test
(DuPont, Wilmington, DE) identical to thai used to screen human sera, with the
exception that the developing antibodies (Bethesda Research Laboratories, Gaithers-
burg. MD) were directed against rabbit rather than human immunogiobulins The
majority of rabbits in the study were given 5 ~ 10" infected A3.01 cells, and these
animals produced detectable levels of antibody four weeks after a single 1.v. injection.
When higher doses of infected cells were given or when animals received multiple
injections of infected cells, higher levels of antibodies wzre obtained. Sera from rabbits
given control injections of A3.01 cells were uniformiy negative in the ELISA test
F1GURE | shows antibody responses to different doses of HIV-1-infected cells for a
twelve week period.

Antibodies to several different protemns, mainly those encoded in the env and eag
genes of the virus, were detected by preliminary Western blot analysis ™' More recently,
quantitative estimations of antibodies against individual HIV-1 proteins have been
determined by the use of a recombinant HIV-1 protein ETISA ki (Beckman Instru-
ments; see Fic. 2). These data have shown that the strongest antibody responses are
against gp4l, pSS, and p24. As was seen with the standard ELISA (F16. 1), higher
doses of HIV-1-mfected cells gave stronger responses to the recombinant protetns (Fic
2). In general, a single dose of HIV-1 anfected A3.01 cells produced an antibody level
that persisted above background levels for at least six months
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FIGURE 1. Scrum antbody levels measured by HIV-1 ELISA kit for rabbits given different
doses of HIV-1-infected AX.01 cells. Posiive control was an anti-HIV-1 serum confirmed by
recombinant protein ELISA and by Western blot analysis.

DETECTION OF VIRUS IN INFECTED ANIMALS

Experiments were carried out to determine which organ systems served as targets
for HIV-1 infection in the rabbit and to follow the time course of HIV-1 infection.
Rabbits were injected with either 5 x 10" HIV-1-infected A3.01 cells (low dose) or 5
x 107 infected cells (high dose). and control animals received 5 ~ 107 uninfected
A3.01 cells. Rabbits were sacrificed at two week intervals for a ten week period: one
or two from the low-dose group and one from the high-dose group were taken at cach
time point. Selected organs were removed from each animal, and the DNA extracted
from these organs was tested for the presence of HIV-1 sequences trom the gag region
by gene amplification using the polymerase chain reaction (PCR).'' The PCR primers
were selected for sequence conservation among the published HIV-1 sequences. The
analyses were carried out using a procedure reported previously:'” a thirty-cyele PCR
amplification ~vas followed by Southern blot analysis using a probe from a portion of
the amplified region lacking the primer sequences. As seen in FIGURF 2, most animals
sacrificed after four weeks postinfection showed the presence of virus in lymphoid
organs. Between 4 and 8 weeks the spleen appeared to be the organ tn which HUV-1
proviral DNA was most commonly, but not always, found.
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PCR analyses, using RNA isclated from the brain of an HIV-1-infected rabbit,
demonstrated active synthesis of HIV-1 in this organ. For these studies, the brain was
dissected into different regions, and RNA was individually isolated from each of these.
As shown in FIGURE 3, the HIV-1 RNA was found only in frontal, occipital, temporal,
and parietal lobes. Other regions of the brain were negative by this analysis.

The PCR analysis data revealed that after the second week postinfection 9 of 12
rabbits had at least one organ in which virus could be found. For the animals retained
for 8-14 months. 3 of 4 were positive. The data are not yet complete, but it appears
that in certain animals no organs are HIV-1 positive. It is possible that sampling
methods may contribute to some of these negative results. For example, each organ
taken from an animal was divided into a number of portions for DNA analysis, in situ
hybridization, cell culture, and histologic analysis. It is possible that foct of infected
cells localize within the organ and therefore virus is not uniformly present in each of
the samples taken. Organs taken from control animals injected with A3.01 cells and
housed with infected rabbits were consistently negative. In contrast to serologic results
showing enhanced response to higher infected cell doses, the PCR dara revesled nn
difference between high- and lcw-douse recipienis. 1t shoutd be emphasized that these
gene amplifications were carried out using DNA isolated directly from rabbit organs
and did not involve in vitro culture prior to sampling for viral DNA. Studies are
currently underway to determine sequences of the viral isolates from the various
animals.
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FIGURE 2. Detection of HIV-1 gag region sequences n DNA from organs of HIV-1 injected
rabbits by PCR amplification and Southern blot analysis using procedures previously described. '
Black boxes indicate positive detection of HIV-1 in the tissue DNA, white hoxes indicate no
detection, and open spaces indicate samples that were not tested. Rabbits are grouped according
to the number of weeks post-HIV-1 infection that the animals were sacrificed. Organs from a
given rabbit are aligned horizontally.
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FIGURE 3. PCR of RNA samples from the brain of an HIV-1-infected rabbit. The sources of
PCR samples were as follows: normal rabbit brain (n. brn); partetal lobe (p. lobe): occipital lobe
(0. lobe); temporal lobe (1. lobe); hlank; molecular weight standard (std); frontal lobe (f lobe);
medulla/pons (med/pons); cerebellum (cerhV: «ninal cord (¢ ~erd): sositne contiol {pos. conp:
aegative control (neg con). Size markers were Haelll digests of X 174, Brain regions from an
HIV-1-infected rabbit were dissected and frozen immediately in liquid nitrogen. RNA from tissue
samples was recovered by standard protocol.”” First strand ¢DNA from the RNA samples was
synthesized as previously described™ using the HIV-1 gag region primer’” G820 and M-MLV
reverse transcriptase (Bethesda Research Labs, Gaithersburg, MD). PCR amplification of the
¢PINA was performed using the HIV-1 gag primers'” GR20 and GR1393. The PCR products
were analyzed by Southern transfer onto nitrocellulose followed by hybridization with a “'P-
labeled HIV-1 probe (pBenn 3)
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LOCATION OF HIV-1 RNA BY IV SITU HYBRIDIZATION

Organs taken from infected rabbits were tested for the presence of HIV-1 RNA by
in situ hybridization' using a mixture of probes from the HIV-1 genome. Spleen, lung,
appendix. and other lymphoid tissues were found to contain actively reproducing virus
as demonstrated by hybridization. FIGURE 4 depicts a section of a lung showing at
least two major foci of HIV-1 RNA production. Correlation between PCR positive
tissue and in situ positive tissue was not absolute, which again raiscs the possibilivy of
missing infective foci due to pariitioning the organs for the different tests. It must also
be considered that the two techniques measure different aspects of the viral infection:
in sity hybridization detects only actively replicating virus whereas PCR detects the
presence of proviral DNA sequences.

IMMUNE SUPPRESSION IN HIV-1-INFECTED RABBITS

The reproducible seroconversion and relative ease by which virus DNA or RNA
could be detected within the infected rabbite cuggested that these animals are produc-
tively infected with HIV-1. Persistence of HIV-1 in animals has been observed for aore
than one year after infection.’” In spite of the ability to demonstrate the lingering
presence of virus, no overt signs of illness were observed in rabbits infected with HIV-
1. It should be pointed out that the rabbits used in our experiments were bred and
housed under specific pathogen-free conditions and handled using biosafety level 3
practices. Consequently, there was little exposure to the diseases that commonly affect
laboratory rabbits. An earlier study,” however, showed that animals coinfected with
HTL V-1 and HIV-1 were likely to show signs of illness, including weight loss, diarrhea,
and evidence of neurologic dysfunction.

Consequently, the question arose as to whether the immune systems of the HIV-
1-infected rabbits wcic altered in spite of the failure to observe signs of natural illness.
To test this. the response of the HIV-1-infected animals to immunization with tetanus
toxoid (TT) and a heat-killed strain of Mycobacterium bovis [Bacillus Calmette-Guerin
(HK-BCG)] was studied. These antigens have been used for monitoring the immune
responses of HIV-1-infected humans.'* Furthermore, the use of these antigens and the
resulting immune responses in the rabbit has been well-characterized.’ ™ The animals
were immunized subcutaneously with TT and HK-BCG in oil and after one week were
injected with HIV-1 -infected A3.01 cells by the standard protocol. Within tirree weeks.,
control animals immunized with HK-BCG and TT. but not infected with HIV-1,
developed strong serum antibody titers to TT as measured by ELISA and manifested
delayed-type hypersensitivity (DTH) responses to a 10 pg intradermal injection of
purified protein derivative (PPD) of Mycobacterium tuberculosis {Connaught Labs,
wiov cale, Ontario). FIGURE S shows the DTH responses to PPD as monitored by
skin reactivity along with the uitibedy responses to HIV-1 proteins. The skin test
measures the thickness of skin at the test site atter 48 h and «» capressed in FiGuwre §
as the ratio of test site thickness to control site thickness. In HK-BCG immunized.
uninfected rabbits, the normal ratio was two or above. In the HK-BCG immunized,
HIV-1-infected animals, as in the nonimmunized, uninfected controls, however, the
ratio was much closer *a 1 dndicaiiie a laek Af ITH racrnernc s nrehe 0 (7 0PD
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FIGURE 4. In situ hybridization' of lung from a rabbit infected with HIV-1. Briefly. formalin-
fixed, paraffin-embedded tissues on siliconized slides were deparaffinized in xylene followed by
rehydration in progressively less concentrated ethanol solutions. Sections were then incubated in
0.5ug/mL proteinase K in phosphate buffered saline for 30 min, washed in 2+~ SSC, fixed in
paraformaldehyde, and dehydrated 1n progressively increasing concentrations of ethanol. After
acetylation with triethanolamine followed by acetic anhydride to block nonsrecific hybrnidization,
sections were hybridized with commercially a.aitable HIV-1 specific RNA probes tabeled with
S (Oncor Inc., Gaithersburg MD) for 3 h at S2°C. Shides were washed in 307 formamide2
SSC at 52°C to remove unbound probe and digested with RNase to elimmate nonhybndized
probe. After dipping in emulsion (Kodak, Rochester, NY) and exposing for 4 days at 207, shdes
were developed, counterstained in hematoxylin, and read.
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challenge. Note that one of the HIV-i-injected rabbits showed a positive skin test
result early in the experiment, but this diminished after 10 weeks. No such loss of skin
reactivity was seen in HK-BCG-immuniz.-d. A3.0l-injected rabbits even after 25 weeks,

Occasionally, skin test responscs to PPD in immunized rabbits may be negative for
comples technical reasons:' 2! however. in spite of this apparent stite of anergy,
immunized antmals are always capable of mounting a DTH response in the lung to
systenuc HK-BCG challenge. in order io vonfirm that thers was a true loss of immune
responsiveness to BCG in the HIV-1-infected rabbits, they were given an intravencus
challenge of 1 mg of HK-BCG in saline 6 months a®ter immunization. Four days later.
the animals were sacrificed, the lungs were taken intact and the reaction to BCG was
evaluated. Normally the DTH response to this challenge manifests ttself as a tremen-
dous infiltration of monocytes and granulocytes into the lung interstitium. These imma-
ture cells develop rapidly, maturing into activated macrophages, giant cells, and epithe-
lioid cells. Histologically, cells are organized into foci surrounding the HK-BCG
organtsms, characteristic of a granutoma response. Quantitation of this response was

TABLE 1. Lung Response to Systemic Challenge with Heat-Killed BCG

Packed cell

HK-BCG-immunized” HIV-infected” Lw/Bw - 10" volume n
- 40 = 10O 025 = 007

§8 F 25 1o = 008 -

- - 4.8 ¢ 07 0.30 = ] 3

* Immunization was by subcutaneous injection at twoe sites with 190 pg heat-killed BCG
(HX-BCG) in 3.1 mL mineral ol cach.

* Infection accomplished by a single intravenous infecton of T T0" 5 1 HIV-D fecied
A3.01 cells.

“The weight in grams of wsolated lungs, includmg 3 em of trachea. divided ry the weghn i
grams of the whole animal. The values are multipled by 10° for the conventence of expression
whole numbers and are given with the standard deviation

“ The volume of branchial-alveolar lavage cells retnieved from d0 ml of lavage furd and packed
by centrifugation at 110 « g for 10 min.

* The values in this first category are based on accumulated population statistes

accomplished by measuring lung weight normalized 1o body weight and determinimg
the volume of packed cells* in the first 80 mL of Tavage fluid (normal salinei tecovered
from the lungs and then centrifuged at 100 = g Tasrt 1 dlustrates that HK-BCG
challenge of immumized animals not infected with HIV-1 resulted ma lung waght
body weight ratio two times that of nonimmunized rabbits, and a packed cell volume
six times that of nenimmunized rabbits. Both measured lung responses to HK-BCG
challenge. however, were dramatically decreased in HIV-L-infected, HK-BCG ime
munized animals.

After lavage, the lungs were fixed in neutral formalin and analyzed tustologically
Micrographs of Tungs from HK-BCG-immunized and challenged control rabbits (in-
cluamng those injected with uninfected A3.01 cells) showed typical multifocal granulo-
mas. By contrast, the lungs from BCG-immunized animals infected with HIV-1 showed
little or no granulomatous response to similar challenge. Actd fast stains revealed the
presence of the HK-BCG organisms in all the challenged Tung tissue. Additionally, the
mitial positive skim-test response of one of the HIV-T-intected rabbits (see Fro, 2
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verified that the immunization and challenge procedures were effectively performed.
The diminution or absence of the skin test and the virtual absence of the granulomatous
response to HK-BCG challenge in the BCG-immunized, HIV-1-infected rabbits sug-
gests that an immune deficiency is present in these animals. This same pattern of
depressed response in HIV-1-infected rabbits is paralleled in the studies of humoral
responses to TT (data not shown).

CONCLUSIONS

Several lines of evidence show that rabbits are susceptible to infection with HIV-1.
Furthermore, evidence from the present study suggests that the infection is accompa-
nied by a striking diminution in cellular immune responses to BCG. HIV-1 infection
in the rabbit appears to alter the immune system of the animal. The present data imply
that the rabbit model may be useful for testing agents proposed for the prevention of
HIV-1 infection or for alleviation of the immune suppression that accompanies this
infection in humans.
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Preclinical Evaluation of Aativiral
Compounds in the SCiD-hu Mouse

J. M. McCUNE. H. KANESHIMA, L. RABIN.
C.-C. SHIH. AND R. NAMIKAWA

HIV Group
SvStemix, Inc
Palo 4lto, Calirornia 94303

Perhaps more is known about the human immunodeficiency virus (HIV) than about
any other infectious agent that causes disease in humans. The knowledge base. though
incomplete, lends confidence to the belief that the repheative cycle of this virus can
eventually be suppressed in vivo. The scientific commumity has thus focused on treat-
ments for the disease that 1t causes. the acquired immunodeficiency syndrome (A1DS)
Systematic evaluation of the replicative cycle of HIV has identified agents that in erfere
at multiple steps. Most of these agents share in common a discovery process tuat is
carefully controlled and elegant in design. Some, shown to be effective against HIV
vitro, are logically proposed as agents that might also be effective against HIV infection
in humans and are therefore allocated to clinical trials.

Clinical testing of compounds in humans, however, necessitates a narrow focus. it
is only through the careful design of such trials that meaningful statements about drug
efficacy and safety can be made. The fewer the number of compounds that are chosen,
the more likely it will be that they will be evaluated in a timely and meaningfu! manner
Today, however, focus is a problem. There 1s little or no rational basis by which to
choose among candidate antivirals that show equivalent activity against HIV in virro
Some excellent compounds will be (and perhaps have been) bypassed in favor of others
that later prove useless in humans. Others may be chosen and mitially dosed at a level
too toxic or administered by an ineffective route.

In an effort to transform the selection process into an undertaking as rational as
the design of the compounds in the first place. a number of animal models for HIV
infection have been proposed. Ideally, one or several of these models might be ased at
a preclinical stage of drug development to ask difficult questions about bioavailability,
efficacy, and toxicity that cannot be answered by experimentation in vitro. In this
manner, the flow of novel antiviral compounds from the lab to humans might be
streamlined and targeted more accurately.

Such a scenartio demands a high througnput animal model. in which multiple doses
of multiple congeners of a given compound might be tested, perhaps alone or m
combination with other compounds. The tests should be reproductble, tme-cfticient,
and amenable to statistical analysis. Put simply. a suflicient number of animals must
be available to gather meaningful data. By these criteria, large animal models become
suboptimal. Such animals are expensive, difficult to study in large numbers, and
some cases {e.g., the chimpanzee) already endangered. Instead, the preferable animal
model would be as small and easily bred as, for instance, the mouse.

281
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A number of mouse models tor HIV infection have been deseloped Moot are
seriously flawed or vet unproven. Transgeme muce carrving it copes of HIV
proviral DNA, for st ree, can be demonstrated 1 sonie cases B suppart postintegra-
tion stages of viral replicaton Sucn muce will nors howeser. he amenable 1o the
evaluation of compounds that block either infection or steps that occur hetore integra-
tion. The system 1s also hampered by the focr that viral repheation takes place within
murine cells; certamn antiviral compounds might be mictaboiized ditfercotly e such cells
than in human cells. Another animal moder 15 the hu-PBE-SCID moiise. made by
injecting mature humar peripheral blood cells into the peritonead cuvity ot the congen.-
tally irrmunodetizient C.B-17 said /seid monise (he eafter called SCID, for severe con-
bined immunodeticiency) ” Altnough very little hus been pubhished about this model,
it is said to be permussive for HIV replication when virus is injected 1n tandem with
phytohemagglutinin (PHAJ-acs oted heman T-ce'l blasts.” This s not surprising: HIV
has long been (and miore easily) studied i1 viero under similar conditicns. Perhaps most
important to the tuture evatuation of this mod«l is & - solutien to the questions: Which
human cells exist where and for how long attor engraitment? and Does graft-versus-
host (GvH) disease occur as a resi o« of the procegure? The original anthors. though
not completely able to reproduce therr reported findings.* »vparently dc 10t observe
GvH. Others, following the published procedures. do see GvH dizesse.”™ A final and
interesting small anint:l wnodel mvolves the injection of adult human vone marrow
cells mto the beige/nude/xid stock.” These animais support human myelopotests. as
least for scveral weeks. It has vet to be shown, however, thet *hev can be iwnfected with
HIV.

The SCID-hu mouse™ was constructed w.th the intent to avoid some of the above
problems. The C.B-17 scid/scid stock” was chosen for several reasons. Firsto it has
severe combined immunodeficiency (SCID)., lacks murine T and B cells, and would
predictably accept xenografis of human tis: ue. Second. tn the absence of specitic treat-
ment or special handling, 't 1s st ceptible to the development of Prewmocystis carnii
pneumonia.”’ We reasoned that the animals might be protect=d from this opportuntstic
infection, 1’ they wer. implanted with a human immuae system andatf that - verom were
funciional. Thercafter. *he transplanted human Lystem atself might be infected with
HIV.

Rather than implant mature human peripheral blood cells. we chose to transfer ro
the SCID mouse those cells that are most hikelyv 10 be infected in vive 1in humans,
namely the cells of the hematolymphoid organs {ce the fetal hiver. bone marrow,
JAymus, lvmph node, spleen. and sking. Because these org nsare eritical to the regeaera-
tion, maintenance, and coordimation of hemateporetic cells, observanon ot fection
within them may be of far great.r relevance than studies nsing perspheral blood cells.
Perhaps most importantiv, inost of the sabpopulations of cells within these organs
cannot be grown /n vitro and cannot be transferred by miection of penipheral blood
into SCID mice. They therefore cannet be studied 1 any other way

To prevent the human immune system tfrom rejecting the SCID mouse, we took
advantage of a classic observation in immunology. namely, that fetal immune cells can
be “'ta. g at” the difference between self and nonself ma; or hostocompatibihity complex
(MHC) antigens. '’ These cells. which start - at as stem cells in the tetal hver ¢ bone
mar;ow, learn this lesson m the thymus as part of their developmental program ™’
Thereafter, as mature and educated cells. they airculate 10 che peripheral bloed and
itve in peripheral lymphoid orges s such as the iymph node. If they “see™ foreign
tissue after this maturation process, (nese Ilymphotd cells will engage a GyH reaction
Therefore, to reconstitute the SC1D mouse with a self-regeneratimy and educuble human
imoune system, we provided 1o the mouse both e progemtor cells an the way of the
hematopoictic fraction of human fetal liver or bone marrow) as well as the mrcroens, -
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ronments through which these cells self-renew and/or differentiate (by surgical implan-
tation of the fetal liver, marrow, and/or thymus organ structures themselves). Finally,
to permit functional immune interactions to ocenr lzier, the mi roenvironments  fthe
peripheral lymphoid system (lymph node, spleeu, and skin) were surgically :mplanted
These organs contain subanatomic structure. (e.g., primary follicles) without whi b
primary and secondary tmmune responses do not occur. Most obyv ously, such three-
dimensional structures are also not normall, found in the peripheral blood stream and
therefore cannot be provided using such a source of cells for reconstitunon of SCID
mice.

Over the course of the past three vears, we have estabhished the validity of the
basic concept s outlined above It 1s possible to implant and to maintam stromul
microenviron...ents tor fetal liver, bone marrow, thymus., lvmph node, and skin. Jhose
organs are vascularized within the SCID mouse and are. i certain carcumstances,
permissive to the influx of hematopoietic el fractions. Certain of these fractions (for
instance, frem fetal liver) can then be shown to differepiiate into numerous and more
mature cell subpopulations (for instance, into myelomonocytic and T-cell subsets after
movement through the ~ortex and medulla of the engrafted human thymus). Thereatter,
m-_ure cell subpopulatyns are tound 1n the peripheral blood of the SCID-hu mouse
.mportantly, no GvH disease 1s waitiated by these human T cells against the SCID host
On the contrary, the engrafted aninals appear to be more 12 nunocompetent than
their untreated littermates and. as predicted, SCID-hu mice are relatively resistant to
the acquisition of Preumocystis carinii pneumonia.

Mcre precise descriptors of human T- and B-cell function in the SCID-hu mouse
have been gathered on a number of levews. First, it has been observed ~hat human B
ceils will differentiate into human plasma cells that secrete human Ig(s and IgM “fter
human fetal lymph nodes are implanted into the SCID-hu mouse. The immunoglobulin
15 polyclonal, secreted to high levels in the peripheral bleod. and maintained for long
periods of time. Because differentiaticn and class-switching results as a function of
interaction between B cells. T cells, and antigen-presenting cells, these interactions
must occur 1. a functional manner in the SCID-hu. Likewise. the human T ceils in the
SCID-hu are both phenotypicall, and functionally similar t» normal human T cells
John Krowka, SyStemix, unpublished observat ons). They express CD4 and CD3 in
the appropriate ratio as w.ll as the CD3 mar..er and the a/8 T-cell receptor. They
can be stimulated to divide by mitogens such as ConA or PHA. by antibadies 2gainst
CD3, and by alloantigens. As mentioned above. even though they are functional by
these assays, they do not engage in GvH disease against the SCID host. At this stage.
it is not clear if the human T and/or B cells within the SCID-hu mouse cun be induced
to make a primary immune 1esponse against a specihc antigen mtroduced at will.
Ongoing studies should soon determine whether or not this important event can be
observed. If it is, the SCID-hu should find multiple applications in the development of
human monoclonal antibodies as well as in the development of vaccines against infee
tious agents.

In the design of the SCID-hu mouse, we wished to be able to experimentally observe
and to maniptlate acute and chronic iafection with HIV. On one level, fer wures related
to viral replicatton within differenc celis of the hematolymphoid sysrem might be
explored. On another, 1t might be possible to dissect the interplay between the human
immune systern of the SCID-hu mouse and HIV. To accomplish “hese gools, it was
critical to establish a reproducible and practical system for infection wit', HIV.

We first established that the SCID-hu maouse is pernassive for HiV infection ™* The
HIV isolate used for infection was specifically chosen to be as similar as possible 1o
that found 1 human patients. Recipro ally, we avoided those tsolates that had been
adapied 0 growth conditions in vitro (e.g., HTLV-ITIB) The solate JR-CSF was
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dertved after short-term culture in PHA-blasts and then directly cloned into phage A7
JR-CSF s preferentially tropic for normal activated human T cells. uses a CD4-
dependent pathway tor entry. and s nonlytic: it will not grow in continuous human
T-cell lines. It has been tully sequenced and 1s homologous to all other solates of
HIV-1. with ali known open reading frames intaci.'® In initial experiments, JR-CSF
wis introduced by direct intrathymice or intranodal injection. Viral replication was
thereatter assaved by i sicy hvbridization, the polvmerase chain reaction (PCR). and
immunohistochenustry. Two weeks after the injection of 400-3000) infectious units of
virus, 1000 of ammals were positive tor HIV, Using a combination of immunohisto-
chemistry and flow cvtometry, it was shown that the infected cell subpopulations were
melusive of both T and myclomonocytie cell lineages.

To test the possibility that intrathymie infection of SCID-hu mice might represent
a suttable assav for anuviral efficacy, 3-azido-3'-deoxythymidine (AZT:1 mg/mL in
the drinking water, a dose that corresponds to 250 mg/kg/day) was administered to
animals 24 hours prior to mfection and continued for the next 14 days.'” At that time.
none (0:17) of the treated animals showed evidence of HIV infection by PCR analvsis;
40730 untreated ammals in the experiment were positive for HIV by this assay. The
protective effect of AZT was manifest agamst both T-tropic and monocyiotropic isolates
of HIV. It was not, however, complete: four weeks after cessation of AZT therapy.
HiV-intected animals were once again positive by PCR. This reappearance of HIV s
related to a rare population of cells in the thymus that s infected even in the presence
of AZT

These data represent the first demonstration that the efficacy of an antiviral com-
pound against HIV can be tested directly on HIV in a small animal model. The design
of the experiments (intrathymic injection, assay by biopsy. in situ hybridization) 1s not,
however, consistent with large scale sereeming of such compounds. in different doses,
by varving routes, or i combmations,

This problem has been solved by emipiric analysis of HIV infection 1 the SCID-
hu mouse. W have now found that if SCID-hu mice are implanted with human fetal
Ivmph node and then infected with HIV by the intravenous route. signs of viremia may
be observed in the peripheral circulation fater.™ By 10-14 days postinfection, greater
than 9577 of the animals are viremic (as measured by qualitative or quanttative PCR
assays for virion RNA) One hundred percent of the animals show signs of HIV
infection 1o the engrafted human lvmph node. Among animals that are viremie for
HIV.1tis only the engrafted human lvmph node that is infected. The engrafted human
thymus 1s notinfected by the intravenous route; engrafted human connective tissue as
well as the endogenous murine lymphotd organs are also spared (as measured by
RNA PCR. DNA PCR. i situ hybridization, immunohistochemstry, and direct viral
isolationy Theretore, HIV does not acquire an altered host range under these condr-
tions. I pseadotypes do form between HIV and endogenous murine amphotropic or
venotropic viruses 1 the SCID-hu mouse. they do not arise with a frequency high
enough to detect with the most sensitive of assavs currently available.™

I'he response to mtravenous mjection is dependent upon the dose as well as the
denvation of the mput virus. For most assavs, a mimmum of 120,000 TCTD s (tssie
culture mfections dose) of JR-CSE arenjected intravenousty to result in 10077 infection
rates at two weeks. The SCTD-hu'' s also permissive for other isolates (JR-FL SM)
that have been isolated directly from patients and that have not been propagated
vitro By contrast, soliates of HIV that have been maintaimed in CD4 - haman lymphoid
cell ines i viere e e, HTEVATTTB, MNL RE)Y have not heen observed o rephicate in
the human organs of the SCID-hu” We nfer that there is a fundamental ditference
between these two groups of isolates, those taken direetiy from patients would presum-
ably bear a closer provinity to reality
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Intravenous infection of SCID-hu mice implanted with human lymph node thus
represents a simple, reproducibie, time-efficient, and safe method by which to observe
the events associated with acute HIV infection in vivo.

To test the possibility that this assay might be useful in studying the efficacy of
antiviral compounds, we have studied several that have been previously used in humans
and other amimal models: AZT and 2'.3'-dideoxyinosine (ddl)." Both drugs are able
to sunpress mfection with HIV when given prior to and maintained tor two weeks after
infection. This effect is dose-dependent. When administered at 250 mg/kg, day. both
drugs result in 100 protection of animals at the (wo week end point. The dose of
AZT that protects 50 of the animals is approximately 66 mg/kg/day: the “protective
dose 507 for ddi s 13 mg/kg/day. These doses may be compared to those currently
being used in humans. 5-10 mg/kg/day for AZT and 10 mg/kg/day for ddl. Given
the fuct that the mouse usually requires approximately 12 times more drug (on a mg/
kg basic).”” it is apparent that the dose-response curves in the HIV-infected SCID-hu
mouse generate reasonable dose ranges for humans. The critical difference between
studies in humane and those in the SCID-hu are underlined. however, by tle resuits
with AZT: it took 3-4 years of empiric experimentation in human trials to determine
a dose that was both efficacious and nontoxic; it took 3-4 wecks to determine a minimal
efficacious dose in the SCID-hu.

In conclusion, it is now clear that the SCID-hu mouse can be implanted 1n a stable
fashion with human hematolymphoid organs, that human cells can be observed to
differentiate through these organs, that human T and B cells thereafter are funcuional.
and that the model can be streamhined into a high throughput, reproducible system for
the analysis of antiviral compounds against HIV. It is hoped that this approach will
offer heipful information in the efficient transfer of promising antiviral compounds
from the lab bench to the clinic.
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INTRODUCTION

The magnitude and continuing growth of the current worldwide AIDS pandemic
make the development of effective vaccines and antiviral drugs of utmost urgency.' *
These efforts, especially studies of the pathogenesis of retroviral mfections and testing
of antiretroviral drugs, immune system modulators, and vaccines will be greatly
facilitated by access to appropriate animal models. The SIV-infected nonhuman priinate
has been established as an excellent animal mode!l system for conducting such
studies.® 2

The simian immunodeficiency viruses (S1Vs) are a group of related lentiviruses that
have been isolated from a variety of nonhuman primate species. The first 1solate,
SIVmac (initially designated STLV-1). was reported in 1985 from rhesus macaques
that were immunodeficient or had Ilymphoma.'® Similar isolates were subsequently
reported in 1986 from mangabey monkeys™ ' and pigtasled macagues.'” ™ and froim
African green monkeys' ' and mandrills”" 7" in 1988, More recently. isolates have
been obtained from stumptail macaques™ ™ and Sykes monkeys.”™ Based on their
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genetic, antigenic, and biologic properties, the SIVs are the closest known relatives of
the human AIDS viruses (HIV-1 and HIV-2)."" *' The mangabey (SIVsmm), macaque
(SIVmac), and HIV-2 isolates are very closely related, suggesting that SIVsmm was
the source of infection for macaques in captivity and humans (HIV-2) in West Africa. ™
More recently, an SIV (SIVcpz) has been isolated from a feral chimpanzee in Gabon:
this isolate !s reported tc be more closely related 1o HIV-1 than to HIV-2.%%

Although natural SIV infection in African species of nonhuman primates (African
green monkeys, mangabeys, mandrills, Sykes monkeys) does not usually result in
disease, we have noted occasional disease problems in mangabeys that appear to be
related to SIV infection; increased numbers of lymphocytes in the peripheral blood,
mild anemia, and lymphoid hepatitis have been reported in African green monkeys
seropositive for SIV antibodies. * Nevertheless, SIV isolates from mangabey monkeys.
when inoculated into rhesus, pig-tailed. and cynomolgus macaque monkeys resuits in
a high incidence of a disease syndrome that is remarkably similar to human AJDS. "
Experimental infection of macaque monkeys with SIV isolates from naturally infected
rhesus (SIVmac) or pigtailed macaques (SIVmne) also results in the development of
an AIDS-like disease.®"™"* Experimental infection of SIV-seronegative African green
monkeys, cynomolgus, or rhesus macaques with SIVagm, however, usually results in
seroconversion but no clinical disease: 1 of 4 pig-tailed macaques was noted to die from
the infection. ™"

In this paper, we summarize studies done at the Yerkes Regional Primate Research
Center to characterize the SIV-infected mangabey and macaque models and to provide
preliminary data on drug trials using the SIV-infected macaque model.

NATURAL SIV INFECTION IN MANGABEYS

T-lymphotropic lentiviruses have been isolated from a high percentage of manga-
beys in the Yerkes mangabey breeding colony.'* This mangabey colony was established
with wild-born animals in 1968, and since then has continued to reproduce well and has
not shown any obvious increased incidence of disease associated with the widespread
retrovirus infection. The mangabey isolate, designated SIVsmm. is morphologically
identical to HTV by electron microscopy; serologically related to HIV by enzyme
immunoassay, Western blot, and radioimmunoprecipitation; and is cytopathic for hu-
man CD4 ' cells in vitro. Of 118 mangabeys tested. 73 (62¢) were found to be seroposi-
tive and virus-positive for SIVsmm; 45 of 104 (43%) of the animals were also seropost-
tive for antibodies to STLV-1. The frequency of SIVsmm infection increases with age
of the animal; infection has been documented in 949 (34 of 36) of mangabeys 9 years
of age or older, in 83% (5 of 6) of animals 7-8 years of age. in 73¢¢ (11 of 15) of 5-6-
year-old animals, 1n 499 (17 of 35) of 3-4-year-old animals. and in 23 (6 of 26) of
animals 1-2 years of age. Studies are currently underway 1o document the virus status
of mangabeys less than one year of age. Observations in this naturally infected colony
indicate that transmission within the colony is primarily by sexual activity and occasion-
ally perinatally. Studies are currently underway to determine if perinatal transmission
occurs in utero or during birth, or by ingestion of milk from SIV-infected mothers.
Naturally infected, generally asymptomatic mangabeys are comparable to HIV-infected
but asymptomatic humans and should prove to be an important model system for
evaluation of immunologic parameters that maintain the asymptomatic state in persis-
tently infected animals, as well as evaluation of possible cofactors associated with the
induction of an AIDS-like disease.
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CHRONIC SIVsmm INFECTION IN MACAQUES

In initial studies to evaluate the pathogenicity of SIVsmm for macaque monkeys,
12 rhesus and 1 pigtailed macaque were inoculated intravenously with approximately
10* TCID,, of S1Vsmm; the animals ranged from 1 to 15 months of age at the time of
inoculation. Twelve of the 13 macaques seroconverted and became virus-positive within
3 to 6 weeks of inoculation; the remaining animal seroconverted at 6 months postinocu-
lation, but has remained virus-negative. These SIVsmm-infected macaques developed
variable degrees of lymphadenopathy, splenomegaly, diarrhea, weight loss, and hemato-
logic abnormalities, including lymphopenia, neutropenia, and thrombocytopenia. Eight
of these 13 chronically infected macaques (61.5%) died from an AIDS-like disease
between 14 and 43 months postinfection. One additional animal currently has an AI1DS-
like disease and is showing gradual deterioration of its clinical condition. All clinically
ill animals showed a progressive decrease in CD4 * T cells and in their CD4 - /CDR8 - cell
ratios. Sentinel animals housed in the same room (3 rhesus and 2 pigtailed macaques) or
same cage (4 rhesus) with macaques chronically infected with SIVsmm have remained
seronegative and virus-negative for up to 52 months; animals housed together in the
same cage (1 infected and ! noninfected) were all sexually immature.'"

Histologic findings in animals dying from an AIDS-like disease ranged from promi-
nent follicular hyperplasia to severe lymphoid depletion, with lymphoid tissues often
showing an infiltrate of syncytial giant cells. One animal had intestinal cryptospori-
diosis, one had disseminated mycobacteriosis, and two had brain lestons comparable
to those seen in AIDS encephalopathy in humans These observations indicate that the
disease induced by SIVsmm infection in macaque monkeys is remarkably similar to
human AIDS, and that SIVsmm, like HIV, is not transmitted by casual contact.

To determine the minimal infectious dose of SIVsmm for use in vaccine or drug
trials, eight juvenile rhesus macaques were divided into four groups of two animals
each and inoculated intraverously with 1 log dilutions of the standard SIVsmm inocu-
lum (10* TCIDy,), with the experimental groups receiving 0.2 to 200 TCID,,. All
animals receiving 10 *or 10 *dilutions (200 or 20 TCID.,)} seroconverted and became
virus-positive within 3 to 6 weeks of challenge; one of two animals receiving the 10 *
dilution (2 TCID,,) was virus-positive at 3 weeks after challenge and seroconverted at
6 weeks postchallenge. Both animals receiving the 10 * dilution (0.2 TCID,,,) remained
seronegative and virus-negative. Results of this minimal infectious dose study are
summarized in TABLE 1. Because the TCID, of this virus stock is about 2 ~ 10°/ml..
the above data indicate that one 50% animal infectious dose (ID.,) is approximately 2
TCID,.

ACUTE SIVsmm INFECTION IN MACAQUES

A variant of SIVsmm, designated SIVsmmPBj14, that was isolated from a pigtailed
macaque chronically infected with SIVsmm was found to induce acute clinical disease
and death within 15 days when inoculated into other pigtailed macaques.”™ Infection
with this variant SIV was fatal in 100% of pigtailed macaques receiving a dose of i*
TCIDq,, caused death within less than 2 weeks in one of three experimentally infected
rhesus monkeys, and induced acute lethal disease in SIVsmm-seronegative mangabeys
but not in SIVsmm-seropositive mangabeys. Recent studies have also shown that prior
infection with SIVsmm affords complete protection to challenge with SIVsmmPR; 14
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TABLE 1. SIVsmm Minimal Infectious Dose in Rhesus Macaques

. Antibody Virus isolation
Virus - ‘ P
Dilution (TCIDy,) Animal 3 weeks 6 weeks 3 weeks 6 week*
10 ? (200) RNy + + + +
RQq * + + +
10 ' 20) Rlz + + +
RCv + + + +
10 *(2) RKt — + + -
REr - — —
1077 (0.2) ROr - - — -
RVr - - - -

in pigtailed macaques (manuscript in preparation). The results of animal inoculations
with STVemmPB)14 are summarized in TABLE 2.

When challenged with SIVsmmPBj14, pigtailed macaques develop an acute clinical
disease characterized by profuse, often bloody diarrhea, pronounced lethargy, essen-
tially total anorexia, lymphopenia, and a marked left shift in polymorphonuclear cell
counts within 4 to 5 days of challenge; infected macaques die within 7 to 12 days.
Pathologic findings in these animals include severe generalized lymphadenopathy,
splenomegaly, and marked hyperplasia of lymphoid tissues in the intestinal mucosa.
Syncytial giant cells are often present in multiple tissues. and large numbers of mature
and budding lentivirus particles are easily demonstrated by electron microscopy in
mesenteric lymph nodes and intestinal lymphoid tissues; virus particles are often present
in intracellular vacuoles in macrophages.

To determine the minimal infectious dose of SIVsmmPBj14 for use in vaccine or
drug trials, 12 juvenile pigtailed macaques were divided into six groups of two animals
each and inoculated intravenously with decreasing doses of the PBj isolate. Group 1
animals received the standard inoculum of 10* TCID,, with groups 2-6 receiving |
log dilutions of the standard inoculum (10’ TCID, to 0.1 TCID,,). All animals given
10 TCIDq, or greater became infected and de' cloped acute clinical disease. Although
there was no evidence that the two recipients of | TCID,, became infected, one animal
that received 0.1 TCID,, was infected and at 6 weeks postinfection had reduced
numbers of CD4 " cells; these decreased progressively until death nine months postin-
fection. In the other infected animals, disease onset ranged from day 7 (10* TCID,,)
to day 12 (10 TCID,,) postinfection, with death occurring from day 8 to day 16
postinfection. One animal (recipient of 10° TCID,,) survived the acute disease but
showed a progressive decrease in CD4 ' cells and died 7 months postinfection with
emaciation, oroesophageal candidiasis, l[ymphadenopathy, splenomegaly. lymphopenia.
and a CD4"/CD8" cell ratio of 0.16. The results of this minimal infectious dose
determination are summarized in TABLE 3.

PROPHYLACTIC EFFECTS OF AZT FOLLOWING EXPOSURE TO
THE ACUTELY LETHAL SIV VARIANT (SIVsmmPBj14)

The prophylactic efficacy of AZT was determined in pigtailed macaques exposed
to the acutely lethal variant of SIVsmm (SIVsmmPBj14). In this study, 12 juvenile
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pigtailed macaques were inoculated intravenously with approximately 20 TCID., of
SIVsmmPBj14. AZT was given subcutaneously at a dose of 100 mg/kg/day, divided
into three doses and administered at 8:00 A.M., 1:00 p.M., and 6:00 p.M. each day. The
AZT treatment was continued for a period of 14 days in all animals that survived for
that period of time. The 12 pigtailed macaques were divided into four groups of three
animals cach, with AZT administration initiated at 1 (group 1), 24 (group 2). and
72 (group 3) hours after virus exposure: group 4 animals did not receive any drug
treatment.

Following virus exposure and the initiation of AZT treatment, the clinical condition
of the cxperimental animals was monitored daily. and the animals were anesthetized
for physical examination and blood collection at 4, 10, 15, 21. and 35 days and at 3-6-
week intervals thereafter for the first year postexposure. Blood samples were used for
CBC determinations, virus culture, and serology.

Results of this study are summarized in TABLES 4 and 5. All animals except one
in group 1 were virus-positive at 10 days postinoculation. Three animals in groups 1
and 2 did not develop the characteristic acute clinical disease following exposure to
SIVsmm PBj14 and remained clinically normal; all other animale developed clinical
disease within 10-17 days of virus exposure. One death occurred in group 1. two deaths
occurred in group 2, and each of the three animals in groups 3 and 4 died. In groups
3 and 4, two animals in each group died acutely, and one animal in cach group survived
for 13 and 14 months. respectively. One animal in group 1 conunues to be virus-
negative, and all 3 survivors in groups 1 and 2 continue to appear clinically normal
and to have normal immunologic parameters two years postexposuce. Animals in
groups 3 and 4 had 30-fold higher antibody titers than animals in groups I and 2,
suggesting that the former had more antigenic stimulation due to increased virus
replication.

TABLE 2. Susceptibility of Monkeys to SIVsmmPBj14 Intection

Number Time of Percent
Spacies Inoculum of animals death mortality
Macaca nemestrina Blood (IV)* Kl 8 days. 9 davs 100
(SIV negative) 10 weeks
M. nemestring Virus (IV) 6 7 davs (3 animals) 100
(SIV negative) % days (3 ammals)
M. mulattu Virus (1V) 3 9 davs 23
(SIV negative)
Cercocebus atys Virus (I1V) 4 10 davs. 11 days. °s
(SIV negative) 13 days
C. atys Virus (1V) 2 N
(SIV positive)
M. nemestring Feces 3 12 davs 33
(SIV negative) (oraly
M. nemestrina Virus (IV) 9 0
(SIV positive)
M. nemestrinu Virus (1V) 3 10 days. 11 davs, 100
(SIV negative) 12 days

“ 10 mL blood transfusion from a pigtailed macaque chronically infected with SIVemm
" Diarrheal material from pigtailed macaque with acute SEVammPBy mfection admimstered by
gastric intubation
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TABLE 3. SIVsmmPB;j14 Minimal Infectious Dose Study

Group and animal Day of onset of
designation blood in stool Time of death

Group 1 (10* TCID)

PPh Day 7 p.i. Day % pi.

PFt Day 7 p.i. Day 9 p.i.
Group 2 (10" TCID)

PGg Day 8 pa Day 10 p.i.

PUc Day 10 p.i. Day 11 p..
Group 3 (100 TCID)

PEf Day 10 p.a.” 7 Months p.i.

PDg Day 11 p.i. Day 13 pui.
Group 4 (10 TCID)

POg Day 12 p.i. Day 15 p.i.

Psf Day 12 p.1. Day 16 p.i.
Group 5 (1 TCID)

PSe No Disease” Alive 2 yr p.i.

PEc No Disease” Alive 2 yr p.i.
Group 6 (0.1 TCID)

PYg No Disease® Alive 2 vr ni.

PHb No Acute Disease S Months p..

“ Recovered from acute clinical disease Sui developed severe immunosuppression and died 7
months postinoculation (5...).

" Arnifuials did not become virus-infected and did not develop clinical disease.

“ Animal did not develop acute clinical disease but became virus-infected and showed immuno-
suppression at 6 weeks postinoculation. Immunosuppression became progressively more severe.
and animal died at 9 months postinoculation.

Data derived from this study indicate that some protection is provided by AZT
when treatment is initiated within 24 hours of exposure to an acutely lethal simian
HIV-like virus. One of three animals treated with AZT within 1 hour of exposure
apparently did not become virus-infected, and 3 of 6 animals treated within 24 hours
of exposure failed to develop the characteristic acute clinical disease and continued to
be clinically normal two years postexposure. These data suggest that AZT treatment
inhibits virus replication in animals treated within 24 hours of exposure. In previous
SIVsmmPB;j14 infection studies, all animals exposed to a dose of 10 TCID,, or higher
became infected and subsequently died.

TABLE 4. AZT Prophylaxis following SIVsmmPBj14 Exposure

Treatment Time Postexposure

Group 1 Group 2 Group 3} Group 4
(1 hour) (24 hours) (72 hours) (No Rx)
Virus-negative 173 0/3 0/3 0/3
Clinical disease 173 /3 3/ /3
Death 173 2/3 73 /3
Day of death 12 14,19 12,14, 12,14,
postexposure 13 mo. 14 mo
Normal survivors at 2 1 0 0

2 yr postexposure
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PROPHYLACTIC EFFECTS OF CS-87, AZT, D4T, AND FDT IN THE
SIVsmm MACAQUE MODEL

The SIVsmme-infected rhesus macaque model was used to evaluate and compare
the prophylactic effects of 3-azido-2".3'-dideoxyuridine (CS-87/AzddU). ¥-azido-3'-
deoxythymidine {AZT). 2',3-didehydro-3'-deoxythymidine (D4T), and 3'-fluoro-3'-
deoxythymidine (FDT/FLT) Our objective was to determine whether the drugs tested
could prevent infection when animals were treated shortly before and for a short period
after exposure to SIVsmm.

In this study, 25 juvenile rhesus monkeys were placed into five groups of five
animals each and treated with either CS-87. AZT. D4T, FDT. or phosphate-buffered
saline (PBS). All 25 animals were inoculated intravenously with 150 TCID., of SIVsmm
24 hours after drug treatment was initiated. Each drug was administered subcutane-

TABLE 5. AZT Prophylaxis foliowing SIVsmmPBj14 Exposure

EIA - anubody tters
Weeks postexposure

AZT o _
Treatment Anmmal N 1% 35 42
Group 1 F86215 3200 3.200 6,400 6,400
(1 hour) MR63IIR Dead
F86342 < 1K) < 100 TS <100
Group 2 FRe367 Dead
(24 hours) J86092 3,200 6,400 1200 6,400
FR6386 Dead
Group 3 JR6078 Dead
(72 hours) TR6308 Dead
FRO6INT 51.200 204,500 203,800 102,300
Group 4 J8601S Dead
(No Rx) FR618R Dead
T80 51,200 204,800 102 400 204 800

* Enzyme immunoassay.

ously at a dose of 100 mg/kg/day, divided into three doses, and given at X:00 A,
4:00 P.M., and 12:00 A.M. Drug treatment was initiated 24 hours prior to virus exposure
and continued for a period of 14 days following virus exposure. At the time of SIVsmm
inoculation, the scheduled drug dosage was administered intravenously shortly before
the virus inoculum was given.

Following the initiation of drug treatmeins and virus exposure, the animals were
monitored by daily observations, and cach animal was anesthetizeu for physical exami-
nations and Ulood collection at 2, 4, 6. and ¥ weeks postexposure. Blood samples
were used for complete hlood counts (CBC) and serum chemistry determinations,
immunologic evaluation., (CD4 " and CD8* cells). and for virus culture and serology.
Unfortunately, due to contamination of the human peripheral blood mononuclear cells
used for the cocultures. virus isolation attempts were not valid until much later in the
study. Nevertheless. the prophylactic effects (or lack thereof) of the drugs being tested
were determined by seroconversion for antibodies to SIVsmm. These seroconversion
results are summarized in TABLE 6 and clearly show that none of the drugs being
tested were effective in preventing infection in animals exposed to SIVsmm by the
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intravenous route. All animals except two tn the FDT treatment group had serocon-
verted by 6 weeks postexposure; one additional animal in the FDT group had serocon-
verted by 8 weeks postexposure. This seroconversion, and therefore lack of prophylactic
efficacy. occurred despits the fact the drug treatment was imitiated 24 hours prior to
virus exposure.

There was a general lack of significant adverse effects on the animals with respect
to chinical appearance. or hemogram or blood chemistry parameters following a two
week course of treatment with CS-87. AZT. or D4T. Animals in the FDT treatment
group, however, developed diarrhea shortly after initiation of treatment, which per-
sisted throughout the treatment period and was associated with weight loss. Animals
in the FDT treatment group also showed evidence of significant bone marrow toxicity.
with marked decreases noted in RBC and WBC counts, hemoglobin and hematocrit
values, and in reticulocyte and platelet counts. These values all returned to normal
levels within two to four weeks after drug treatment was terminated. More details of
this study will be provided in a separate publication (manuscript in preparation).

TABLE 6. Seroconversion in Animals Exposed to SIVsmm and Treated with
Antivirals

Time of Seroconversion Postexposure

Drug Rx [ — -
Group 2 weeks 4 weeks 6 weeks N weeks
PBS 0-5 /5 5/8% R
CS-87 0/5 5/58 5/58 58
AZT 0/58 hV 58
D4T 0/8 3/8 S/8 S8
FDT 0/5 35 REN 45

DISCUSSION

Although a number of newly developed antiretroviral drugs are presently in early
phases of human clinical trials, AZT is currently the only drug approved for treatment
of HIV infection.*” *' AZT has been shown to prolong the life of AIDS patients. to
decrease the incidence of opportunistic infections, and to relieve or improve the CNS
problems associated with HIV infection.*” ** AZT, however. does not cure an individual
of HIV infection and often has severe toxic effects that prevent treatment or continued
treatment in a significant number of AIDS patients.*® ** These shortcomings of AZT
and the growing magnitude of worldwide HIV infection make the continued scarch
for, and development of, new more efficacious and less toxic drugs of paramount
importance.

The development, testing, and eventual clinical use of new antiretroviral agents will
be greatly facilitated by the availability and adequate use of appropriate animal model
systems. The importance of animal models is emphasized by the fact that only about
1% of compounds that have in vitro antiviral activity are also active in animal systems
The SIV-infected macaque provides a model for evaluating the safety and efficacy of
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newly developed AIDS drugs because the SIVs are serologically related to the hunum
AIDS viruses, and we and others have documented the marked climical, pathologic,
virologic, and immunologic similarities between human AIDS and SIV mfection in
macaques.® > This is an excellent animal model system for study of the pathogenesis
of an HIV-like virus and for evaluation of vaccines and newly developed antiretrovizul
drugs. In addition, the acutely lethal SIV variant should prove to be extremely usctul
for the rapid screening and evaluation of antiretroviral agents.

Data are provided in this report that indicate that some protection 1s provided by
AZT when treatment is initiated within 24 hours of exposure to the acutely lethal
variant of SIV. Another study, however, using the more chronic SIVsmm infectnion
model failed to show any prophylactic efficacy of CS-87, AZT. D4T, or FDT. even
when drug treatment was initiated 24 hours prior to virus exposure. This study also
revealed that, at the dosage used, FDT had unacceptuble levels of toxicity

Appropriate animal model systems are available for evaluating the efficacy of newh
developed antiretroviral agents, and based on various factors, the STVanfected macague
can be considered the best model currently available. These animal model svstems
should be used more extensively prior to mitiating large scale human chimead triaks
Drug evaluations can be done under more controlled conditions, in a more tmeiy
manner, and at less cost in the animal model system than in the human popuiation 0
should also be pointed out that prophylactic drug trials can be done in a tiumely manner
only in an animal model system. Although a trial to evaluate the prophylactic cffects
of AZT in health care workers accidentally exposed to HIV was imnitiated.™ st was fater
noted that the low risk for infection following occupational exposure and the ditficulty
in obtaining an adequate number of subjects tor mclusion in the mal have impeded
progress and made completion of the study unhkely.™

SUMMARY

Infection of macaque monkeys with simian immunodeficiency virus (SIV) has been
established as an excellent animal model system for studying the pathogenesis of an
HIV-like virus and for evaluating newly developed antiretroviral drugs and vaccmes
Based on their genetic, antigenic, and biologic properties. the simian immunodeticiencs
viruses are the closest known relatives of the human AIDS viruses, and experimental
infection of macaque monkeys results in a disease that is remarkably similar to human
AIDS. Infected macaques show diarrhea, weight loss, hematologic abnormalities -
cluding lymphopeni» and thrombocytopenia. lymphadenopathy/lymphoid hyperplasia
that progresses to lymphoid depletion, immunosuppression with marked reduction i
CD4 ' cells and in the CD4 * /CD8 * cell ratio. and opportunistic infections. A majoriiy
of such macaques die from an AIDS-like disease within one to three years of mfection
An acutely lethal variant of SIV has been identified that results in death in susceptible
macaques within 7-12 days of infection.

Preliminary prophylactic treatment trials with AZT in macaque monkeys exposed
to the acutely lethal SIV variant indicate that some protection 18 provided when AZ1
treatment is initiated within 24 hours of virus exposure. Other studies with the more
chronic SIV infection model, however, failed to show any prophylactic efficacy of €S-
87, AZT, DAT, or FDT.
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PART V. IMMUNOTHERAPIES FOR THE TREATMENT OF AIDS

Pharmacology of Antiretroviral
Drugs

Lessons Learned to Date

PAUL S. LIETMAN“

Division of Clinical Pharmacology
The Johns Hopkins University School of Medicine
Baltimore, Maryland 21205

The successful development of a drug for AIDS begins with drug discovery and ends
with our use of the drug in patients with an optimized dose and dosing regimen that
maximizes the beneficial clinical response and minimizes the toxicities. Drug discovery
in the field of anti-HIV drugs is occurring at an unprecedentedly rapid pace that is
already crying out for efficient means of evaluating the numerous discoveries in humans.
The pressures for successes in drug development offer enormous challenges and enor-
mous opportunities for clinical investigations. It is imperative that these clinical investi-
gations take cognizance of the pharmacologic aspects of the drugs in order to correctly
assess their efficacy and toxicity and in order to optimize doses and dosing regimens.

Optimization of the use of an antiviral agent will depend upon some understanding
of the pharmacodynamics of the drug, the pharmacokinetics of the drug. and the
interaction between these two, that is, the time-dependent pharmacodynamics. Three
axioms underlie these pharmacologic principles.

First, for all drugs there is a relationship between the concentration of the drug at
its site of action and its effect. that is, the pharmacodynamics of the drug. Second. for
all drugs there are time-dependent effects of the host (humans) on the drug. that is.
the pharmacokinetics ot the drug. Third. for all drugs there is an important time
dependency of the effects of the drug. This 1s often referred to as the pharmacokinetic.
pharmacodynamic interactions or the time-dependent pharmacodynamics of a drug.

PHARMACODYNAMICS

The pharmacodynamics of an antiviral drug must be considered from both the
standpoint of beneficial or wanted effects and toxic or unwanted etfects. In cach case,

“ Address for correspondence: Oster 527, The Tohns Hopkiz Hospital, 600 North Wolte “treet,
Baltimore, Maryland 21205
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there is a definable relationship between the concentration of the drug at the site of the
desired or undesired effect and the magnitude of the effect. Two drugs that we have
studied. namely, zidovudine (Z) and dextran sulfate (DS), serve to illustrate some of
the facets of the pharmacodynamics of antiviral drugs.

It 1s generally believed that Z exerts its proven chnical efficacy by some combination
of its ultimate inhibition of the retroviral reverse transcriptase and/or its chain-termi-
nating potential following its insertion into a growing DNA chain. Each of these effects
is believed to be a direct effect of an anabolite of Z. namely, zidovudine triphosphate
(ZTP). The pharmacodynamics of Z. therefore, will address the relationship between
the concentration of ZTP at the intracclular site of the retroviral reverse transcriptase
and either the degree of inhibition of reverse transcriptase or the efficiency with which a
fraudulent nucleoside analogue is inserted into the growing DNA chain with subsequent
chain termination. Several important lessons have been learned.

The relationship between the concentration of ZTP and the inhibition of the retrovi-
ral reverse transcriptase can be defined in terms of the usual enzymologic parameters
using 1solated and purified HIV reverse transcriptase. From in vitre studies of the
enzyme, the K, (the concentration necessary for S0 inhibition of enzymologic activity)
for ZTP may be between 0.002 and 0.04 micromolar.' * As a rule of thumb, nearly
complete hibition of an enzyme is achieved at about five times the K| or about 0.2
micromolar. Thus, as a starting point, it might be assumed that optimal Z dosing would
require a concentration of ZTP at the site of the retroviral reverse transcriptase of at
least 0.2 micromolar throughout all of every dosing interval. This requirement would
appear to be met only with doses of greater than 5 mg/kg given every 4 hours.*
Although effectiveness may be « ptimal at such doses. toxicity is unacceptably high.
Currently, doses of less than 1 mg/kg every 4 hours are being recommended, and
clearly, the optimal theoretical level is not being achieved. The kinetics of the chain-
terminating effect of ZTP are more complex and have, in fact, not been fully developed.
As food for thought. it would seem reasonable to expect that at each site on the
growing DNA chain into which a deoxythymidine should be positioned. the fraudulent
nucleoside triphosphate analogue (zidovudine triphosphate) would be inserted with a
likelihood that bears some relationship to the K| for the enzyme. Assuming that the
chance of inserting the correct nucleoside analogue is 95% and the chance of inserting
the fraudulent ZTP is 5%. then there would be a 5% chance that the chain could not
continue beyond that point and a 95% chance that it would continue. At the next site
of insertion of a deoxythymidine, the chances should be exactly the same. The chances
of inserting a correct deoxythym:dine at both of the first two sites, however, should be
95% of 5% or 90.25 percent. Similarly. at the third deoxythvmidine site, the chances
of inserting all three deoxythymidines correctly should be 959 of 95%% of 95 or
85.74 percent. Extending this series allows o te see that the statistical chance of
producing a complete DNA copy of the HIV RNA would be virtually impossible
statistically, even at a relatively low degree of inhibition and a relatively low chance of
inserting the fraudulent nucleoside analogue at cach individual site. It would seem that
the results of this type of analysis would suggest that Z would be effective at exquisitely
low concentrations, probably lower than those currently known to be effective. This
hypothetical model could be amended by the addiiional consideration of repair enzymes
that might excise fraudulent aucleoside analogues in order to maintain the integrity of
the proviral DNA. Thus, it might be possible to correlate the proven biologic effects
with the very low plasma zidovudine levels realized from current dosing schemes.

From an enzymologic standpoint it is also apparent that both the degree of inhibi-
tion of the HIV reverse transcriptase and the statistical chance of completing a faithful
proviral DNA copy are tnfluenced by the concentration of the endogenous and correct




LIETMAN: ANTIRETROVIRAL DRUGS 301

nucleoside triphosphate (deoxythymidine triphosphate) at the site of the reverse tran-
scriptase as well as the concentration of the ZTP at the same site. Thus, the provision
of higher levels of deoxythymidine triphosphate will successfully overcome the inhibi-
tion of the HIV reverse transcriptase by ZTP. It follows, then, that the effectiveness of
Z will be a function of the intracellular deoxythymidine triphosphate level as well as
the intracellular ZTP level over time. It also follows that if one were to be able to
deplete the intracellular deoxythymidine triphosphate concentration, Z's effectiveness
should be increased at any given ZTP level. Interestingly. Z itself appears to be effective
in depleting intracellular deoxythymidine triphosphate levels.'® This is believed to be
due to the effect of intracellular zidovudine monophosphate (ZMP) as an inhit..or of
thymidine kinase. Thus, the high intracellular levels of zidovudine nonophosphate
that are found in Z-treated cells lead to the concurrent depluiion of intracellular
deoxythymidine triphosphate. Several other drugs are cey.ole of reducing intracetlular
deoxythymidine triphosphate levels. Dipyridamole blocks the transport of deoxythymi-
dine across cell membranes while not effecti=ig the transport of Z across cell membranes.
Thus, dipyridamole should. in principie. be synergistic with zidovudine, and it appears
that this is the case.™

As another example ol the lessons learned to date with respect to pharmacodynam-
ics, dextran sulfase is believed to act by inhibiting the binding of the human immunode-
ficiency virus to the CD4-containing cells. Jn virro data suggests that this inhibitton is
near'; complete at a concentration of 2 pg/ml of dextran sulfute.” Thus, for this
inhibition to be continuously effective, one would presume that it would be necessary
to maintain levels of dextran sulfate of at least 2 pg/mL throughout all of every dosing
interval. As discussed below, the oral administration of dextran sulfate will not produce
these levels."

There will also, of course. be some relationship between that concentration of 4
drug and its toxicologic effects. If the exact biochemical mechanism of the toxicity is
known, then the relationship between the concentration of drug (or active metabolite}
can be assessed in virro. Unfortunately, the exact biochemical mechanism of the toxicity
is seldom known. Nevertheless. the relationship between the concentration of drug und
a biologic effect may be quantifiable. in vitro or in vivo.

Dextran sulfate serves as an excellent example. The major dose-hmiting tosicity ot
dextran sulfate is its anticoagulant effect. and this can be conveniently and appropriately
measured in vitro using the activated partial thromboplastin time (APTT) as the assay.
Using this system. it becomes clear that unacceptable prolongation of the APTT ( ~ 55
s) occurs at dextran sulfate levels above 8 pg/mL."

The relationships of drug concentration to both anemia and neutropenia with Z, to
peripheral neuropathy with didecs:cytidine, and to pancreatitis with dideoyyinosine
are far less clear. The hematologic toxicity of zidovudine has been addressed by as-
sessing the relationship between Z concentrations and the growth of hone marrow-
derived hematologic precursor cells in culture. The value of these systems as predictive
models for the relationships between Z levels and hematologic toxicity in humans
remains 10 be defined.

A major lesson from the pharmacodynamics of anti-HIV drug toxicity s that
assessing the toxicity of an anti-HIV drug and the relationship between drug concentra-
tions and toxicity in the same cells in culture that are used to assess antiviral efficacy
is, at best, of extremely limited value because this simple assessment fails to take
cognizance of the multitude of possibilities for drug toxicity that have nothing whatso-
ever to do with any single cell type in culture. To phrase it more simply, cells in culture
do not have livers, kidneys, brains, pancreases. or peripheral nerves that can all be sites
of toxicity.




302 AMNNALS NEW YORK ACADEMY OF SCIINCES

PHARMACOKINETICS

The effects of the host (humansy enthe drr g wswfunciion oftime as the drug passes
through the body constitutes the pharmacokinetics of the drug. Antiviral chemotherapy
differs from most other antimicrobial chemotherapy in that the site of viral replication
is always intraceilular and, therefore, it will usually be the intracellular level of an
active drug in infected cells over time that will be critically important. We have clearly
learned, at least for some nucleoside analogues that are currently being investigated,
that it is not the drug as administered that is the active drug, but instead it is a
metabolite of the administered drug that is the ultimate antiviral entity. Zidovudine,
dideoxycytidine, and dideoxyinosine are examples of this phenomenon. Thus, for drugs
such as these, the pharmacokinetics may be considered in two interrelated parts, that
is, the intracellular pharmacokinetics and the more traditional extracellular pharmaco-
kinetics.

Intracellular Pharmacokinetics

Using Z as an example, 1t is the intracellular ZTP that is the ultimate antiviral
agent and the time course of its intracellular concentration that really matters. Unfortu-
nately, the quantification of intracellular ZTP concentrations over time in infected cells,
after zidovudine administration to humans, has proven intractable. because accessible
infected cells are few in number and the ZTP concentrations are below the detection
limits of currently available analytical technology. Clearly, the ability to measure
intracellular ZTP levels in infected cells over time after in vivo administration of
zidovudine to humans remains an important challenge.

In the absence of such direct measurements of intracellular ZTP. however, much
has been learned that is relevant. It has been learned that Z 1s handled by infected cells
similarly to the way it is handled in uninfected cells.' Thus, one may not have to be
quite so handicapped in having to measure ZTP only in infected cells. It has also been
learned, however, that different cell types and even different phases of the cell cyele in
the same cell type handle Z differently.'’ Thus, we will have to focus our attention on
lymphocytes and cells of the monocyte-macrophage lineage inasmuch as these are
believed to be the major and possibly only cell types infected with the HIV. A consider-
able amount of information does exist for intracellular Z kinetics in these tvpes of cells.
Zidovudine appears to enter cells by simple diffusion,'* thus differing from nucleobases
and nucleosides that have transport systems facilitating intracellular transport. Never-
theless, Z diffuses into cells quite readily. Once inside the cell, Z is phosphorylated to
ZMP by a cellular “‘thymidine kinase.”'* ZMP is further phosphorylated to zidovudine
diphosphate (ZDP) by a cellular thymidylate kinase,"* and ZDP is further phosphory-
lated to ZTP by a cellular deoxynucleoside diphosphate kinase.* At a biochemical
level, the intracellular pharmacokinetics of ZTP will be dependent on the enzymologic
characteristics of each of these enzymes. In addition, the intracellular enzymes that
can use or break down each of the phosphorylated metabolites, including ZTP, will
influence the intracellular pharmacokinetics of ZTP. These latter enzymes remain
poorly defined. Overall, the relationship between extracetlular Z and intracellular ZTP
has been addressed in vitro, and some lessons have been learned. The intracellular ZTP
levels are generally very low compared to extracellular Z levels * Considerably higher
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intracellular ZMP levels exist than ZTP levels,* and ZDP levels are intermediary.*
Most of the existing data are derived by incubating cells with a constant concentration
of extracellular Z. As a result, we know little about the fluctuations over time of
intracellular Z, ZMP. ZDP, and ZTP with the fluctuating extracellular Z levels that
occur in humans when the drug is administered intermittentlv There remaing ancther
interesting challenge. It is known that abrupt removal of extracellular Z leads to a
rapid dissipation of intracellular ZTP levels. with a half-life that is only marginally
longer than the half-life of Z itself in humans, that is, about one hour.' Thus, we may
assume that intracellular ZTP levels will fluctuate in some rather close relationship
with the fluctuating extracellular Z levels, albeit at a considerably lower concentration.

Extracellular Pharmacokinetics

Traditionally, pharmacokinetics has been divided into the absorption, distribution.
metabolism, and excretion of drugs as well as overall descriptive parameters such as
half-life, volume of distribution, and clearance.

Absorption

The most dramatic lesson focuses on dextran sulfate. Oral dextran sulfate was
widely used. even though unapproved. and reasonably large controlled and uncon-
trolled clinical trials were instituted . ithout knowing whether or not the drug was
absorbed. When examined, it became clear that dextran sulfate was not absorbed to
any significant extent, and its usc and study has all but ceased.'” Clearly. a drug witk
a purported site of action in the interior of the body must be absorbea. This is.
fortunately, an unusual example with a complete lack of attention to the most basic of
clinical pharmacologic principles. More commoniy, less consequential but. neverthe-
less, important issues revolve around defining an extent of absorption that lies between
10% and Y0% and whether the extent found 1~ or 15 not suthcient to provide adequate
plasma and tissues to be effective. Alternatively. the tssues may revolve around defining
the constancy or variability in absorption. Variable ahsorption may well contribute to
the variable responses seen with each of the anti-HIV nucleostde analogues.

Distribution

In order to be effective any drug must have access to its site of action. Thus. a drug
that acts inside cells must be distributed intracellularly as well as extracellularly, and
if the drug must act in certain specific tissues, then it must bhe distributed to those
tissues. Z illustrates this point. Z acts intracellularly and enters cells easily; thus. its
ability to get to the site of action is excellent as long as it can get to the extracellular
fluid surrounding the infected cell. In general, Z also appears to distribute throughout
the body rather well, thus getting to the extracellular fluid surrounding most infected
cells. The brain, however, appears to provide a sanctuary for HIV-infected cells.
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Although some data exist with iespect to cerebrospinal fluid concentrations in hu-
mans,'? few data exist for brain concentrations, and it is the brain that is the usual
CNS site of HIV infection rather than the meninges, that is, there is an encephalitis
rather than a meningitis.”* Within the biain, HiV may infect neurat ceils or may be
confined to resident cells of the monocyte-macrophage lineage. In either case, the
distribution of Z to the brain is important and incompletely understood.

Metabolism

Using Z as an example, its metabolism includes not only the intracetlular anabolism
to the active ZTP and the dissipation of ZTP as discussed above, but also the metabolism
of Z to other products that do not lie on the pathway to ZTP. The major metabolic
pathway, from a quantitative perspective. i1s the formation of the more water soluble
zidovudine glucuronide (ZG) by the liver and possibly other tissues as well.'* An
understanding of the metabolic pathways followed for Z or any other drug allows one
to predict clinical situations where dosing may need to be altered. For example, one
could predict that newborns, who in general, cannot glucuronidate many drugs. would
eliminate Z less rapidly than other children who. in turn, might eliminate Z more
rapidly than do adults. Furthermore. one could intentionaily or inadvertently lengthen
or shorten the haif-life of Z by inhibiting or inducing the glucuronyltransferase responsi-
ble for ZG formation. An exampie of the intentional inhibition ot Z glucuronidization,
that has been investigated as a potential means of prolonging the half-life of Z in order
to reduce its cost as well as to provide a more convenient dosing interval is the
concurrent administration of probenecid.'* Although probenecid clearly does lengthen
the half-life of Z by about twofold, it may carry with it unacceptable toxicities.”” Other
possibilities remain to be tested. From a drug interaction perspective. one must be on
guard for both the effects of other drugs that might inhibit or induce glucuronyltransfer-
ases as well as other drugs whose glucuronidization may be induced or inhibited by Z.

Excretion

Again, using Z as an example, its excretion is known to occur both as the parent
unmetabolized drug and as the glucuronide. Diminished renal glomerular function
might then be expected to have relatively little effect on the half-life of Z itself but to
markedly prolong the half-life of ZG. Other drugs that are primarily excreted by
glomerular filtration. should be more affected by impaired renal function.

Overall Pharmacokinetics

The overall pharmacokinetics of an anti-HIV agent. as with all drugs, can usually
be summarized in terms of a few parameters such as half-life, volume of distribution,
clearance, and sometimes a maximal velocity and concentration that provides half-
maximal metabolism. Knowing these parameters, for any given drug. allows one to
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manipulate the doses and dosing regimens in numerous permutations in order to
produce an array of patterns of drug concentrations versus time. The more enigmatic
and ultimately more important questions, however, are What drug concentrations over
time do we wish to aclieve? Do we wish to attain plasma levels that correspond to an
ED<, EDy, or EDy, in cells in culture? Do we wish to maintain levels above one of
these values over every entire dosing interval? At the present time, we s‘mply cannot
choose our goals with any degree of confidence.

TIME-DEPENDENT PHARMACODYNAMICS

The biologic effects of some drugs correlate in a timely fashion with plasma drug
levels. On the other hand. some drugs produce biologic effects that appear to have no
relationship with plasma drug levels or, at best, an exceedingly complex relationship.
Lessons have been learned from studies of drugs that have anti-HIV activity that are
applicable to these situations as well.

As discussed above, the intracellular ZTP levels probably fluctuate over time in
some relationship with simultaneously measured plasma Z levels. Dideoxycytidine
(ddC) and dideoxyinosine (ddI), however, both behave differently in that the intracellu-
lar levels of dideoxycytidine triphosphate and dideoxyadenosine triphosphate, the ac-
tive metabolites of ddC and ddl, respectively, appear to be maintained withia cells
longer than is ZTP after abrupt withdrawal of the extracellular drug.'*" Thus, it may
be rational to dose ddC and ddl at less frequent dosing intervals than are necessary for
Z because the pharmacokinetics of the active metabolites differ.

A more remarkable example of time-dependent pharmacodynamics is alpha inter-
feron. Alpha interferon, when administered to humans either intravenously or intra-
muscularly, rapidly achieves peak plasma concentrations with a subsequent relatively
rapid disappearance of the drug from the plasma. with a half-life of about five hours.”
The biologic effect of interferon, however, as measured by its induction of the enzyme
2'-5'oligoadenylate synthetase and its production of an antiviral state, peaks later (6-24
hours) and persists considerably longer (2- 3 days).*"?* This is compatible with the fact
that alpha interferon interacts with a receptor on the cell surface and initiates a cascade
of events that continues within the target cell for some prolonged period of time even
in the absence of the continued presence of alpha interferon at the cell surface. This
type of relationship between the pharmacodynamics of a drug and time may be relevant
to other biologic response modifiers or drugs that act by binding to a cell surface
receptor and inducing a subsequent cascade of events that persists in the absence of
the stimulus 1tself.

CONCLUSIONS

It is clear that many lessons have already been learned or relearned as the field of
antiviral chemotherapy has emerged from its childhood into a vigorous adolescence.
As the field matures, numerous new lessons will surely be learned that will be of
enormous value for the study of AIDS as well as for the study of many other viral
illnesses.
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Impaired Immunity in AIDS

The Mechanisms Responsible and Their
Potential Reversal by Antiviral Therapy*

CURTIS L. RUEGG AND EDGAR G. ENGLEMAN

Department of Pathology. L1235
Stanford University School of Medicine
Stanford. California 94305

INTRODUCTION

The acquired immunodeticiency syndrome (AIDS)Y is the end stage of a progressive
clinical disorder that is caused by the human immunodeficiency virus type 1 (HIV-1)
Since the discovery of HIV-1, much has been learned about its genetic makeup. 1ts lite
cycle, and the mechanism by which it secks out and infects a few selected cell types.
Indeed, despite extensive sequence variation between different HIV-1 isolates® (due 1o
an extremely high rate of mutation during replication of the viral genome in mnfected
cells). HIV-1 appears to use a single protein as its obligate cell-surface receptor. This
protein, called CD4 (or T4 or Leu 3). is expressed on the surface of certam mononuciear
cells and serves as a beacon for HIV-1, which attaches to it through the viraily encoded
envelope glycoprotein (outer coat) gpl20.° ¢ Shortly after HIV-1 attaches to CD4, its
envelope fuses with the plasma membrane of the CD4-expressing cells.” enabling the
viral capsid (consisting of viral genomic RNA and the enzyme reverse transcriptase
that converts RNA to DNA) to enter the cytoplasm where the viral RNA is replicated
as DNA that eventually makes its way to the nucleus and inserts (“integrates™) tself
into the host cell genome. Thus, cells that express the CD4 molecule (CD4 - cells) are
susceptible to HIV-1 infection, whereas cells that lack CD4 (CD4  cells) are resistant.?
There is evidence that some CD4  cells can be infected in vitro:® ' however, proot of
productive HIV-1 infection of CD4  cells, in vivo. is still lacking. By contrast, infection
of CD4 " cells is not only routinely detectable but, as described below, an obligate step
in disease pathogenesis.

Because CD4 serves as an important cell-surface receptor tor HIV-1, knowledge of
the types and functions of cells that express CD4 should provide us with information
about where HIV-1 can be found in infected persons as well as the likely consequences of
infection. The CD4 protein is expressed almost exclusively by mononuclear leukocytes*
which are bone marrow-derived cells that participate in the body's defense agaimst
infections. Although not every mononuclear cell expresses CI4, those that do so play
critical roles in the immune response. These cells include a subpopulation of lvmpho-

“This work was supported by Grants AI172657 and A125922 from the National Institutes of
Health.
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cytes that undergo maturation in the thymus (T cells) and two other bone marrow - de-
rived cell types, the major function of which is to present foreign antigens to T cells:
the monocyte/macrophage and lymphoid dendritic cell. The latter cell type. which
includes Langerhans' cells of the skin as well as dendritic cells found in the thymus,
lymph nodes, and peripheral blood. should not be confused with follicular dendritic
cells, which are not derived from bone marrow.

As a result of HIV-1 infection. one of these cell types, the CD4 - T cell. becomes
functionally impaired, gradually decreases in number, and in late stages of disease
virtually disappears.”'> Inasmuch as CD4 - T cells are responsible for initiating an
immune response to many types of foreign antigens. including infectious pathogens, it
is not surprising that HIV-1-infected patients tend to be particularly susceptible to
infections. Indeed. most of the clinical manifestations resulting from HIV-1 infection
are felt to be consequences of either impaired function or depletion of CD4 - T cells.
On this basis, there 1s great interest in deciphering the mechanisms used by the virus
to paralyze and ultimately destroy CD4 " T cells. The nature of these mechanisms and
their potential for reversal through antiviral therapy are the subjects of this report.

MECHANISMS RESPONSIBLE FOR QUALITATIVE CD4-
T-CELL DYSFUNCTION

In addition to whatever disruption of immune function results from direct infection
of CD4~ T cells by HIV-1, a number of studies have shown that noninfectious HIV-1
inhibits lymphoproliferation, in virro. in response to T-cell mitogens and recall antigens
independent of infection.'” This immunosuppressive activity has been shown to reside
within structural determinants of the HIV-1 envelope proteins gpl120 and gpdi as well
as the viral regulatory protein tat. Using recombinant forms of gp120. investigators have
demonstrated that this component of HIV-1 inhibits T-cell proliferation in response to
both recall antigens'*'* and mitogens.'® Chirmule and colleagues further characterized
this effect of gp120 and showed that T-cell activation mediated by way of the CD3/T-
cell receptor complex (CD3/TCR) was specifically inhibited. but gp120 had no effect
on activation mediated by way of other T-cell activation pathways, such as CD2. CD28,
and direct activation by costimulation with phorbol 12-myristate 13-acetate (PMA)
and the Ca’* ionophore ionomycin.'” Recent data from Mittler and co-workers have
extended these findings 10 demonstrate that gp120 and anti-gpl20 antibodies from
HIV-1-infected individuals synergize to inhibit CD3/TCR signal transduction at lower
concentrations than that required for gp120 alone.' In general. it is presumed that the
mechanism by which gp120 inhibits CD4 " T-cell function involves the binding of
gp120 to CD4, which disrupts interactions between CD4 and MHC class 11 proteins
as well as immune functions dependent upon those interactions.'”

As an extension of earlier studies involving the immunosuppressive properties of the
transmembrane protein p15E of animal retroviruses. we*" and others®! have identified a
short envelope amino acid (aa) sequence, 581-597, from the HIV-1 transmembrane
protein gp41 that is homologous to the suppressive sequence of plSE, is highly con-
served across distinct HIV-1 isolates, and inhibits T-cell activation in vitro when pre-
sented to cells in the form of a synthetic peptide. We have gone on to characterize the
molecular mechanism of this immunosuppressive aa581-597 peptide and demonstrated
that it inhibits both protein kinase C (PKC) and intracellular Ca’ - influx. the two
arms of the phosphoinositide hydrolysis pathway used by CD3/TCR to transduce T-
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cell activation.= In contrast to the restriction of gp120-mediated inhibition to CD3/
TCR signals described above, the gp41-dertved aaS581-597 peptide inhibits activation
mediated by CD2, CD28, and PMA /ionomycin stimulation as well as hy CD3/TCR
{Ruegg and Strand, submitted). This paralysis of immune activation at the level of the
second messengers PKC and Ca- - is similar to that observed for lymphocytes from
AIDS patients.??

Two additional regions near the carboxy terminal end of gpdl have also been
shown to contain suppressive amino acid sequences (aa735-752, aa846-860) that inhibit
mitogenic T-cell stimulation®* and natural killer cell function.” Neither of these se-
quences exhibits any homology to the aa581-597 sequence described above, and there-
fore they presumably inhibit immune function by way of a distinct mechanism.

Finally. gp41 has been shown to induce autoreactive antibodies in HIV-1 -infected
individuals due to sequence similanty of the aa837-844 region of gp41 with MHC class
I1 antigen.”® These autoantibodies were shown to block antigen- and allo-stimulated
CD4* T-cell proliferation and thus mark uninfected CD4 - MHC class I1-positive T
cells as targets for antibody-dependent cellular cytotoxicity (ADCC).

Direct immunosuppressive activity of HIV-1 proteins is not limited to the envelope
polypeptides but has also been shown for another HIV-1 product known as tat.”” These
investigators carried out antigen- and mitogen-driven T-cell proliferation assavs in the
presence of tat and found that this HIV-1 protein blocked activation of T cells stimu-
lated by 'vay of antigen but not mitogen. A potential mechanism for this suppressive
activity of tat has been supplied in a preliminary communication by Lotz ¢r al -
who have reported that tat can transactivate the transcriptional promoter element of
transforming growth factor-beta (TGF-beta). a cytokine with potent immunosuppres-
sive activity. They related this finding to that observed in vivo by showing that both
mRNA and protein expression for TGF-beta are upregulated in lymphocyvie cultures
from HIV-1-infected individuals as compared to normal lvmphocytes and that the
impaired proliferation of these cultures can be restored by neutralizing TGF-beta
activity with specific anti-TGF-beta antibody.

Impatred antigen presentation by monocytes and dendritic cells may also contribute
to CD4 - T-cell dysfunction in HIV-1-infected individuals. Monocytes isolated from
AIDS patients have been observed to exhibit reduced phagocytic™ and chemotactic™
activities as well as reduced expression of HLA class 1I antigens™ and accessory
function in anti-CD3-induced T-cell activation.’> Many if not all of these defects.
however. appear to be reversible by the addition of exogenous interferon-gamma ™
and thus may result from defective stimulation by CD4 - T cells. Direct infection of
monocytes with HIV-1 in vitro or treatment with purified gp120 elicits a somewhat
mixed response involving both down-modulation of chemotactic function and enhanced
expression of HLA class I1."* The relevance of these in vitro observations to clinical
disease s unresolved in light of the low incidence of infection of monocytes in vivo.

MECHANISMS RESPONSIBLE FOR DEPLETION OF
CD4* T CELLS

Although CD4° T-cell dysfunction is an early and prevatling symptom of
HIV-1-infected individuals, there is a strong correlation between the onset of advanced
and severe symptoms of AIDS, such as opportunistic infection, with dramatic reduction
in the number of circulating CD4 - T cells.™ Early explanations for this quantitative
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depletion of CD4 - T cells consisted of the direct destruction of infe ‘ed cells due to
the cyvtopathic effects of HIV-1 and the recruitment of uninfected CD4 - T cells inte
multnucleated syneytia following interaction of gpl20 expressed on the surface ©f
V-1 antected cells with CD4 on the surface of uninfected cells.” ™ The characteris-
tic process of HIV-l-induced syneytium formation can oe readily observed in
HIV-1-intected cultures consisting of immunologically sumulated CD4 - T cells or T-
cell lines and has been shown conclusively to result from celt-to-cell fusion dependem
upon interactions between viral envelope components and CD4.°*7 ™ In many, although
certainly not all, in vitro assay systems, the cyvtopathic process of CD4-dependent
HIV-1 envelope-mediated cell tusion appears to be the major mechanism by which
HIV-1 infection leads to cell death.”™™ A prominent featuie of this process :s the
ability of HIV-1{ enveiope-expressing infect=d cells or syncyvtia to “recruit” unminfected
CD4-expressing cells into increasingly large svneytia, which go on to die. Even in
assay systems in vhich cell fusion is not a prominent feature, but 1 which HIV-]
mfection -associated death of single cells occurs, interactions between HIV-1 envelope
components and CD$ have been postulated to result 1n localized n.embrane perturba-
tions leading eventually to metabohe disiuption and osmotic death.™ Other factors.
ranging fiom accumulation of unintegrated viral DNA* to “terminal™ differennauve
events linked to immunologic activation of infected cells - have been propos.d to
contribute to HIV-induced cell death however, CD4-dependent cell tusion appears to
be the major mechanism of HIV-1 1-ediated cell death in those ‘n virro assay systems
characterized by prominent viral cytopathology. The CD4 molecule may also play a
role 1n receplor-mediaied superinfection, a process that has been postulated to be a
cause of eytopathology m other rotroviral systems* and recently in HIV-1 as wei,

In addi Hn to the mechanisms proposed above to expran HIV-1T-mediated cell
killing in virro. adartional mechanis.as have been hypothesized to explain hov, HIV-1
wfection, in vivo, leads to a progressive decicase in the number f CD4 cells and
resulting immunocompromise. Various autoimmune phenor_na, in which uninfected
CD4 - cells may be destreved tn the course of imniune responses triggered by HIV-1
fection, have been suggested. For example, cytotoxic autoantibodies reactive with un
antigen expressed on activated or HIV-1-infected CD4 - cells have been proposed to
contribute to depletion of such cells 1t vivo ™ In another suggested mechanism. free
HIV-1 gp120 may be selectively adsorbed 10 uninfected CD3-expressing cells through
gp120/CD4 mteractions. This gp 120010 cither native or processed forms, s postulated
to render D4 corls expressing viral envelope determinants susceptible to fysis by
gpi20-specttic cytotoxic T lymphocytes*™ = or to render gpl20-coated cells susceptible
to killing tnrough ADCC mechanis, ».* Independent of any direct orindirect evtotoxic
effects, tree gp 120 may also contribute to depletion of CDH-expressing cells by triggern ¢
cellular activation, potentiany rendering cells more susceptible to HIV- 1 anfection or
meL e permissive for viral repheation.® Finally, recent studies by Zarhng o @/ have
suggested that arrculating CDE T cells in HIV-T infected patients are capable of
selectively Tysing CD4 0 cells i a non-MHC restricted manner (personal o mmuni-
cation).

CAN CD4 - T-CELL DEPLETION BE EXPLAINED BY THE DIRECT
CYTOPATHIC EFFECT OF HIV-1 INFECTION?

Perhaps the simplest proposed explanation for CD4 - F-oell depletion a HIV
1 ntected patients s that these cells die as a Jdirect consequence of imtection due to
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viral vrs Cope miediated ceentss Tnosupport of this concept 1s the recent repor: of
Scirmttman e: al. indicating that as many as 1in 100 CD4 - T cells are HIV-1 infected
i late-stage patients.*” Although Y+ number may scem too low to account for the
massive T-cell depletion observed in~ ict patients. if 177 of the CD4 - cells are continu-
ously being infected. dying. and disay. :aring, such a process could eventually result
in substantial cell loss. If the cytopathic efiects of CD4 - T-cell intection with HIV-]
is a major cause of CD4 - T-cell deplet. v1in HIV-1 infected patients, then the total
viral load would be expected te increase pr or to oran parallel with reduction 1a the
number of CD4 - cells. In earlv-stagz pa tnts. however, with normal CD4- T cell
<unts. the percentage of HIV-1-infected’ ¢'D4 cells 1s low (estimated to be less than
1 1n 1,000) compared to the percentage o ate-stage ( ATDS) patients (estimated to be
b 100).% Fu-thermore, the availab . oo would suggest that in symptomatic as well
as asymptomatic HIV-1-infected 1. ront. ai least 90% of CD4 T cells containing
HiV T ONA are in a latent stage of wfection™ which does not. by duiinition, affect
cell vian rv. Thus, higher titers »f BiV-1 in blood as we' us higher frequencies of
HIV-Li ccted ¢ - 2re found oo €D T-coll depletion not betfore The possibiliny
exists that longitrdinal. scivl tudies of HIV-1 DNA Tevels in individual patients might
reveal a sudden increase in the frequency of virally mtected cells or vi-al burden just
prior to dramatic declines of CD4- T cells. In many patients. however, the decline of
the CD4 - T-cell count occurs gradually over a peniod of months or years.

It can be argued that one -cason for the fuilure to detect a higher frequency of
productively infected T cells, 7 vvo, is that the switch from latency o active viral
replication occurs i lymphoid organs (rather than peripheral blood) where T-cell
activation takes »lace, and that such productivelv itected cells do not circulate but
rather die in situ shortly after the onset of viral rephcation, If <o, exammation of the
lymph nodes of HIV-" -infected patients should reveal a veritable gravevard of CD4-
T cells. This does not appear te be the case, however, based on available data. Theretore,
whereas HIV-1 infection of CD4 T cells with cell denth resulting from viral enve-
lene-mediated events contrihutes to CD3 - T-cell depletion, this mechanism alone
prohably does not account for the massive deplenion of T eells observed in end-stage
disease.

THE ROLE OF €D4 T-CELL DEPLETION IN THF CUIN(CAL
MANIFESTATION OF AIDS

Despite a streng inverse correlation between the nnmber of airculaing CN4- T
cells and the Iikelihood of opportunistic infection 1 V-1 antected patients, " a direct
cause and effect relationship between CD4 - T-cell counts and chnteal outcome has not
yet been proved. Indeced, nuce rendered complete's depleted of T cells by xairradanion
apparently survive quite wetl it theyv are reconstituted with normat T cells to alevel ot
cily 1-2% of that of untreated control ammals, Moreover, humaes treated with
fractionated total lymphoid irradiaton (LD, the treatment of choice tor carlv-stage
Hodgkin's lymphoma and an experimental therapy for certam autormmune diseases as
well as a treatment to prevent reject'on of transplant organs, tolerate this treatment
well and experience no merease i the adence of hfc threatenimg infections despite
th  fact that their levels of CD4- T cell. coe protoundiy redaced. ™™ On the other
hand. whereas abnormally low CD4 - T cell counts (200 3005 persist for per s of
one year and longer m such patients, fevels of Toss than 200 are rarelv seer for more
than a ;ew months following completion of THE Therefore, 1t can be argued that




312 ANNALS NEW YORK ACADEMY OF SCIENCES

partial depletion of CD4 - T cells can be well-tolerated for prolonged periods (greater
than one year). and more profound depletion can be tolerated for at least several
months in the absence of HIV-1 infection. It is possible that more prolonged CD4 - T-
cell depletion (in the absence of HIV-1 infection) would increase the risk of opportunis-
tic infections. The possibility must be considered, however, that factors in addition to
CD4 " T-cell depletion play a critical role in rendering late-stage patients increasingly
susceptible to the chinical manifestations of A1DS. The nature of such factors has yet
to be defined.

DOES A DEFECT IN T-CELL REGENERATION PLAY A
SIGNIFICANT ROLE IN THE DEPLETION OF CD4 T CELLS?

Finally, in potential collaboration with the mechanisms listed above for the active
destruction of CD4 - T cells, HIV-1 infection may also adversely affect replenishment
of the CD4 " T-cell pool in viva. Although the extent and role of T-cell regeneration in
adults is unknown, there is indirect evidence that HIV-1 infection adversely affects the
maturation of CD4 - T cells and that a failure to regenerate CD4- T cells contributes
to the overall depletion of these cells in late-stage patients. Thus, HIV-1-uninfected
patients, whose CD4 " T-cell compartment is nearly ablated as a consequence of treat-
ment with TLI, regain normal responses to alloantigen within 3-5 years.”* By contrast,
the loss of the CD4 - T-cell compartment in patients with late-stage HIV-1 infaction
1s rarely reversed. even in the presence of antiviral therapy. suggesting that the capacity
to regenerate T cells in thes» patients is severely compromised.

What can be said regarding the role of thymic defects in HIV-1-associated CD4-
T-cell dysfunction? Clearly, the thymus of end-stage AIDS patients is virtually de-
stroved.™ * The possibility also exists that the thymus is affected early in the course
of HIV-1 infection, inasmuch as most immature thymocytes are CD4* and presumably
susceptible to HiV-1 penetration. If, however, a high proportion of T-cell precursors
in the thymus or hone marrow were infected and later released into the periphery as
mature T cells, a much higher proportion of circulating T cells would demonstrate the
presence of HIV-1 DNA than has been observed. In addition, it is widely held that
thymic precursors of CD8" T cells express CD4 as well av CD& molecules and.
therefore, HIV-1-infected CD& - T cells should be readily detectable in AIDS pauents
and/or CD8 T cells should be depleted in parallel with CD4 - T cells. Because this
1s not the case, 1t s necessary 10 hypothesize that HIV-1 infection of the thvmus or
bone marrow results in defective T-cell maturation and/or the failure to release mature
T cells into the periphery, and that precursors of CD4 cells are more susceptible to
these effects than precursors of CD8 - cells. Such effects might occur as a consequence
of HIV-1 infection of cell types other than maturing T cells, such as macrophages,
dendritic cells, or epithelial cells, ali of which play essential roles in the maturation of
T cells.

In summary, we suggest that the thymus is profoundly affected by HIV-1 intection,
because destruction of peripheral T cells appears insufficient to account for the massive
T-cell depletion observed in late-stage disease. Of course this assumes that in healthy,
uninfected adults the thymus retains some T-cell regenerating capacity. This would
seem to be the case inasmuch as adult patients rendered profoundly T lymphoperme
from therapy. such as TLI eventually regain normal or nearly normal T-cel counts
and immune function. Although the hypothesized thymic defects in HIV-1 infected
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patients may or may not be reversible (see below), such defects may nonetheless be
critical to the ultimate disappearance of CD4 - T cells in these patients. Remarkably,
no direct evidence to support this hypothesis has yet emerged.

ARE CD4 T-CELL DYSFUNCTION AND DEPLETION
REVERSIBLE IN AIDS PATIENTS?

Despite the large number and diversity of the putative mechanisms responsible for
CD4 - T-cell dvsfunction and depletion in HIV-1-infected patients, most have in
common a critical role for the HIV-1 envelope glycoproteins, gp120 and/or gp41. For
example, transfection or infection with the HIV-1 envelope gene alone is sufficient for
syncytia formation or single cefl death,””* and no other HIV-1 gene or gene product
has yet been shown 1o contribute 10 these phenomena. Similarly, most of the nonlytic
mechanisms proposed to explain T-cell dysfunction in early-stage disease are mediated
by envelope gene products. On this basis, one might predict that suppression of HIV-1
replication, in vivo, would be followed by a reversal of immune suppression; that is,
virtually all of the mechanisms reviewed in this report are potentially reversible. This
prediction is consistent with our recent observation that incubation of T cells from
HIV-1 infected patien:s for 1-2 days, in vitro. reversed defective immune responses (D.
Ritter and E. Engleman. manuscript in preparation). Moreover, some azidothymidine
(AZT, zidovudine)-treated HIV-1-infected patients reportedly recover delayed-type
hypersensitivity responses as measured by skin-test reactivity to tuberculin and other
recall antigens, and some patients show rises in the number of circulating CD4- T
cells. The fact that such “immune recovery™ is transient can be ascribed to the eventual
fatlure of AZT treatment to control viral replication, in vivo, due to the selection for
AZT-resistant strains of HIV-1.

Can we infer from the above that more prolonged suppression of HIV-1 replication,
as might be anticipated witn newer anti-HIV-1 drugs or combinations of drugs. would
result in prolonged recovery of the immune system? Based on the information reviewed
here, the answer is yes, provided that the capacity to regenerate T cells has not been
irrevocably lost as a consequence of HIV-1 infection. On an optimistic note, the fact
that relatively few T cells appear to be required for maintenance of seemingly normal
immune function suggests that a return to normal numbers of mature T cells may not
be essential for resistance to opportunistic infections. Even if the thymus is completely
or nearly completely destroyed, immunologic “‘recovery’™ may be possible if the re-
maining T cells are not irreversibly damaged. Of particular importance in this regard
is the fate of long-lived memory T cells, which are thought to be responsible for
maintaining immune responses to ubiquitous, opportunistic organisms of the tvpes
known to cause life-threatening infections in AIDS patients. As discussed previously,
memory CD4 © T-cell function tends to be lost early in the course of HIV-1 infection.
Whether the T cells mediating this function have been destroyed or, alternatively,
“paralyzed™ is unknown, but the answer to this question takes on paramount impor-
tance to the consideration of possible immunologic recovery. Clearly. if memory T cells
are irreversibly damaged or deleted. then an intact thymus would be essential to
reconstitute essential immune responses. In the event that the thymus is destroyed
and memory T cells are deleted, then the only recourse would be that of thyvmic
transplantation.




314 ANNALS NEW YORK ACADEMY OF SCIENCES

SUMMARY

The inability of CD4 " T cells of HIV-1-infected patients 1o mount an effective
immune response is widely believed to explain the increased susceptibility of these
patients to opportunistic infections. Although the full explanation for T-cell dysfunction
in HIV-1 infection is not yet understood, at least two fundamentally distinct mecha-
nisms are thought to contribute: depletion of CD4 - T cells and qualitative CD4 " T-cell
dysfunction independent of T-cell depletion. Many HIV-1-infected patients manifest
reduced T-cell responses to recall antigens prior to measurable CD4 - T-cell depletion,
and among the proposed explanations for this phenomenon are gp120-mediated inter-
ference with T-cell activation by way of inhibition of CD4-class II major histocompati-
bility complex (MHC) determinant interactions, gp41-mediated inhibition of protein
kinase C-dependent T-cell activation, formation of gp41 cross-reactive antibodies that
react with MHC class II determinants, transforming growth factor-beta (TGF-be-
ta)-mediated immunosuppression, and decreased functions of antigen-presenting and
antigen-processing cells (macrophages and bone marrow-derived dendritic cells). De-
spite their detection in most HIV-1-infected patients, these qualitative T-cell defects
do not herald the onset of life-threatening disease. The appearance of severe clinical
manifestations of AIDS, particularly opportunistic infections, occurs primarily in pa-
tients whose CD4~ T-cell count is significantly reduced. Depletion of CD4" T cells
may be a direct consequence of HIV-1 infection that occurs as a result of syncytia
formation, autoantibody-mediated cytolysis, gp120-specific antibody-dependent cytoly-
sis, and/or gp120-specific T-cell mediated cytolysis. The thymus is severely affected in
patients with late-stage disease, and although there is no proof that the failure of the
thymus to regenerate new T cells contributes to T-cell depietion in patients with AIDS,
the likelihood seems high that this is the case. Indeed. if prolonged suppression of
HIV-1 replication can be achieved with newer anti-HIV drugs or combinations of
drugs, reconstitution of a normal immune system seems likely. provided that the
capacity to regenerate T cells has not been irrevocably lost as a consequence of viral
infection. In summary, available evidence indicates that HIV-1 uses a complex array
of mechanisms to disrupt T-cell mediated immunity. but because most of these involve
a direct role for HIV-1 proteins, such mechanisms are likely to be reversible if suppres-
sion of HIV-1 replication can be achieved.
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PART VI. CLINICAL EVALUATION OF ANTI-HIV DRUGS

New Developments in Combination
Chemotherapy of Anti-Human
Immunodeficiency Virus Drugs

VICTORIA A. JOHNSON AND MARTIN S. HIRSCH

Infectious Disease Unit
Department of Medicine
Massachusetts General Hospital
Harvard Medical School
Boston, Massachusetts 02114

INTRODUCTION

Although HIV-1 continues to cause major worldwide devastation, marked progress
has occurred in the development of antiviral agents to attack this virus. Advances
include the demonstration of zidovudine efficacy at various stages of infection (M.
Fischl, e? al.' P. Volberding, er al,?), the early evaluation of other HIV reverse
transcriptase inhibitors that may improve therapeutic indices over zidovudine, and the
study of newer agents with nc vel ni :chanisms of antiretroviral action™’ (TABLE ).
Several of these promising agen's ar . undergoing clinical evaluation™ (F1G. 1). Despite
these advances, the frequent dose-limiting toxicity of drugs as single agents at higher
doses,*” as well as the reports of emergence of zidovudine-resistant HIV variants
during prolonged monothe. apy,' have signaled the need for improved strategies. In

this review, we will focus on one promising approach to this problem. that is. the
development of combination therapy for HIV infection.

THE DEVELOPMENT OF COMBINATION THERAPY FOR HIV
INFECTION

There is ample precedent for the use of combination therapy for HIV-1 infection
in the demonstrated efficacy of multidrug treatment for many bacterial and fungal
infections, as well as in cancer chemotherapy. Ideally, the major goal of this therapeutic
strategy for HIV-infected individuals should be the ability to achieve increased efficacy
and/or reduced toxicity. It is likely that combinations of agents that target different
sites in the HIV-1 replicative cycle will afford prolonged effective therapy. When two
agents are combined, they may interact in one of three ways'': (1) Additive effect: Two
drugs are said to be additive when the activity of the drugs in combination is equal to
the sum (or a partial sum) of their independent activities when studied separately (2)
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Synergism: The combined effect of a synergistic pair of agents is greater than the sum
of their independent activities when measured separately (i.c., greater than the expected
additive effect). (3) Antagonism: If two drugs are antagonistic. the activity of the
combination is less than the sum of their independent effects when measured alone
(i.e., less than the expected additive effect).

To assess drug interactions, a mathematical analysis of the data is preferable given
the complexities of dose-effect relationships in biologic assays. We evaluate our
drug interactions by the median-effect principle and the isobologram technique.'> '* A
review of the methods available, and their mathematical limitations, are described
elsewhere.'? '

TABLE 1. Targets for Anti-HIV Agents®

Target in Viral Replicative Cycle Agents

Viral adsorption or entry Recombinant soluble CD4 or its analogues
Neutralizing antibodies
Inhibitors of viral uncoating

Reverse transcriptase inhibitors Zidovudine
Dideoxyceytidine
Dideoxyinosine
Other nucleoside analogues
Inhibitors of RNase H activity

Integration of DNA into host genetic Inhibitors of integrase function
material
Viral gene expression Anti-tat agents
Antisense oligodeoxynucleotides
Posttranscriptional or posttransiational Glycoprotemn processing inhibitors
processing. assembly, or release castanospermine

deoxynojirnimycin derivatives
Myristylation inhibitors
Protease inhibitors
Interferons

“ The antiviral effect of some of these agents has not been firmly established: for some there
may be more than one mode of action, and for others the mechanism is unclear. Some of these
listings are theoretical interventions and not currently available for testing.

Anti-HIV drug combination therapies offer several potential advantages over single
drug therapy, especially if antiviral synergistic intciactions occur leading to more
complete virus suppression. Such an approach may allow the reduction of component
agents below their toxic concentrations and may reduce the opportunity for the emer-
gence of drug-resistant HIV mutants. An optimal combination regimen should affect
virus replication in a broad range of cell types and should not display overlapping (i.c..
additive or synergistic) toxicity. Drugs should generally not be used in combination in
patients until tiicy have been studied thoroughly as single agents to avoid incorrect
conclusions concerning combined benefit or toxicity. The steps involved in the develop-
ment of combination therapy for HIV infection are similar to those involved i single
agent therapy.
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DRUG COMBINATIONS TESTED AGAINST
HIV REPLICATION IN VITRO

Drug Combinations with Synergistic Activity against HIV Replication in Vitro

Combination therapies that have been found to have synergistic interactions in vitro
in our laboratory are outlined in TABLE 2.'*-** We will highlight recent work on
several combinations: (a) zidovudine (AZT) and recombinant soluble CD4 (rsCD4), (b)
zidovudine plus either castanospermine (CAS) or N-butyl 1-deoxynojirimycin (¥-butyl
DNJ), and (c) the three-drug regimen of zidovudine, rsCD4, and recombinant interfer-
on-alpha-A (rIFN-a-A).

TABLE 2. In Vitro Interactions of Drug Combinations for HIV Infection

Combination Interaction® Reference Number

Zidovudine plus:

Recombinant soluble CD4 (rsCD4) Synergism 15

Interferon-alpha (rIFN-a-A) Synergism 16

Castanospermine (CAS) Synergism 17

N-butyl 1-deoxynojirimycin (N-butyl DNJ) Synergism 18

Ribavirin Antagonism 19
Zidovudine plus rsCD4 plus rIFN-a-A Synergism 20
2',3’-dideoxycytidine (ddC) plus interferon-

alpha (rIFN-a-A) Synergism 21
Foscarnet plus interferon-alpha (rIFN-a-A) Synergism 22

Castanospermine plus recombinant soluble
CD4 (rsCD4) Synergism 23

2 See text for definitions.

Zidovudine and rsCD4

Earlier studies in our laboratory*® and others*** ** demonstrated that rsCD4, as a
single agent, is a potent inhibitor of HIV-1 in CD4-positive lymphoid cells. In our
combination studies, synergism was seen with multiple drug concentrations in diverse
cell types without cytotoxicity.'* In H9 cells (a CD4 * T-cell line) acutely infected with
HIV-1 (500 TCID,, of strain HTLV-IIIB/10° cells), combinations of rsCD4 (> 0.02
pg/mL) and zidovudine ( >0.16 uM) inhibited HIV-1 synergistically on day 10, as
measured by p24 antigen production, reverse transcriptase activity, yield of infectious
virus, and HIV-1 antigen expression by immunofluorescence. In acutely infected pe-
ripheral blood mononuclear cells (PBMC), a dose-dependent inhibition of HIV-1 repli-
cation was observed throughout ten days in culture with rsCD4 (0.02-0.32 ug/mlL)
and zidovudine (0.003-0.040 uM) when each was tested as a single agent. Combinations
of rsCD4 at concentrations of >0.08 ug/mL and zidovudine at concentrations of
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>0.01 uM inhibited HIV-1 synergistically on day 10. Even though rsCD4 (0.02-0.32
wg/ mL) and zidovudine (0.003-0.040 M) as single agents were less effective against
HIV-1 replication by day 14 in PBMC, combinations of rsCD4 at concentrations of
>0.16 pg/mL and zidovudine at concentrations of >0.02 uM demonstrated syner-
gistic interactions that both increased over time and persisted through day 14. In an
acutely HIV-1-infected CD4 * monocytic cell line (the HLA-DR * clone of the BT4
cell line). synergistic interactions were seen with rsCD4 (0.001-0.080 pg/mL) and
zidovudine (0.01-0.64 uM) at multiple drug concentrations over the twelve day course
of the experiment. In all of these experiments, the combination index values were < 1.
Clinical trials of AZT and recombinant soluble CD4 are planned or underway.

Zidovudine and either CAS or N-butyl DNJ

The glycosylation inhibitors CAS and N-butyl DNJ have been shown by our group™
and others'™** to be inhibitors of HIV-1 replication. The use of these agents as mono-
therapy at higher doses, however, may be limited by toxic effects on normal cellular
metabolism* and altered glycogen distribution.™

We have studied both CAS and N-butyl DNJ in combination with AZT.'”'* In
acutely infected H9 cells, the combinations of CAS (21-339 uM) and zidovudine
(0.04-0.64 M) inhibited HIV-1 synergistically, as measured by p24 antigen produc-
tion, RT activity, and infectious virus yield. In acutely infected PBMC, combinations
of CAS (42-339 uM) and zidovudine (0.02-0.16 uM) synergistically inhibited both
HIV-1 and HIV-2 on day 7."" Concentrations of CAS as low as 21-42 uM resulted in
synergistic interactions with zidovudine in vitro, without apparent cellular toxicity.

We also evaluated N-butyl DNJ in combination with AZT."* Cultures of H9 cells
were exposed simultaneously to HIV-1 and various concentrations of each agent. .V-
butyl DNJ (0.156-40 uM) and AZT (0.01-2.56 uM) were added either alone or in
combined regimens. Representative data regarding the inhibition of HIV-1 p24 antigen
production (ng/10° cells) on day 11 in culture are shown in TABLE 3. In acutely
infected H9 cells, the combination of N-butyl DNJ (> 10 pg/mL) and AZT (>0.64
M) inhibited HIV-1 synergistically without additive toxicity. This combination may
deserve consideration for future clinical trials.

The Three-Drug Regimen of Zidovudine, rsCD4, and rlIFN-a-4

We have recently completed the first three-drug combination study in HIV-1 infec-
tion in vitro. We evaluated whether more complete virus suppression could be attained
with three anti-HIV agents in combination, using agents that each attack different
targets in the HIV-1 replicative cycle in vitro, when compared to one- or two-drug
r