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The original aims of this 5 year project were i) to complete the molecular characterization of variants HIV-1 that
are resistant to the pyrophosphate analog foscarnet, ii) to identify by in vitro selection variants of HIV-1 that are
resistant to new reverse transcriptase (RT) and protease inhibitors that are in preclinical or early clinical stages
of evaluation, and iii) to construct a panel of drug-resistant infectious proviral clones for use as standards in
HIV-1 drug susceptibility assays. During the 14 month period of funding, major progress has been made on
each of these aims. First, we have completed a comprehensive analysis of the genetic basis for HIV-1 resistance
to foscarnet. Six novel mutations in HIV-1 RT have been identified in foscarnet resistant laboratory and clinical
isolates. In addition, important interactions between foscarnet and azidothymidine resistance have been
identified. Second, we have isolated a variant of HIV-1 that is resistant to the novel RT inhibitor dioxolane
guanosine and encodes a K65R mutation in the IKKK motif of HIV-1 RT. Third, we have engineered an HIV-1

- proviral clone to encode unique silent restriction sites that allow rapid cloning of mutant protease or RT genes

. into the provirus. Using this novel vector we have produced stocks of recombinant mutant viruses that are

- highly resistant to foscarnet, nonnucleoside RT inhibitors, azidothymidine, or oxathiolane cytosine nucleosides

(e.g. 3TC). In summary, new discoveries and several products of importance to HIV research have arisen from
7 thls pro]ect durmg the short period of funding.
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5. INTRODUCTION

51 Importance of HIV-1 Drug Resistance

A growing concern in the pursuit of new therapies for human
immunodeficiency virus type 1 (HIV-1) infection is the potential for HIV-1 to
develop drug resistance. HIV-1 variants resistant to 3'-azido-3'-deoxythymidine
(AZT), 2',3'-dideoxyinosine (DDI) or 2',3'-dideoxycytidine (DDC) have been isolated
from patients receiving long term monotherapy with these drugs (1-3). Mounting
clinical evidence indicates that AZT resistance is a predictor of poor clinical
outcome in both children and adults (4-6). The rapid development of HIV-1
resistance to nonnucleoside reverse transcriptase inhibitors (NNRTIs) has also been
reported both in cell culture and in human clinical trials (7-11). In the case of the
NNRTI L'697,661, drug-resistant HIV-1 emerged within 2-6 weeks of initiating
therapy in association with the return of viremia to pretreatment levels (10).
Breakthrough viremia associated with the appearance of drug-resistant strains has
been noted for other classes of drugs including HIV-1 protease inhibitors (12,13).
These findings have lead to the general realization that the potential for HIV-1
resistance must be evaluated early on in the preclinical evaluation of all new
antiretroviral agents.

5.2 Value of In Vitro Studies to Identify Drug-Resistant HIV-1

The characterization of drug-resistant HIV-1 strains that emerge in cell
culture with drug selection has helped predict both the likelihood of resistance and
the types of resistant mutants that breakthrough in treated patients (7-11,14). For
example, the rapid development of clinical resistance to the NNRTIs nevirapine
and L-697,661, resulting from a tyrosine to cysteine mutation at residue 181 of HIV-1
reverse transcriptase (RT), was predicted by in vitro selection studies (7-11). Hence,
a major goal of this project is to evaluate the potential of HIV-1 to develop
resistance to new inhibitors of HIV-1 RT and protease through in vitro drug
selection studies.

5.3 Known HIV-1 Drug Resistance Mutations

An increasingly complex number of mutations in HIV-1 that confer
resistance to RT and protease inhibitors have been identified through a
combination of in vitro selection studies and human clinical trials. A
comprehensive list of these mutations has recently been published by the project
investigators (15; copy in Appendix).

Several important points can be drawn from examining these mutations. As
noted earlier, in many instances the resistance mutations that were identified by in
vitro drug selection studies were predictive of the mutants that emerged in treated
patients. Second, the addition of a new resistance mutation in RT may suppress the
effect of a pre-existing resistance mutation. For example, the phenotypic effects of
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certain AZT resistance mutations are reversed by mutations that cause DDI
resistance (L74V), (-)-FTC/3TC resistance (M184V) or NNRTT resistance (Y181C or
L1001) (2, 16-18). This suggests that simultaneous resistance of HIV-1 to several
drugs may not be possible without compromise of RT function. This was initially
thought to be the case for simultaneous resistance to AZT, DDI, and nevirapine
(19), although this has been disproved (20, 21). Nevertheless, further identification
of antagonistic interactions between resistance mutations in RT and protease may
lead to the design of more effective combination chemotherapy.

54 The Need for a Reference Panel of Drug-resistant Isolates

The DOD/ACTG assay has become a useful tool for determining the drug
susceptibility of clinical isolates of HIV-1 (22). Studies on the frequency and
significance of AZT resistance have been facilitated by the availability of a panel of
AZT-resistant reference isolates for use as standards in the DOD/ACTG assay.
However, similar reference isolates are not available for resistance to other
antiretrovirals (e.g. DDI). This is due, in part, to the problem that many of the
infectious molecular clones of HIV-1 that have been constructed to encode specific
drug resistance mutations do not replicate consistently in peripheral blood
mononuclear cells (PBMC) and thus are not useful in the PBMC-based ACTG/DOD
assay. Stable infectious molecular clones of HIV-1 that encode resistance to single
or multiple drugs and replicate consistently in PBMC are needed for future clinical
studies of resistance to newer antiretroviral agents. As part of this project, drug-
resistant infectious molecular clones of HIV-11 A1 (formerly HIV-1gry [23]) have
being constructed for use as standard reagents in the DOD/ACTG assay. These
clones are described below in Section 6.2. The HIV a1 clone was selected because
virus derived from this plasmid replicates consistently to high titer (>105
TCIDsg/ml) in PBMC from random donors.

5.5 Previous Work

In prior studies, the applicants have determined the molecular basis for HIV-
1 resistance to several different chemical classes of nucleoside and nonnucleoside
inhibitors of HIV-1 RT (9, 14, 24, 25). Studies with the NNRTIs nevirapine (9),
TIBO R82150 (24) and the acyclic 6-substituted pyrimidines 1-(ethoxymethyl)-(6-
phenylselenenyl)-5-ethyluracil (E-EPSeU) and 1-(ethoxymethyl)-(6-phenylthio)-5-
ethyluracil (E-EPU) (25) have demonstrated that single nucleotide mutations in the
coding sequence of RT confer >100-fold resistance to these compounds. In the case
of nevirapine, resistant variants dominated the virus population in vitro after only
one cycle of drug selection. The mutation responsible for nevirapine resistance was
identified by DNA sequencing and site-specific mutagenesis to be a single base
change (TAT to TGT) in RT that alters the tyrosine (Y) at position 181 to a cysteine
(C). This Y181C mutation was one of the major mutations found in resistant
viruses that emerged in patients treated with nevirapine monotherapy (11).
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Recently, the applicants have selected and characterized HIV-1 variants that
are resistant (>100-fold) to the RT inhibitors (-)-B-L-2',3'-dideoxy-3'-thiacytidine
[3TC] and (-)-p-L-2',3'-dideoxy-5-fluoro-3'-thiacytidine [(-)-FTC] (14). These variants
are cross-resistant to 3TC, (-)-FTC, and their (+)-congeners, but remain susceptible to
DDC, DDI, AZT, 3'-fluoro-3'-deoxythymidine, phosphonoformate, and TIBO
R82150. DNA sequence analysis of the RT amplified from resistant viruses
identified mutations at codon 184 from methionine (ATG) to valine (GTG or GTA)
or isoleucine (ATA). Site-specific mutagenesis has confirmed the importance of the
M184V mutation in resistance to 3TC and (-)-FTC. In addition, DNA sequence
analysis of HIV-1 RT from several patients who were treated with 3TC
monotherapy demonstrated the M184V (GTG) mutation in association with
phenotypic resistance of viral isolates (26). These studies once again underscore the
value of in vitro selection in predicting the drug resistance mutations that develop
in vivo.

5.51 HIV-1 Resistance to Foscarnet (PFA, foscarnet)

Foscarnet (phosphonoformate) is a DNA polymerase inhibitor with activity
against HIV-1 in vitro and in vivo (27, 28). It is commonly prescribed in HIV-
infected patients to treat cytomegalovirus retinitis. Until recently, HIV-1 resistance
to foscarnet was believed not to occur despite long term foscarnet therapy (29). In
preliminary studies started before funding of this project, we selected HIV-1
exhibiting ~10-fold resistance to foscarnet by serial passage in drug. The foscarnet-
resistant viruses exhibited no cross-resistance to 2',3'-dideoxynucleosides or
NNRTIs. During the project period, we have completed a comprehensive analysis
of the genetic and structural basis for HIV resistance to foscarnet arising in vitro
and in foscarnet treated patients. These findings are summarized below under
Section 6.1.

5.6  Purpose of Present Work

The overall goal of this project was to assess the potential of HIV-1 to develop
resistance to antiretroviral compounds that are in preclinical or early clinical stages
of evaluation. The specific aims of the project were to:

1. Complete the molecular characterization of the foscarnet-resistant clinical
and laboratory HIV-1 isolates.

2. Isolate HIV-1 variants that are resistant to new HIV-1 inhibitors by drug
selection in T-cell lines (MT-2) and peripheral blood mononuclear cells

3. Determine the cross-resistance pattern of the variants to structurally related
and unrelated inhibitors.
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4. Determine the genetic basis for inhibitor resistance by cloning and sequencing
the appropriate viral gene (RT, protease) from resistant variants to identify
associated mutations.

5. Introduce the mutation(s) identified above into an infectious proviral clone
to define the role of each mutation in inhibitor resistance.

6. Produce a reference panel of molecularly cloned, drug-resistant viruses that
replicate well in PBMC for use as standards in the DOD/ACTG HIV-1 drug
susceptibility assay.

5.7  Military Significance

Effective treatment and prevention of HIV-1 infection is a goal of the Medical
Protection Against AIDS Program of the USAMRDC. The emergence of drug-
resistant HIV-1 has proven to be a significant obstacle to long term effective
chemotherapy of HIV-1 infection. Several new classes of HIV-1 inhibitors are
entering clinical trials, but information is lacking on the likelihood that resistance
will develop to many of these candidate drugs. The work proposed in this
application will address this deficiency. Characterization of the phenotype and
genotype of drug-resistant variants that arise in vitro will improve our
understanding of the molecular mechanisms of resistance and lead to more rapid
detection of resistant variants in clinical samples. In addition, the proviral clones
encoding specific drug resistance mutations will be useful as standard reagents in
susceptibility assays of clinical isolates. Collectively, this project should expand our
knowledge of HIV-1 drug resistance and help prioritize new therapies for
evaluation in clinical trials.

5.8 Methods of Procedure

5.81 Selection of Resistant Viruses

Drug-resistant variants are selected by serial in vitro passage of HIV-1 in the
presence of increasing drug concentrations as described (9, 14, 24, 25). Initial drug
concentrations are 5-10 times the ECsg (the ECsg is determined in the specific host
cells used for selection). Host cells are pre-incubated with drug for 2 hours before
virus challenge. A large initial viral inoculum (106 TCIDsg or greater) is used to
increase the likelihood that rare drug-resistant variants are present. Host cells are
infected at a multiplicity of 0.1 TCIDs5q/cell. Viral progeny that "breakthrough"”
drug are collected after 7 days and used to initiate a new cycle of infection. After
each cycle, the infectivity and drug susceptibility of the breakthrough virus is
determined in comparison with the starting parental virus. When resistance
(<10% inhibition) is observed at the initial drug concentration, the selective
pressure (drug concentration) is increased 2 to 10-fold. The selective pressure is
increased in this manner until the level of resistance plateaus or exceeds 100-fold.
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The starting virus populations for selections include cloned laboratory strains (e.g.,
HIV-11. A1) and clinical isolates.

5.82 Antiretroviral Compounds

In the original proposal we planned to select for resistance to a variety of new
reverse transcriptase and protease inhibitors, but because the duration of funding
was curtailed, priority was given to foscarnet (phosphonoformate) and (-)-p-D-
dioxolane guanosine (DG).

Rationale for compound selection:

Foscarnet is a broad spectrum antiviral active against retroviruses, herpes viruses,
and influenza. It is commonly used in HIV-infected patients with AIDS to treat
cytomegalovirus retinitis, but its in vivo activity against HIV-1 has only recently
been recognized (32). HIV-1 resistance to foscarnet had not be reported by other
groups. In the original application, we presented preliminary data on the successful
in vitro selection of foscarnet resistant variants of HIV-1. The initial aim of the
proposal was to complete the characterization of foscarnet resistant strains of HIV-1
and this is reported below in Section 6.1.

(-)-B-D-dioxolane-guanosine (DG) is a novel purine nucleoside currently being
developed in the co-principal investigators. It has potent and highly selective
activity against both HIV-1 and HBV in cell culture (30). Although this compound
is not yet in clinical trials, we felt it would be important to determine whether DG
resistance that develops in cell culture is caused by similar or different mutations
from that reported for the other purine compounds 2',3'-dideoxyguanosine and
DDI (2, 31). The successful isolation of DG-resistant HIV-1 is described below in
Section 6.3.

5.83 Characterization of Drug-resistant Strains

5.831 Drug Susceptibility Phenotype

The phenotype of resistant viruses is characterized in HeLa-CD4/LacZ-1 cells,
MT-2 cells and PBMC using the DOD/ACTG assay. Resistance is defined as a >5-
fold increase in EC5g compared with parental virus. Phenotypic studies include
cross-resistance to structurally related as well as unrelated compounds.

5.832 Genotypic Analyses

To define the genetic basis for resistance, the viral gene product targeted by
the inhibitor (e.g. RT, protease) is amplified by PCR and cloned into a plasmid
vector (e.g., PCRII; Invitrogen) for manual or automated sequencing. The role of
specific mutations in resistance is further defined by site-specific mutational
analysis. Specific mutations are introduced into the wild-type HIV-1y a1 infectious
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proviral clone (23) to produce mutant virus for susceptibility testing as described
(22).

5.833 Stability of the Drug-resistant Virus

The stability of the resistant viral phenotype/genotype is assessed by weekly
passage of cell-free virus in the absence of drug (24). The starting virus population
for these studies is derived from plasmid transfection of T-cells with a mutated
infectious proviral clone. This minimizes contamination of the starting virus
stock with residual wild-type (drug-susceptible) HIV-1. After each passage in the
absence of drug, virus is be stored for subsequent analysis. Initially, the drug
susceptibility of virus after 5 and 10 passages without drug is determined. If the
resistance phenotype has reverted, the passage number at which reversion occurred
is determined by assaying other stored passages. The appropriate viral gene of the
revertant virus is cloned and sequenced to determine the genetic basis of the
phenotypic reversion.

5.834 Interactive Effects of Multiple Resistance Mutations on HIV-1 Drug
Susceptibility and Replication Competency

The preceding studies of phenotype stability provide preliminary information
on whether drug resistance mutations confer a viral replicative disadvantage,
which favors reversion of the mutation in the absence of drug selective pressure.
In addition, more detailed analyses of the replication competency of the mutant
viral clones will be performed. The growth kinetics (p24 antigen production,
syncytium induction, and infectious virus yield) of the mutant virus will be
compared with that of the parental non-mutated viral clone. The amount of virus
used to infect target cells for these studies is adjusted for the amount of p24 and
infectious virus. If specific resistance mutations are found to reduce viral
replication competency, then the implicated mutation(s) are reverted by site-specific
mutagenesis to determine whether this restores replication competency to that of
the non-mutated parental clone. This is an essential step in the evaluation of the
phenotypic effects of specific mutations because unrecognized mutations that are
inadvertently introduced during cloning and mutagenesis can markedly alter viral
replication competency.

6.0 BODY

6.1 Comprehensive Analysis of HIV-1 Resistance to Foscarnet

The results of these studies have been published in two manuscripts (32,33): Mellors
et al., Antimicrob Agents Chemother 1995; 39: 1087-1092 and Tachedjian et al.,
Virology 1995; 212: 58-68. Copies of these papers have been included in Appendix.

Foscarnet (phosphonoformate) inhibits HIV-1 replication in cell culture and lowers
circulating levels of p24 antigen and HIV-1 RNA in treated patients. In
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collaboration with investigators at WRARI (D. Mayers, J. Weir) and the MacFarlane
Burnet Research Centre (G. Tachedjian, J. Mills), Fairfield, Australia, we
investigated whether foscarnet resistant variants of HIV-1 could be selected in vitro
or isolated from patients after receiving long term foscarnet therapy for
cytomegalovirus retinitis. HIV-1 variants exhibiting ~8-fold foscarnet resistance
were selected in cell culture by serial passage of virus in drug. In addition, five
isolates showing reduced susceptibility to foscarnet (2 to 5-fold) were isolated from
patients treated with foscarnet for greater than 3 months in the SOCA trial.

Extensive DNA sequencing of the RT gene from these viruses identified seven
novel mutations in RT associated with foscarnet resistance: W88S, W88G, E89K,
L1921, S156A, Q161L and H208Y. Four of these substitutions - W88S, W88G, Q161L,
and H208Y - were identified in one or more clinical isolates. The most common
mutation observed in the clinical isolates was W88S/G. To evaluate the relative
effects of these mutations on foscarnet susceptibility, infectious molecular clones
containing these mutations were constructed using a new proviral vector xxHIV-
1pA1. This vector was engineered to contain unique, silent Xmal and Xbal restriction
in the 5' and 3' ends of RT, respectively, that greatly facilitate cloning of mutant RT
genes into the provirus (described in greater detail below in Section 6.2). Mutant
recombinant viruses were tested for susceptibility to foscarnet, AZT and nevirapine
in HeLa-CD4/LacZ cells. Mutants viruses showed no evidence of altered replication
competency compared with wild-type viruses. Foscarnet susceptibilities are shown
below:

Genotype Foscarnet 1Csg, uM Fold-resistance
wild-type 38+3 -

W88S 105+ 12 2.8

E89K >600 >16

L921 298+ 10 7.9
S156A 169 +43 4.5
Q161L 203 £ 40 5.4
Q161L/H208Y 336 £52 8.9
H208Y 67 %2 1.8

The E89K mutant was most resistant to foscarnet, but this mutation was not
observed in clinical isolates. The H208Y mutation alone had little effect on foscarnet
susceptibility, but this mutation increased the level of resistance of the Q161L
mutation. The replication competency (infectivity, syncytium formation and p24
production) of the foscarnet resistant mutants was not different from that of wild-
type xxHIV-1p A1

None of the mutants showed cross-resistance to nucleoside analogs (DDI or DDC);
however, the Q161L/H208 double mutant showed increased susceptibility to AZT
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(7.2-fold) and to the nonnucleoside RT inhibitor nevirapine (7.7-fold). The
increased susceptibility to AZT is of interest because several of the foscarnet resistant
clinical isolates were AZT susceptible despite having up to four AZT resistance
mutations. Studies to examine the interactions between foscarnet and AZT
resistance mutations are in progress. To do this, we have constructed proviruses
that encode two (M41L,T215) or four (D67N,K70R,T215Y,K219Q) AZT resistance
mutations resulting in phenotypic resistance to AZT. Preliminary studies indicate
that the W88S or G substitution can partially or completely reverse the phenotypic
effects of AZT resistance substitutions (34).

In collaboration with Dr. E. Arnold (Rutgers University), we examined the location
of the foscarnet resistance mutations in the crystal structure of the p66/51
heterodimer bound with a double-stranded DNA template-primer. The
substitutions at positions 88, 89, 92, and 156 are in locations that probably influence
positioning of the template-primer and thus have indirect effects on foscarnet
binding and enzyme susceptibility. The Q161L substitution is in the alpha-E2 helix
just beneath the dNTP binding site, suggesting that it may directly influence
foscarnet binding. Kinetic analysis of bacterially expressed RT containing Q161L
shows that Km of the enzyme is increased, which is consistent with an alteration of
the dNTP binding site (35). The H208Y substitution lies in the alpha-F helix remote
from the template-primer and dNTP binding sites, which is consistent with it
having a minor effect on foscarnet susceptibility.

In summary, foscarnet can select HIV variants with altered susceptibility to foscarnet
as well as nucleoside and nonnucleoside RT inhibitors. These important
mutational interactions should be considered in late stage patients receiving
foscarnet therapy and in the design of combination therapy regimens.

6.2  Production of Drug-Resistant Molecular HIV-1 Clones

We have constructed several resistant infectious proviral clones of HIV-1 for
use as standards in drug susceptibility assays. Their construction has been facilitated
by the introduction of unique silent restriction sites in the HIV-11 o1 proviral clone
(23) that allow efficient subcloning of the mutant viral gene of interest (RT or
protease) into the provirus. The resultant clone is termed xxHIV-1pa1. These silent
restriction sites are located at nucleotides 2172 (Xma I) and 4602 (Xba I) of HIV-11 A1.
These sites allow nucleotides 40-1470 of RT (Xma I-Xba I fragment) or the entire
protease gene (native Apa I-Xma I fragment) to be readily subcloned into HIV-11 A1
from a mutagenesis vector. The desired mutations are introduced into the RT or
protease gene by standard oligonucleotide-directed mutagenesis using the pAlter-1
vector (Promega). After subcloning the mutated fragment into xxHIV-1LAI, the
recombinant provirus (10 pg) is electroporated into T-cells (e.g. MT-2 cells) and
culture supernatant are harvested at peak cytopathic effect (~7 days). The presence of
the desired genotype is confirmed in all mutated clones by DNA sequencing and the
viral phenotype is assessed in T-cell lines and PBMC. The HIV-1y o] proviral clone
was initially chosen because it consistently replicates to high-titer (>105 TCIDsp/ml)
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in T-cell lines and PBMC. Introduction of the two silent restriction sites into HIV-
1pA1 to make xxHIV-1p A1 did not alter its replication competency as measured by p24
antigen production, infectious virus production and kinetics of syncytium
formation.

To date, we have constructed the following drug-resistant clones:

1) Foscarnet resistant - W88S, E89G, E89K, 1921, S156A, Q161L, or Q161L/H208Y
2) NNRTI resistant - Y181C or Y188C

3) 3TC/(-)-FTC resistant - M184V or M1841

4) AZT resistant - M41L/T215Y or D67N/K70R/T215Y/K219Q

The foscarnet, NNRTI, and 3TC resistant virus have been shown to be
phenotypically resistant in T-cell lines as well as in PBMC using the ACTG/DOD
consensus susceptibility assay. The AZT resistant virus are resistant to AZT in T-cell
lines but have not yet been tested in PBMC. All of these clones have been made
available to DOD investigators or other interested groups.

At the request of DOD investigators we are currently constructing DDI (L74V) and
DDC (T69D or K65R) resistant clones.

6.3  Selection of HIV-1 Resistance to f-D-Dioxolane G (DG)

As noted above, DG is a potent purine nucleoside analog RT inhibitor of HIV-1 and
HBYV polymerase. As part of the preclinical evaluation of DG, we attempted to select
DG-resistant HIV-1 variants by serial passage of virus in increasing concentrations of
drug in MT-2 cells. The starting drug concentration was 2.5 pM (5 to 10 times the
ICs50), and the starting virus population was HIV-11 a1 that had been passaged for ten
cycles in the absence of drug. After 11 passages, reaching a selection pressure of 20
UM DG, the virus population exhibited ~15-fold resistance to DG, with the ICsg in
MT-2 cells increasing from 0.28 uM to 4.5 uM. In HeLa-CD4/LacZ-1 cells the ICsg
had shifted from ~ 7.0 to 35 uM (~5-fold resistance). All comparisons were made
between HIV-11 o1 that had been selected in DG and control HIV-11 a1 that had been
passaged in parallel without drug. Passage of virus at higher drug concentration is
continuing; current selections are at 40 uM DG.

The full-length coding region of RT has been PCR amplified from DG-resistant and
control virus, cloned into the PCRII TA cloning vector (Invitrogen), and analyzed by
automated DNA sequencing (ABI 373 Prism). Preliminary analysis of sequences
from two resistant and two control clones has revealed a K65R substitution in
resistant clones. This substitution in the IKKK motif of RT has been previously
reported to confer ~5-fold HIV-1 resistance to DDC and DDI and thus probably is
responsible, at least in part, for resistance to DG. Additional sequencing and site-
specific mutagenesis are necessary to confirm this initial finding. If the role of the
K65R substitution is confirmed, then it would appear that the dioxolane moiety of
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DG is functionally similar to the 2',3'- dldeoxy moiety of DDC and DDI in terms of
HIV-1 resistance.

7.0 CONCLUSIONS

During the 14 month period of funding, significant progress has been made on the
original statement of work for the project. We have completed the analyses of
foscarnet resistant laboratory and clinical isolates, providing new insight into the
genetic and structural basis for RT resistance to this drug. In addition, interactions
between foscarnet, azidothymidine and nonnucleoside RT susceptibility and
resistance have been identified. Additional work is necessary to assess which of the
foscarnet resistance mutations can reverse the phenotypic effects of AZT resistance
mutations. The identification of phenotypically exclusive resistance mutations is of
critical importance in the design of combination chemotherapy regimens

Our studies have revealed that HIV-1 resistance can develop to dioxolane G in vitro
and that at least one of the substitutions associated with DG resistance (K65R)
confers low-level (5-fold) resistance to DDC and DDI. Additional studies are needed
to further characterize HIV-1 resistance to DG and the specific role of the K65R
substitution. Interactive effects between the K65R and other nucleoside resistance
mutation (e.g. AZT resistance mutations) are warranted.

Finally, the proviral vector we have constructed allows the rapid production cloned
of drug-resistant viruses for use as standards in susceptibility assays and as starting
material for selection of dually resistant viruses. We have prepared stocks of
viruses that are resistant to nonnucleoside RT inhibitors, azidothymidine,
oxathiolane cytosine nucleosides, and foscarnet. Additional funding is necessary to
produce clones that are resistant to other nucleosides including DDC, DDI, and DA4T.

The premature curtailment of funding will limit further progress on the work scope
of the original project including i) selection and characterization of HIV-1 resistance
to other new antiretrovirals, ii) identification of important interactions between
resistance mutations necessary for the design of rationale combination therapies,
and iii) further production of drug-resistant recombinant viruses for use as
standards.
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FACTFILE

Mutations in HIV-1 Reverse Transcriptase and Protease
Associated with Drug Resistance

John W Mellors, Brendan A Larder and Raymond F Schinazi

The knowledge of HIV-1 drug resistance continues to increase at an exponential rate. This is particularly true
for resistance to HIV-1 protease inhibitors, for which the first resistant variants were described less than two
years ago (Otto et al PNAS 1993; 90: 7453-7457), and now resistance to virtually all classes of protease ‘
inhibitors has been documented. To keep our readership informed of newly described mutations, we have l
updated the table below, which first appeared in JAVN in May 1994 (Vol 2; No 5). We hope that its revised
content will be useful to virologists and clinicians active in the field. We urge all investigators to provide
additions or amendments of the table to any of the authors. Data formatted as in the table with an appropiate
reference (abstract, manuscripts or paper) would be welcomed.

The authors would like to gratefully acknowledge Martin L Bryant, Emilio A Emini, Daniel R Kuritzkas, Pin-Fang Lin,
Mohamed Nasr, Daniel W Norbeck, Michael J Otto and Margaret Tisdale for contributing essential information to the

table.

NUCLEOSIDE RT INHIBITORS

Compound Amino Codon In In Comments Confirmed by Ref.
Acid Change Vitro Vivo Site-directed
Change Mutagenesis
AZT M41L ATGtoTTG ND Yes M41L,; 4-fold resistance: M41L/T215Y; 60-70- Yes (1,2,3)
or CTG fold: K67TN/K70R/T215Y/K219Q); 120-fold:
D6TN  GACto AAC Yes Yes M41L/K67N/K70R/T215Y; 180-fold. Effect of Yes
K70R  AAAt0 AGA Yes Yes T215Y is reversed by a ddI resistance mutation Yes
T215Y ACCtoTAC Yes Yes (L.74V), NNRTI mutations (L100;Y181C) or Yes
T215F ACCtoTTC ND Yes (-)-FTC/3TC mutations (M1841/V) Yes
K219Q AAAtoCAA ND Yes Yes
K2I19E AAAt0GAA Yes No Yes
ddI L74V  TTAtoGTA No Yes 5-10-fold resistance; cross-resistance to ddC; can Yes )
reverse effect of T215Y, AZT resistance mutation
V75T GTAto ACA Yes Yes observed with D4T selection; cross-resistance to Yes 5) .
ddl, ddC, d4C, (-)-FTC
M184V  ATGto GTG Yes Yes 5-10-fold resistance; cross-resistance to ddC Yes (6)
ddC K65R  AAAto AGA Yes Yes 4- to 10-fold resistance; observed in patients Yes 7,8)
receiving ddI or ddC '
T69D  ACTto GAT No Yes 5-fold resistance Yes &)
L74V  TTAto GTA Observed with ddI therapy Yes @
V75T GTAto ACA Observed with d4T selection in vitro Yes (6] \
M184V  ATG to GTG Observed with ddl, 3TC therapy; cross- Yes 6) !
resistance to ddC l
Y215C TTCtoTGC No Yes 4-fold resistance; arises on background of T215Y Yes (10)
AZT resistance mutation
D4T I50T ATTto ACT Yes Unknown 30-fold resistance Yes an
VIST GTAt0oACA Yes Yes 7-fold resistance; cross-resistance to ddl, ddC, d4C Yes 5)
and (-)-FIC ‘
3TCor M184V  ATGtoGTG Yes Yes >100-fold resistance; M184V and M1841 can Yes (12-14)
(-)-FIC or GTA suppress effects of AZT resistance mutations
Mi1841 ATGto ATA Yes Yes Yes (12-149)
1592U89 K65R  AAAto AGA Yes No 3-fold resistance Yes (15)
L74V  TTAto GTA Yes No 4-fold resistance Yes
Y115F TATto TIT Yes No 2-fold resistance Yes
M184V ATGto GTG Yes No 3-fold resistance Yes

£a1d A B FAVSLVAR T Aol , VAT FAVAR RN

K65R/M184V; 8-fold resistance: L74V/M184V; 9-
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HIV-1-SPECIFIC RT INHIBITORS

FACTFILE

Compound Amino Codon In In Comments Confirmed by Ref,
Acid Change  Vitro Vivo Site-directed
Change Mutagenesis
Nevirapine A98G GCAto GGA No Yes Yes (16)
L1001 TTAto ATA No Yes Yes amn
KI103N AAAto AAC No Yes Yes [4¥))
V106A GTAtoGCA Yes Yes ~100-fold resistance; no effect on AZT resistance Yes (16-19)
V1081 GTAto ATA No Yes Yes amn
Y181C TATtoTGT Yes Yes >100-fold resistance; cross-resistance to other NNRTI; Yes (16, 20-22)
can suppress effects of AZT resistance mutations
Y1811 TGTto ATT No Yes High-level resistance observed in one nevirapine- 23)
Y188C TATtoTGT No Yes treated patient Yes an
G190A GGAtoGCA No Yes Yes (16)
TIBO L1001 TTAto ATA Yes Unknown >100-fold resistance; can reverse effects of AZT Yes (24-26)
R82150 resistance mutations
TIBO L1001 TTAto ATA Yes Unknown Yes (18)
R82913 K103N AAAto AAC Yes' Unknown >100-fold resistance Yes (19)
V106A GTAtoGCA Yes Unknown ~100-fold resistance Yes (18)
E138K  GAGto AAG Yes Unknown Found in combination with L100I 25)
Y181C TATtoTGT Yes Unknown >100-fold resistance Yes (18)
Y188H TATto CAT Yes Unknown Yes (25)
Y188L TATtoTTA No Yes Yes 27
L’697,593 K103N AAA 0 AAC Yes Unknown 20-fold resistance Yes (20)
Y181C TATtoTGT Yes Unknown >100-fold resistance Yes (20)
L'697,661 A98G GCAtoGGA No Yes 8-fold resistance Yes (28)
L100I TTAto ATA Yes No 2-fold resistance Yes (28)
KIOIE AAAtoGAA No Yes 8-fold resistance Yes (28)
Ki03N AAAt0 AAC Yes Yes 8-fold resistance Yes (28)
K103Q AAAtoCAA No Yes 8-fold resistance Yes (29)
V108 GTAtoGCA Yes Yes 4-fold resistance Yes (28)
V179D GTTto GAT No Yes 4-fold resistance Yes (28)
VI79E GTTtoGAG No Yes 8-fold resistance Yes (28)
Y181C TATto TGT Yes Yes >30-fold resistance Yes (28)
BHAP P236. CCTtoCTT Yes Unknown P236L sensitizes RT ~10-fold to nevirapine, TIBO Yes 30)
U-90152 R82913, and L'697,661 ‘
(delaviridine)
BHAP KI10IE AAAtoGAA No Yes K103N and Y181C observed with U-87201 mono- No @31
U-87201 KI103N AAAto AAC No Yes therapy; K101E, Y188H, E233Y and K238T No
(ateviridine) Y181C TATtoTGT No Yes observed with U87201/AZT combination therapy No @31
YI88H TATto CAT No Yes No 3n
E233V. GAAtoGTA No Yes No a3 .
P236. CCTtoCTT Yes No Yes (30)
K238T AAAtoACA No Yes No a3y
BHAP L1001 TTAto ATA Yes Unknown (19, 32)
U 88204 VIO6A GTAtoGCA Yes Unknown Yes 32)
YI181C TATtoTGT Yes Unknown Yes 32)
Y1811  TGTto ATT Yes Yes Appeared after treatment of Y181C-mutated virus with - 33)
BHAP. High-level resistance to BHAP, nevirapine and
‘ TIBO. Observed in one nevirapine-treated patient
HEPT Y188C TATto TGT Yes Unknown 3GH
E-EBU Y181C TATtoTGT Yes Unknown 34)
E-EBU-dM Y106A GTAtoGCA Yes Unknown (34)
E-EPUand YI181C TATtoTGT Yes Unknown Y188C is the predominant mutation for E-EPSeU; Yes 35) .
E-EPSeU Y188C TATtoTGT Yes Unknown Y188C confers greater resistance to E-EPSeU/ Yes (35)
E-EPU than Y181C
o-APA YI181C TATtoTGT Yes Unknown Yes (36)
R18893 .
$-2720 GI90E GGAtoGAA Yes Unknown Mutation decreases RT activity and viral Yes 37
replication competency .
TSAO E138K GAGto AAG Yes Unknown >100-fold Yes (38, 39)
BM+51.0836 YI81C TATtoTGT Yes Unknown Yes (40)




FACTFILE

, PROTEASE INHIBITORS
Compound Amino Codon In In Comments Confirmed by Ref.
Acid Change Vitro  Vivo Site-directed
Change Mutagenesis
A-77003 R8Q CGAtoCAA Yes Unknown 10-fold viral resistance Yes 41, 42)
R8K CGAto AAA Yes Unknown 10-fold viral resistance Yes 1)
V321 GTAto ATA Yes Unknown 7-fold enzyme resistance Yes (42)
M461  ATGto ATA Yes Unknown No effect on susceptibility but improves replication Yes “41)
competency of R8Q mutant
M46L ATGtoTTC Yes Unknown 2-3-fold enzyme resistance Yes 42)
M46F ATGtoTTC Yes Unknown 4-fold enzyme resistance Yes 42)
G48V GGG to GTG Yes Unknown R8K/M461/G48V: 20-fold viral resistance 43)
V821 GTCto ATC Yes Unknown No resistance alone but V32I and V82I are syner- Yes 42)
gistic mutations yielding 20-fold enzyme resistance
V82A GTCtoGCC Yes Unknown Rare; seen with M46F (44)
182T ATCto ACC Yes Unknown G48V/I82T combined produce 100-fold resistance (44)
(82T was derived from in vitro passage of 82I)
A-75925 V32l GTAto ATA Yes Unknown 40-fold viral resistance 45)
ABT-538 V82F GTCto TTC Yes Unknown V82F/I84V: 8- to 10-fold viral resistance Yes (46)
184V  ATAto GTA Yes Unknown MA46I/L63P/A71V/V82F/I84V: 27-fold resistance
BILA V321 GTAto ATA Yes Unknown V32I/A71V; 3-fold viral resistance: V32I/A71V/ (CY))

1906 BS M46L  ATGtoTTG Yes Unknown  M461/184V; S5-fold: V32I/AT1V/M461/184V; 1000-
A71V  GCTtoGTT Yes Unknown fold (mutation also detected in p6/p7 cleavage site)
184V ATAto GTA Yes

BMS 186,318 A7IT  GCTto ACT Yes Unknown A71T/V82A; 15-fold viral resistance Yes (48)
V82A GTCtoGCC Yes Unknown 4-fold cross resistance to A77003 Yes
L-735,524  LIOR CTCtoCGC No Yes M461/L63P/V82T; 4-fold viral resistance: L10R/ Yes 49)

M461 ATGto ATA No Yes M461/L63P/V82T; 4-fold viral resistance: L10R/
L63P CTCtoCCC No Yes M461/1L.63P/V82T/184V; 8-fold viral resistance;
V82T GTCto ACC No Yes cross-resistance to XM-323 (15-fold), A-80987
184V ATAtw CTA No Yes (4-fold), Ro-31-8959 (8-fold), VX-478 (8-fold),
SC-52151 (8-fold)
V321 GTAto ATA Yes Unknown V32I/M46L/V82A; 3-fold viral resistance: 43)
M461 ATGto ATA Yes Unknown V32I/M46L/A71V/V82A: 14-fold viral resistance
A71V GCTto GTT Yes Unknown
V82A GTCtoGCC Yes Unknown

Po941 V82A GTCtoGCC Yes Unknown 6-8-fold resistance Yes (50)
Ro31-8959 G48V GGG toGTG Yes Yes Yes 51
184V ATAto GTA Yes Unknown 43)
IL90M TTGto ATG Yes Yes G48V/L9OM combined yield > 100-fold enzyme (51)

resistance, but double mutant rare in vivo; L90OM
most common in vivo; G48V/I184V/L90M: 30-fold

viral resistance 43)
RPI-312 184V ATAto GTA Yes Unknown 5-fold viral resistance Yes (52)
S$C-52151 L24V TTAto GTA Yes Unknown G48YV alone, G48V/V82A, G48V/L63P/V82A or ' (53, 54)

G48V GGG toGTG Yes Unknown or I54T: 10- to 20-fold viral resistance

ATIV GCTtoGTT Yes Unknown A71V/V75I/P81T: 20-30-fold viral resistance

V751 GTAto ATA Yes Unknown L24V/G48V/AT1V/V75V/P81T: 1000-fold,

P8IT CCTto ACT Yes Unknown some cross-resistance to SC55389A and

V82A GTCtoGCC Yes Unknown Ro 31-8959, but notto L-735,524

N88D  AATto GAT Yes Unknown N88D alone, or I11V/M461/F53L/A71V/N88D:
i 10-20-fold resistance

SC-55389A LI1OF CTCtoCGC Yes Unknown NB88S alone: 20-fold viral resistance, no cross- (53,54)
: resistance to SC-52151
N88S  AATto AGT Yes Unknown NB88S/L10F: 10-fold viral resistance, no cross-

! resistance to SC-52151

VB 11,328 LIOF CTCtoGGC Yes Unknown L10F/I84V: 8-fold viral resistance (55)
M46]  ATGto ATA Yes Unknown ISOV/MA46I/I47V: 20-fold viral resistance Yes (43, 55)
147V ATAtoCTA Yes Unknown
150V ATTtoGTT Yes Unknown 3-fold viral resistance Yes (43)
184V ATAto GTA Yes Unknown

XM323 L1OF CTC to CGC L10F/V82A: 2-fold viral resistance; "~ Yes (56)
K451 AAAto ATA L10F/K451/184V: 50-fold 43)

G48V GGG to GTG Yes Unknown Yes (56)




4

-

FACTFILE

PROTEASE INHIBITORS continned
Compound Amino Codon In In Comments Confirmed by Ref.
Acid Change Vitro  Vivo Site-directed
Change Mutagenesis
XM323 V82A GTCtoGCC Yes Unknown V82A/M46L; 7-fold resistance: V82A/M46L/ Yes (56)
L97V; 11-fold resistance
V821 GTCto ATC Yes Unknown < 2-fold viral resistance Yes (56)
V82F GTCto TTC Yes Unknown see below Yes (56)
184V ATAto GTA Yes Unknown 12-fold resistance alone; V82F/184V: 92-fold (43, 56)
resistance; cross-resistant to P9941, but not A77003
or Ro 31-8959
L97v TTAto GTA Yes Unknown no resistance alone; V82A/L97V: 3-fold resistance Yes (56)
PYROPHOSPHATE ANALOGUE RT INHIBITOR
Foscamet W88S TGGtoTCG No Yes 4-fold resistance Yes (57)
E89G GAAtoGGA Yes No isolated by screening RT clones for ddGTP resis- Yes (58)
tance; 14-fold viral resistance
E89K GAAtoGGA Yes No E89K and L92I cause increased susceptibility to (59)
1921 TTAto ATA Yes No AZT and HIV-1 specific RTI (59)
S156A TCAtoGCA Yes No (59)
Q161L CAAtoCTA Yes Yes 10-fold resistance Yes (67))
H208Y CATtoTAT Yes Yes 2-fold resistance Yes 57
Q161L + H208Y cause increased susceptibility to
‘ AZT (100-fold),nevirapine (20-fold) and TIBO
R82150 (30-fold)
Abbreviations methyl-6H-dipyridol(3,2-b:2',3"-e] diazepin-6- development of high-level resistance to

Amino acids: A, alanine; C, cysteine; D,
aspartate; E, glutamate; F, phenyalanine; G,
glycine, H, histidine; I, isoleucine; K, lysine; L,
leucine; M, methionine; N, asparagine; P,
proline; Q, glutamine; R, arginine; S, serine; T,
threonine; V, valine; W, tryptophan; Y,
tyrosine.

1592Y389; (1S, 4R)-4-[2-amino-6-cyclopropyl-
amino)-9H-purin-9-yl]-2-cyclopentene-1-
methanol succinate: 3TC; (-)-B-L-2',3'-dideoxy-
3Y'-thiacytidine: o-APA 18893; alpha-nitro-
anilino-phenylacetamide: A-77003; C2
symmetry-based protease inhibitor (Abbott):
A-75925; C2 symmetry-based protease inhibitor
(Abbott): ABT-538; C2 symmetry-based
protease inhibitor (Abbott): AzddU; 3'-azido-
2',3'-dideoxyuridine: AZT-p-ddI; 3-azido-3"-
deoxythymidilyl-(5',5")-2,3,-dideoxy-5"-inosinic
acid: AZT; 3"-azido-2',3'-dideoxythymidine;
BHARP, bisheteroarylpiperazine: BILA1906;
protease inhibitor (Boehringer-Ingelheim):
BM+51.0836; thiazolo-isoindolinone derivative:
BMS 186,318; aminodiol derivative HIV-1
protease inhibitor (Bristol-Myers-Squibb): d4C;
2'3'-didehydro-2',3"-deoxycytidine: d4T; 2',3"-
didehydro,3'-deoxythymidine: ddC; 2',3"-
dideoxycytidine: ddl; 2',3'-dideoxyinosine:
EBU-dM; 5-ethyl-1-ethoxymethyl-6-(3,5-
dimethylbenzyl)-uracil: E-EBU; 5-ethyl-1-
ethoxymethyl-6-benzyluracil: E-EPSeU; 1-
(ethoxymethyl)-(6-phenylselenyl)-5-ethyl-
uracil: E-EPU; 1-(ethoxymethyl)-(6-phenyl-
thio)-5-ethyluracil: (-)-FTC; (-)-B --2',3'-
dideoxy-5-fluoro-3"-thiacytidine: HEPT; 1-{(2-
hydroxyethoxy)methyl]6-(phenylthio)thymine:
HIV-1; human immunodeficiency virus type 1:
L'697,593: 5-ethyl-6-methyl-3-(2-phthalimido-
ethyl)pyridin-2(1H)-one: L’735,524; hydroxy-
aminopentane amide HIV-1 protease inhibitor
(Merck): L,697,661; 3-[[(-4,7-dichloro-1,3-
benzoxazol-2-yl)methylJamino}-5-ethyl-6-
methylpyridin-2(1H)-one: L-FDDC; (-)-B-L-5-
fluoro-2',3"-dideoxycytidine: L-FDDC; (-)-B-L-5-
fluoro-dioxolane cytosine: ND; not determined:

one: NNRTI; non-nucleoside reverse tran-
scriptase inhibitor: P9941; protease inhibitor
(Dupont Merck), [2-pyridylacetyl-llePheAla-
W(CHOH)),: PFA; phosphonoformate
(foscarnet): PMEA; 9-(2-phosphonylmethoxy-
ethyladenine: Ro 31-8959; hydroxyethylamine
derivative HIV-1 protease inhibitor (Roche):
RPI-312; peptidyl protease inhibitor, 1-[(3s)-3-
(n-alpha-benzyloxycarbonyl)-L-asparginyl)-
amino-2-hydroxy-4-phenylbutyryl]-N-tert-butyl-
L-proline amide: RT; reverse transcriptase: S-
2720; 6-chloro-3,3-dimethyl-4-(isopropenyloxy-
carbonyl)-3,4,-dihydroquinoxalin-2(1H)thione:
SC-52151; hydroxyethylurea isostere protease
inhibitor (Searle): SC-55389A; hydroxyethyl-
urea isostere protease inhibitor (Searle): TIBO
R82150; (+)-(55)-4,5,6,7,-tetrahydro-5-methyl-
6-(3-methyl-2-butenyl)imidazo[4,5,1-jki[1,4]-
benzodiazepin-2(1H)-thione: TIBO 82913; (+)-
(55)-4,5,6,7,-tetrahydro-9-chloro-5-methyl-6-(3-
methyl-2-butenyl)imidazo[4,5,1jk]-[ 1,4]benzo-
diazepin-2(1H)-thione: TSAO-m’T; [2',5"-bis-0-
(tert-butyldimethylsilyl)-3'-spiro-5'-(4'-amino-
1'2"-oxathiole-2',2"-dioxide)]-3-p-pento-
furanosyl-N*-methyl-thymine: U90152; 1-[3-
[(1-methylethyl)-amino]-2-pyridinyl}-4-[[5-
[(methylsulphonyl)-amino]-1H-indol-2yl]-
carbonyl]-piperazine: VB 11,328; hydroxyethyl-
sulphonamide protease inhibitor (Vertex): VX-
478; hydroxyethylsulphonamide protease
inhibitor (Vertex): XM 323; cyclic urea protease
inhibitor (Dupont Merck).
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sponsored by International Business
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The emphasis of the agenda of 23 half-
hour presentations was on genetic/
molecular approaches leading to discovery

and on progress updates for several drugs
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Novel Mutations in Reverse Transcriptase of Human
Immunodeficiency Virus Type 1 Reduce Susceptibility
to Foscarnet in Laboratory and Clinical Isolates
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Foscarnet (phosphonoformic acid) is a pyrophosphate analog that inhibits the replication of human immu-
nodeficiency virus type 1 (HIV-1) in vitro and in patients with AIDS. HIV-1 resistance to foscarnet has not been
reported despite long-term foscarnet therapy of AIDS patients with cytomegalovirus disease. We therefore
attempted to select foscarnet-resistant HIV-1 in vitro by serial endpoint passage of virus in 400 pM foscarnet.
After 13 cycles of passage in MT-2 cells, virus exhibiting =>8.5-fold foscarnet resistance was isolated. The
reverse transcriptase (RT) from resistant virions exhibited a similar level of foscarnet resistance in enzyme
inhibition assays (~10-fold resistance). Foscarnet-resistant virus showed increased susceptibility to 3'-azido-
3'-deoxythymidine (90-fold) and to the HIV-1-specific RT inhibitors TIBO R82150 (30-fold) and nevirapine
(20-fold). DNA sequence analysis of RT clones from resistant virus revealed the coexistence of two mutations
in all clones: Gln-161 to Leu (CAA to CTA) and His-208 to Tyr (CAT to TAT). Sequence analysis of six clinical
HIV-1 isolates showing reduced susceptibility to foscarnet revealed the Tyr-208 mutation in two, the Leu-161
mutation in one, and a Trp-88-to—Ser or —Gly mutation in four isolates. Site-specific mutagenesis and
production of mutant recombinant viruses demonstrated that the Leu-161, Ser-88, and Tyr-208 mutations
reduced HIV-1 susceptibility to foscarnet 10.5-, 4.3-, and 2.4-fold, respectively, in MT-2 cells. In the crystal
structure of HIV-1 RT, the GIn-161 residue lies in the «E helix beneath the putative deoxynucleoside triphos-
phate (ANTP) binding site. The GIn-161-to-Leu mutation may affect the structure of the dNTP binding site
and its affinity for foscarnet. The location of the Trp-88 residue in the 35a strand of HIV-1 RT suggests that
the Ser-88 mutation affects template-primer binding, as do several mutations that affect RT susceptibility to
nucleoside analogs.

Foscarnet (trisodium phosphonoformic acid) is a pyrophos-
phate analog that inhibits the polymerases of diverse DNA and
RNA viruses, including herpes simplex viruses, varicella-zoster
virus, cytomegalovirus (CMV), hepatitis B virus, influenza vi-
rus, human immunodeficiency virus type 1 (HIV-1), and other
retroviruses (for a review see reference 26). Foscarnet is li-
censed and widely prescribed for the treatment of CMV reti-
nitis in patients with AIDS. It is also the current drug of choice
for acyclovir- or ganciclovir-resistant herpesvirus infections
(6). Several clinical trials have demonstrated that foscarnet has
antiretroviral activity in vivo (5, 7, 12, 29). In an early trial of
foscarnet for the treatment of CMV retinitis, Reddy et al. (29)
observed sustained reductions in serum HIV-1 p24 antigen
levels for a median of 16 weeks after initiation of foscarnet
therapy. In a more recent study of foscarnet as primary therapy
of HIV-1, reductions in serum p24 antigen were observed in all
patients who received at least 1 week of foscarnet therapy (7).
This direct antiretroviral effect of foscarnet has been cited as
an explanation for the survival advantage observed with fos-
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carnet in a recent comparative trial of foscarnet versus ganci-
clovir for the treatment of CMV retinitis (36).

Resistance of clinical HIV-1 isolates to foscarnet has not
been reported despite its long-term administration to patients
with AIDS (39). Moreover, there are no published reports of
isolation of foscarnet-resistant HIV-1 variants by in vitro se-
lection. This is notable, given that HIV-1 has developed resis-
tance to all other selective reverse transcriptase (RT) inhibi-
tors in clinical use (for a review see reference 4). The absence
of such reports prompted the present study, in which we sought
to isolate foscarnet-resistant HIV-1 variants in vitro and to
determine whether resistance can develop in treated patients.

MATERIALS AND METHODS

Chemicals. Nevirapine (11-cyclopropyl-5,-11-dihydro-4-methyl-6H-dipyridol
[3,2-b:2",3"-e]diazepin-6-one) was provided by Boehringer-Ingelheim, Inc. (Ridge-
field, Conn.). TIBO R82150 [(+)-(5S)-4,5,6,7-tetrahydro-5-methyl-6-(3-methyl-
2-butenyl)imidazo[4,5,1-jk]benzodiazepin-2(1H)-thione] was obtained from K.
Parker (Brown University, Providence, R.I). 2’,3'-Dideoxycytidine was pur-
chased from Pharmacia, Inc. (Piscataway, N.J.). 2,3’-Dideoxyinosine and 2',3’-
didehydro-3'-deoxythymidine were provided by Bristol-Myers Squibb (Walling-
ford, Conn.). Foscarnet (phosphonoformic acid) and all other chemicals were
purchased from Sigma Chemical Company, St. Louis, Mo. Stock solutions (10
mM) of the antiviral compounds were prepared in sterile water or dimethyl
sulfoxide, stored at —20°C, and diluted in medium to the desired concentration
immediately before use.




1088 MELLORS ET AL.

Cells. MT-2 cells (AIDS Research and Reference Reagent Program, National
Institute of Allergy and Infectious Discases, National Institutes of Health; con-
tributed by D. Richman) were cultured in RPMI 1640 (Whittaker M. A. Bio-
products, Walkersville, Md.) with 50 TU of penicillin per ml, 50 ug of strepto-
mycin per ml, 2 mM L-glutamine, 10 mM HEPES (N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid) buffer, and 10% fetal bovine serum (JRH Biosciences,
Lenexa, Kan.). HT4LacZ-1 cells (kindly provided by J.-F. Nicolas, Pasteur In-
stitute, Paris, France) were cultured in Dulbecco modified Eagle medium with
10% fetal bovine serum, antibiotics, and 400 pg of geneticin (Gibco, Grand
Island, N.Y.) per ml. Human periphcral blood mononuclear cells (PBMC).
isolated from healthy HIV-1-seronegative donors, were activated with phytohe-
magglutinin (10 pg/ml; Difco Labs, Detroit, Mich.) for 3 days before HIV-1
infection. PBMC were maintained after infection in RPMI 1640 supplemented
with 10% interleukin-2 (Cellular Products, Buffalo, N.Y.), 10% fetal bovine
serum. 2 mM L-glutamine, and antibiotics.

Viruses. Stock preparations of HIV-1 , (formerly HIV-1,,,) were prepared
by electroporation of MT-2 cells (107) with 10 pg of plasmid DNA encoding the
HIV-1; o, infectious proviral clone (27) as described previously (25). Culture
supernatants were harvested at the peak of viral cytopathic effect, which occurred
5 to 7 days after transfection. This plasmid-derived virus was passaged for 10
weekly cycles as cell-free virus in MT-2 cells before the selection of foscarnet-
resistant virus was begun. The infectivity of all virus preparations was determined
by threefold endpoint dilution in MT-2 cells (six cultures per dilution). The 50%
tissue culture infective doses (TCIDs,) was calculated with the Reed and
Muench equation (30). Repeated titrations of the same virus stock are repro-
ducible to within =0.2 log,, TCID<,/ml.

Selection of resistant viruses. Selection of resistant virus was performed by
endpoint dilution passage of virus in foscarnet as follows. MT-2 target cells were
pretreated for 2 h with 400 M foscarnct, distributed into 96-well tissue culture
plates at a density of 10* cells per well, and cultured in 200 ! of medium with
drug. Individual culture wells were inoculated with 10 wl of serial threefold
dilutions of HIV-1; 4, and examined daily for the development of viral cytopathic
effect (giant syncytium formation)., The lowest viral inoculum (highest virus
dilution) that produced syncytia in 400 pM foscarnet was considered the end-
point. Supernatant from the endpoint well(s) was harvested, centrifuged (800 X
g for 10 min), and added to 10° MT-2 cells pretreated with 400 wM foscarnet to
expand the breakthrough virus. Supernatant from the expansion culture was
harvested at the peak of viral cytopathic effect (5 to 7 days), clarified by centrif-
ugation (800 X g for 10 min), and used to initiate a new cycle of endpoint dilution
passage. Expansion of the breakthrough virus was necessary for the first six
endpoint passages: without expansion the breakthrough virus could not be suc-
cessfully passaged in 400 pM foscarnet. After each passage, virus was evaluated
for resistance by determining the reduction in viral infectivity by 400 uM fos-
carnet (22, 23).

Patient HIV-1 isolates. HIV-1 clinical isolates were obtained from patients
enrolled in the Study of Ocular Complications in AIDS trial (36). This trial was
a double-blind comparison of foscarnet and ganciclovir for the trcatment of
CMV retinitis. HIV-1 isolates were obtained after 3 or more months of therapy.
HIV-1 was isolated at the University of Minnesota HIV Laboratory (by K.
Sannerud. A. Erice, and H. Balfour, Jr.) by coculture of paticnt PBMC samples
with phytohemagglutinin-activated normal donor PBMC as described previously
(10). No pretreatment HIV-1 isolates were available for comparison. Twelve
isolates from patients with no history of foscarnet therapy were used as controls.

Antiviral susceptibility determinations. Antiviral susceptibility of laboratory
HIV-1 strains was determined in MT-2 and HT4LacZ-1 cells. Testing of clinical
isolates was performed in PBMC.

(i) MT-2 cells. Drug inhibition of HIV-1 cytopathic effect and drug inhibition
of p24 antigen production were quantitated in separate assays. For cytopathic
effect inhibition assays, cells were inoculated at a multiplicity of infection (MOI)
of 0.1 TCIDs, per cell and distributed into triplicate wells of 96-well plates (10°*
cells per well) containing serial twofold dilutions of drug. Complete killing of
control cells that were not drug treated occurred by day 7 of infection. Cell
viability was quantitated on day 7 by the MTT (3-[4,5-diamethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide)-dye reduction method (16). For p24 inhibition
assays, MT-2 cells were inoculated at an MOT of (.01 TCIDy, per cell, washed,
and distributed into triplicate wells of 48-well plates at a density of 5 X 10* cells
per well in 0.5 ml of medium containing drug dilutions. After 7 days, culture
supernatants were harvested and assayed for p24 antigen by a commercial en-
zyme immunoassay (Dupont, NEN Products, Wilmington, Del.).

(ii) HT4LacZ-1 cells. Drug inhibition of syncytium formation was performed
as described previously (32) with modification. Cells were seeded into 96-well
plates (3 % 10* cells per well) and allowed to adhere overnight. Fresh medium
containing twofold drug dilutions was added, and cach well was inoculated with
50 to 100 syncytium-forming units of virus. After 72 h, cells were fixed with 0.5%
gluteraldehyde, washed with phosphate-buffered saline, and stained with 5-bro-
mo-4-chloro-3-indolyl-B-galactopyranoside (X-Gal) as described previously (32).
Syncytia containing five or more blue nuclei were counted in six separate wells
per drug dilution.

(iii) PBMC. Clinical HIV-1 isolates were expanded and assayed for drug
susceptibility in phytohemagglutinin-stimulated PBMC according to the consen-
sus protocol developed by the AIDS Clinical Trials Group and the Department
of Defense (13).

ANTIMICROB. AGENTS CHEMOTHER.

TABLE 1. Progressive in vitro resistance to foscarnet

HIV-1 infectivity (log,, TCIDsy/ml)”

Passage
no.s Without With foscarnet Log,,
foscarnet (400 wM) reduction®

0 6.1 2.6 35

1 4.2 2.7 1.5

2 4.6 37 0.9

3 43 3.7 0.6

13 58 5.2 0.6

“ Number of passages in 400 uM foscarnct. Passage 0 was the starting prep-
aration of HIV-1, ..

* Infectivity was determined by serial threefold endpoint ditutions in MT-2
cells (six cultures per dilution). Standard deviations for multiple titrations of the
same virus were =().2 log,, TCID4,/ml.

¢ Calculated by subtracting the infectivity titer in the absence of foscarnet from
that in the presence of 400 uM foscarnct.

For all susceptibility assays. the drug concentration that inhibited viral repli-
cation by 50% (EC5,) was calculated by lincar regression analysis of log,-linear
plots of drug concentration versus percent inhibition of viral cytopathic effect,
syncytium formation, or p24 antigen production.

RT assays. Virus was pelleted from cell culture supernatants and lysed to
release RT as described previously (35). RT assays were performed with a
reaction mixture containing 100 mM Tris HCl (pH 8.0), 50 mM KCI, 2 mM
MgCl,, 0.05 U of poly(rA),-oligo(dT)». s template-primer per ml, and 1 uM
[FHIdTTP (specific activity, 28.5 Ci/mmol). Bovine scrum albumin at a final
concentration of 100 pug/m! was used in the RT assay mixture to stabilize the viral
enzyme. RT assays were performed in the presence and absence of serial dilu-
tions of foscarnet.

Cloning and DNA sequencing of HIV-1 RT. For laboratory strains, the full-
length coding sequence of HIV-1 RT was PCR amplified from infected cell
lysates as described previously (22, 23). The 1.7-kb PCR product was ligated into
the PCRIT TA cloning vector (Invitrogen, San Diego, Calif) and transfected into
Escherichia coli INVaF'. Transformants were screened for the 1.7-kb insert by
digestion with EcoRI. Plasmid DNA from appropriate clones was purified (Qia-
gen Inc., Chatsworth. Calif.) and sequenced by dideoxynucleotide chain termi-
nation with Sequenase kit no. 70770 (U.S. Biochemical, Cleveland, Ohio). A set
of six primers was used to sequence the entire RT gene (23).

For clinical isolates, DNA was cxtracted from infected PBMC cultures and an
810-bp DNA segment encompassing codons 0 to 250 of RT was amplified by
PCR with the following primers: +, 5'-CTGTTGACTCAGATTGGCTGC
ACT-3', and —, 5'-TCATTGACAGTCCAGCTGTC-3’ (20). The PCR product
was purified by using Elutip columns (Schleicher and Schuell, Keene, N.H.) and
cloned into the PCRII vector as described above. Sequencing was performed
with fluorescent dye terminators (Applied Biosystems, Foster City, Calif.) and
Taqg polymerase. At least two separate clones were sequenced per isolate.

Production of mutant recombinant HIV-1. Oligonucleotide-directed mutagen-
esis and cloning of mutant RT genes into the pXXHIV-1, 4, proviral clone were
performed as described previously (25). pXXHIV-1; ,; contains two unique
silent restriction sites in the 5" and 3’ ends of RT to facilitate cloning of mutated
RT genes into the provirus. Infectious recombinant virus was produced by elec-
troporation of MT-2 cells with 10 pg of proviral DNA as described previously
(25). Culture supcrnatants were harvested at peak cytopathic effect, which oc-
curred 5 to 7 days after electroporation. The presence of the desired mutations
was verified by direct sequencing of PCR-amplified RT from infected cell lysates
(Promega fmol DNA sequencing kit no. 70770).

RESULTS

In vitro selection of foscarnet-resistant HIV-1. To determine
whether HIV-1 variants with reduced susceptibility to foscar-
net could be selected in vitro, HIV-1, o, was repeatedly pas-
saged in MT-2 cells in the presence of 400 M foscarnet. After
each passage, virus was screened for altered foscarnet suscep-
tibility by determining the log,, reduction in viral infectivity by
400 uM foscarnet. Table 1 shows that viral susceptibility to
foscarnet decreased with each passage for the first 3 passages
but then did not decline further with 10 additional passages.
Separate passage of virus in higher foscarnet concentrations
(500 and 600 puM) also did not increase the level of resistance
(data not shown). Susceptibility testing of virus in MT-2 cells
after 13 passages in 400 wM foscarnet showed that the ECs, of
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TABLE 2. Susceptibility of foscarnet-resistant HIV-1 to
other antiretroviral agents in MT-2 cells

ECs, for HIV-1, 5, (uM)*

Compound - Diﬁerer}_ce
Parental oscarnet (fold)*
resistant

Foscarnet 70.6 = 10.0 =600 =8.5

AZT 09+ 0.22 0.01 = 0.01 0.01

2',3'-Didehydro-3'-deoxy- 134 + 2.3 7.4 £ 0.1 0.50

thymidine

2',3'-Dideoxyinosine 154 = 1.7 135 =52 0.90

2’,3'-Dideoxycytidine 4.0+ 1.7 2.6 0.1 0.60

Nevirapine 02=005 0.01 =001 0.05

TIBO R82150 0.06 = 0.02 0.002 = 0.001 0.03

“ Drug susceptibilities were determined in MT-2 cells as described in Materials
and Methods. Target cells were infected at an MOI of 0.05. Data shown are
means * standard errors for at least three separate determinations performed in
triplicate.

b After 13 passages in 400 wM foscarnet.

¢ ECy for resistant virus divided by ECs, for parental HIV-1 ,,.

foscarnet had increased to =600 puM (Table 2). This was a
=8.5-fold increase in ECs, compared with control HIV-1, 4.
Foscarnet concentrations above 600 pM could not be tested
because of inhibition of MT-2 cell growth. The control HIV-
1, 4; used in these comparisons had been passaged in parallel
for 13 cycles in the absence of foscarnet.

The replication competency of foscarnet-resistant virus was
compared with that of control HIV-1, ,;,. MT-2 cells were
infected with the viruses (MOI = 0.01) in the presence and
absence of 300 pM foscarnet, and p24 antigen production was
measured every 2 to 3 days. In the absence of foscarnet, resis-
tant virus and control HIV-1, ,, replicated equally well: p24
antigen levels on days 5, 7, 9, and 12 postinfection were 7.3,
32.6,55.3, and 49.8 ng/ml, respectively, for resistant virus, com-
pared with 9.5, 17.0, 22.4, and 41.8 ng/ml, respectively, for
HIV-1, 4;. In the presence of foscarnet, replication of resistant
virus was inhibited only partially (peak p24 antigen level = 24.7
ng/ml), whereas inhibition of control HIV-1, ,; was >98%
(peak p24 antigen level = 0.77 ng/ml).

Susceptibility of virion RT. To assess the foscarnet suscep-
tibility of RT derived from resistant virus, concentrated virions
from culture supernatant were disrupted and assayed for RT
activity in the presence of increasing concentrations of foscar-
net. Figure 1 demonstrates that the RT from foscarnet-resis-
tant virions was ~10-fold less susceptible to inhibition by fos-
carnet than control RT from HIV-1; ;. This degree of RT
resistance was similar to that observed for the resistant virus,
indicating that the enzyme and viral phenotypes correlated.

Cross-resistance to other antiretroviral agents. Table 2
summarizes the activities of various nucleoside and nonnucleo-
side RT inhibitors against foscarnet-resistant HIV-1 in com-
parison with control HIV-1, ,;. Resistant virus showed in-
creased susceptibilities to 3'-azido, 3’-deoxythymidine (~90-
fold), nevirapine {~30-fold), and TIBO R82150 (~20-fold).
Susceptibilities to 2',3’-didehydro-3'-deoxythymidine, 2',3'-
dideoxyinosine, and 2’,3'-dideoxycytidine were not affected.

Genetic analyses. To investigate the genetic basis for foscar-
net resistance, the full-length coding sequence of RT was
cloned from cells infected with resistant virus (passage 13) or
control HIV-1, ;. DNA sequencing demonstrated that all
seven RT clones derived from resistant virus encoded two
mutations: glutamine to leucine at codon 161 (CAA to CTA)
and histidine to tyrosine at codon 208 (CAT to TAT). These
changes were not detected in any RT clones (0 of 7) from
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FIG. 1. Foscarnet susceptibility of virion-associated RT from parental (open
circles) and resistant (solid circles) HIV-1. RT inhibition assays were performed
as described in Materials and Methods. Mean values for duplicate determina-
tions are shown (standard deviations averaged <<15% of the mean values). The
dashed line indicates 50% inhibition.

control HIV-1; 4. In addition, the Gln-161 and His-208 resi-
dues have been conserved in all previously reported HIV-1
isolates (24). Three additional amino acid variations were
found in only single RT clones: Phe-87 to Ile, Phe-346 to Ser,
and Gly-436 to Glu.

Foscarnet susceptibility of clinical isolates. Six HIV-1 iso-
lates from patients enrolled in the Study of Ocular Complica-
tions in AIDS trial were tested for foscarnet susceptibility. No
pretherapy isolates from these patients were available. For
comparison, 12 control isolates from patients who had no his-
tory of foscarnet therapy were assayed. As shown in Table 3,
the average EC;, for control isolates was 58 uwM. The six
patient isolates exhibited variable reductions in foscarnet sus-
ceptibility, with ECy,s ranging from 128 to 303 uM (two- to
fivefold higher than that of controls). The polymerase domain
of RT from these isolates was sequenced to determine if any of
the mutations observed in vitro were present or whether other
common mutations could be detected. The Tyr-208 mutation
was found in two isolates, and the Leu-161 mutation was found

TABLE 3. RT mutations in clinical HIV-1 isolates
with reduced foscarnet susceptibility

: : S dueb-
ECs, of foscarnet RT amino acid residue”:

d S
frofate(s) (M) 88 161 208
Controls® 58 +20 Trp Gln His
1 137 = 43 Ser wt wt
2 280 + 21 wt wt Tyr
3 177 = 36 Ser wt Tyr
4 21729 Gly wt wt
5 128 + 27 Ser wt wt
6 303 + 60 wt Leu wt

“ Foscarnet susceptibilities were determined in phytohemagglutinin-stimu-
lated PBMC. Data are mean values = standard errors for two to five separate
determinations performed in quadruplicate.

& wt, wild-type (i.c., same as for control isolates).

¢ Controls consisted of 12 isolates from patients with no history of foscarnet
therapy.
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TABLE 4. Foscarnet susceptibility of mutant recombinant HIV-1

Result in:
Mautation MT-2 cells” HT4LacZ-1 cclls”
ECsq Resistance ECs Resistance
(M) (fold) (uM)? (fold)
Wild type 28 = 10 382
Trp-88 to Ser 120 = 10 4.3 105 =7 2.8
Glu-89 to Gly 399 = 19 14.3 504 = 12 13.3
Gin-161 to Leu 295 = IS 10.5 203 = 23 53
His-208 to Tyr 68 £ 4 24 67 £1 1.8
Leu-161 + Tyr-208 213 £23 7.6 336 = 30 8.8

“ Determined by inhibition of p24 antigen production as described in Materials
and Methods. Celis were infected at an MOI of 0.01.

" Determined by inhibition of syncytium formation as described in Materials
and Methods.

“ Data are means * standard errors for two to three separate determinations
performed in triplicate.

< Data are means = standard errors for three separate determinations per-
formed in sextuplicate.

in one (Table 3). The tryptophan at position 88 was substituted
by a serine or glycine in four isolates (Table 3). One or more
zidovudine (AZT) resistance mutations at codon(s) 41, 67, 70,
210, 215, and/or 219 were also found in all six isolates (data not
shown). No other mutations that were common to more than
one isolate were identified.

Susceptibilities of mutant recombinant viruses. To define
the roles of the mutations identified above in resistance to
foscarnet, mutant recombinant viruses encoding Gln-161 to
Leu, His-208 to Tyr, both mutations, or Trp-88 to Ser were
constructed. For comparison, a mutant virus encoding Glu-89
to Gly was prepared and tested. The Glu-89-to-Gly mutation
has been reported previously to cause RT resistance to ddGTP
and viral resistance to foscarnet in vitro (28). The relative
susceptibilities of these viruses to foscarnet were determined in
MT-2 cells (by inhibition of p24 antigen production) and in
HT4LacZ-1 cells (by inhibition of syncytium formation).

Table 4 shows that the GIn-161 and Tyr-208 mutations to-
gether conferred 7.6- and 8.8-fold foscarnet resistance in MT-2
and HT4LacZ-1 cells, respectively. This degree of resistance
was similar to that observed with the foscarnet-resistant virus
selected in MT-2 cells. Of the two mutations, the Leu-161
change was more important (Table 4), while the Tyr-208 sub-
stitution alone had only a minor effect on foscarnet suscepti-
bility (1.8- to 2.5-fold increase in ECs;). In HT4LacZ-1 cells,
the Tyr-208 mutation increased foscarnet resistance from 5.3-
fold with the Leu-161 mutation alone to 8.8-fold with both
mutations. This effect of the Tyr-208 substitution was not ob-
served in MT-2 cells, however.

The Trp-88-to—-Ser mutation observed in the clinical isolates
reduced foscarnet susceptibility 2.8- to 4.3-fold. Virus with the
Glu-89-to-Gly mutation was the most resistant of the viruses
tested, showing a 13.3- to 14.3-fold increase in ECs;,. None of
the mutations studied altered the infectivity, replication kinet-
ics (p24 antigen production), or cytopathicity (syncytium for-
mation) of the recombinant viruses in MT-2 cells in compari-
son with control HIV-1, ,, (data not shown).

Virus with both the Leu-161 and Tyr-208 mutations or the
Leu-161 mutation alone was hypersusceptible to AZT, nevi-
rapine, and TIBO R82150 (data not shown). The degree of
AZT hypersusceptibility was greater for the double mutant
(45-fold) than for Leu-161 alone (11-fold). Similarly, the dou-
ble mutant showed greater hypersusceptibility to nevirapine
(20-fold) and TIBO R82150 (18-fold) than the Leu-161 mutant
(6-fold for both compounds).

ANTIMICROB. AGENTS CHEMOTHER.

CO Gl 16

A7

FI1G. 2. Locations of foscarnet resistance mutation sites in the crystal struc-
ture of HIV-1 RT bound with a double-stranded DNA template-primer. The
wild-type amino acid residues Trp-88 (in B5ua), Gin-161 (in aE), and His-208 (in
aF) are shown as light brown ball-and-stick models. The catalytically essential
Asp-T1H), Asp-185, and Asp-186 residues, which are the putative site of foscarnet
binding. are shown in yellow. The backbone of HIV-1 RT is represented as a
solid ribbon with the p66 and p31 finger subdomains shown in blue, the p66 palm
in red. and the p66 thumb in green. The double-stranded DNA is indicated in
purple. The foscarnet resistance mutations may affect the conformation of the
foscarnet binding site indirectly through changes in protein and/or nucleic acid
structure.,

Locations of mutations in crystal structure of RT. The crys-
tal structure of the p66/51 heterodimer bound with a double-
stranded DNA template-primer (11) was examined to identify
the sites of the Ser-88, Leu-161, and Tyr-208 mutations. As
shown in Fig. 2, the Ser-88 mutation is located on the B3a
strand of p66 adjacent to the template strand of the duplex
region of the template-primer. The Gln-161 mutation lies in
the oE helix of p66 just underneath the putative deoxynucleo-
side triphosphate (dNTP) binding site, whercas the Tyr-208
mutation is located on helix oF of the p66 palm subdomain
away from the dNTP and template-primer binding sites.

DISCUSSION

The development of viral resistance to foscarnet has been
reported previously for herpes simplex viruses, varicella-zoster
virus and CMV (1, 6, 14, 33, 34, 37). Genetic analyses of these
resistant herpesviruses have identified point mutations in the
viral DNA polymerase gene that probably alter the affinity of
the enzyme for foscarnet (3, 6, 8). For patients with AIDS,
isolation of foscarnet-resistant herpes simplex virus type 2 from
genital lesions has been associated with clinical resistance to
foscarnet therapy (34).

In this report, we demonstrate that HIV-1 variants with
reduced susceptibility to foscarnet can be isolated both in cell
culture and from patients after prolonged therapy. The resis-
tant virus selected in vitro encodes two point mutations in RT
altering the predicted amino acids at residues 161 (Gln to Leu)
and 208 (His to Tyr). Site-specific mutagenesis and production
of recombinant HIV-1 demonstrated that the Leu-161 muta-
tion conferred the majority of the foscarnet resistance, while
the Tyr-208 substitution had only a minor eftect. The Leu-161
and Tyr-208 mutations were detected in at least one clinical
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HIV-1 isolate exhibiting reduced in vitro susceptibility to fos-
carnet, but substitution of Trp-88 by Ser or Gly was more
common in these isolates (four of six). Mutagenesis confirmed
that the Ser-88 mutation reduced HIV-1 susceptibility to fos-
carnet approximately 3- to 4-fold.

The Ser-88 mutation did not alter HIV-1 susceptibility to
AZT, whereas the Leu-161 mutation alone or together with the
Tyr-208 mutation increased susceptibility to AZT. This “sen-
sitizing” effect of Leu-161 may help to explain why the Ser-88
mutation was detected more commonly in clinical isolates. The
majority of the patients receiving foscarnet in the Study of
Ocular Complications in AIDS trial were also taking concom-
itant AZT (36). In this setting of foscarnet and AZT coselec-
tion, the Ser-88 mutation may have been preferred, since it has
no effect on AZT susceptibility, whereas the Leu-161 mutation
would be selected against because of AZT hypersusceptibility.
A similar observation has been observed with resistance to
AZT and nonnucleoside RT inhibitors. Monotherapy with the
nonnucleoside RT inhibitor nevirapine rapidly selects for re-
sistant mutants encoding a Tyr-181-to-Cys mutation, but when
nevirapine is given in combination with AZT, the Cys-181
mutation does not appear (31). This is probably explained by
the in vitro observation that when the Cys-181 mutation is
introduced into a virus encoding AZT resistance mutations
(Leu-41 and Tyr-215), viral resistance to AZT is reversed (15).
Thus, specific mutations such as Cys-181 or Leu-161 may be
less favored under AZT selective pressure because they restore
or increase HIV-1 susceptibility to AZT.

Mutations that affect HIV-1 susceptibility to foscarnet have
been reported previously (9, 17-19, 28). These mutants were
identified by means other than selection for viral resistance to
foscarnet. Larder et al. performed site-specific mutagenesis of
conserved domains of HIV-1 RT and characterized the func-
tional activities and drug susceptibilities of the mutant enzymes
(17, 18). Mutations at residues 113 (Asp to Glu or Gly), 114
(Ala to Ser), and 115 (Tyr to Asn or His) reduced both enzyme
activity (20 to 90%) and susceptibility to foscarnet. Proviruses
encoding the mutations at residue 113 (Asp to Gly) or 114 (Ala
to Ser) replicated slowly and exhibited ~5-fold-higher resis-
tance to foscarnet, but virus with the Tyr-115-to—Asn substi-
tution did not replicate (17).

By screening bacterial clones expressing HIV-1 RT, Prasad
et al. (28) identified an RT mutant that was resistant to ddGTP
and cross resistant to foscarnet. The RT mutant encoded a
nonconservative amino acid substitution at residue 89 from
Glu to Gly. When the Glu-89-to-Gly mutation was introduced
into a proviral clone, the resultant virus was foscarnet resistant
but not ddG resistant. Our experiments confirm that the Glu-
89-to-Gly mutation reduces HIV-1 susceptibility to foscarnet.
In fact, HIV-1 encoding this mutation was the most resistant of
the recombinant viruses that we constructed (Table 4).

Im et al. (9) reported a spontaneously arising mutant of
HIV-1 RT that was resistant to foscarnet and several
dideoxynucleotide triphosphates. This mutant RT contained a
valine-to-alanine substitution at position 90. However, when
this mutation was introduced into a proviral clone, only low-
titer virus could be produced (<10° TCIDs,/ml), indicating
that the Ala-90 substitution reduced viral replication compe-
tency (21).

In the present study, we did not detect mutations at residues
89, 90, 113, 114, or 115 in any of the laboratory or clinical
isolates analyzed. This does not preclude their detection in
subsequent studies, since only a small sample of isolates have
been examined to date. Indeed, Tachedjian et al. (38) recently
described a Glu-89-to-Lys mutation in a foscarnet-resistant
variant that was selected in vitro.
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Examination of the crystal structure of RT shows that sev-
eral foscarnet mutations lie in a region of the B5a strand of p66
involved in binding of the nucleic acid template-primer. These
mutations include Ser-88, Gly-89, and Ala-90. In addition,
Tachedjian et al. (38) reported a Leu-92-to-Ile mutation in a
foscarnet-resistant variant selected in vitro. It is unclear how
these substitutions alter foscarnet susceptibility, but recent
studies by Boyer et al. (2) suggest that alterations in binding of
the template-primer resulting from dideoxynucleoside resis-
tance mutations in the p5a strand affect the ability of the
template-primer-enzyme complex to accept or reject an incom-
ing dideoxynucleoside triphosphate. A similar mechanism may
be operative for foscarnet.

In contrast to the mutations at residues 88 to 90, the Leu-161
mutation is located in the «E helix, which is distinct from the
B5a strand. The GIn-161 residue lies below the active site of
HIV-1 RT, and its substitution by Leu may have a more direct
effect on foscarnet binding by altering the conformation of the
dNTP binding site and its affinity for foscarnet. In wild-type
HIV-1 RT, foscarnet, which is a pyrophosphate analog, prob-
ably binds to the active-site Asp-110, Asp-185, and Asp-186
residues via Mg>* ions, which are required for catalysis. The
location of the Tyr-208 mutation on the oF helix away from the
dNTP and template-primer binding sites is consistent with its
having a relatively minor effect on foscarnet susceptibility.

In summary, HIV-1 variants with reduced susceptibility to
foscarnet can emerge under selection in cell culture and in
foscarnet-treated patients. The clinical significance of this re-
sistance is unclear, although it provides additional evidence
that foscarnet exerts a selective antiretroviral effect in vivo.
This antiretroviral effect may provide benefit to some HIV-
infected individuals for whom standard therapy with nucleo-
side analogs is failing. In the present study, only a small num-
ber of clinical isolates were examined for foscarnet resistance,
pretreatment isolates were not available for comparison, and
the foscarnet resistance observed was low level (=5-fold). Ad-
ditional studies of the emergence of foscarnet-resistant HIV-1
in treated patients and the relationship of this resistance to
viral load and clinical outcome are warranted.
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Foscarnet is a broad-spectrum viral DNA polymerase inhibitor active /in vitro and in vivo against human immunodeficiency
virus type 1 {HIV-1}. Strains of HIV-1 resistant to foscarnet were selected by in vitro pessage in increasing concentrations
of drug. Reduced susceptibility to foscarrat was evident at the levels of both HIV-1 repiication and reverse transcriptase.
Biologically cloned, foscarnet-resistant strzins with distinct genctypes were hypersensitive 1o zidovudine, azidodeoxyuridine,
nevirapine, and RE2313 but had unchanged susceptidility to zalcitibine and didanosine. The reverse transcriptase of foscar-
nel-resistznt strains had unique sutstitutions Glu88-Lys, Leu32-lle, or Seri56-Ala, the third being associsted with six
polymorphic changes. Introduction of these mutations into wild-type HiV-1 by site-directed mutagenasis confirmed their
role in foscamet resistance. In the three-dimensionsal structure of the reverse transcriptase enzyme these aminc acids are
located ciose to the template strand of the template primer and far ewzy from the putative pyrophosphate binding site,
suggesting that the mechanism by which HIV-1 becomes resistant to foscarnet is indirect Foscarnet resistance is thus
likely 10 be medizted through an altered interaction of the mutant enzyme with the template strand of the tempiate primer
which distorls the geometry of the polymerase active site and thereby decresses foscarnet binding. € 1995 Acssemic

Fress, Inc.

INTRODUCTION

Fescarnet (triscdium phosphonoformate, Foscavir) is’

a broad specuum antiviral agent which inhibits DNA
pelymerases including the HIV-1 reverse transcriptese
(RT). This drug inhibits pyrophosphate exchange by re-
versibly binding 1o the putative pyrophosphate binding
site on these enzymes, consequently preventing DNA
chain elongation {Oberg, 1989; Crumpacker, 1982). Fos-
carnet is used tolreat acyclovir-resistant herpes simplex
{Erlich et 51, 1989; Birch et &/, 1930; Safrin et al, 1981b)
and varicells zoster infections {Safrin et af, 18813). it also
hes efficacy equivetent to ganciclovir in the treatment of
cytomegalovirus (CMV) retinitis in patients with acquired
immune deficiency syndrome (AILS) (SOCA, 1992). In
this latler study, AIDS patients with CMV retinitis treated
with fcscarnet sunvived longer than peiients receiving
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man xmmunodeftc.e'wcy virus type 1 (rHV-i) rephcwom
vitro (Sandstrom et al, 1885} and in vivo {Jacobson et al.

trezted panems in this chmcal s!udy was the annretrovs-
ral activity of foscarnet, either aione (Sandstrom ef al'_'
1985; Jaccbson et 3/, 1888) or acting in concert with othe

used in the treatment of some AIDS patients, it is pcss
ble that foscarnet-resistant strains of HIV-1 might de-:
velop in these individuals. Random mutagenesis of the
HIV-1 RT gene has shown that the Giu89-Gly and Vei90-'
Ala mutations result in a8 foscarnet-resistant RT {Prasad
et al, 1891; Song et al, 1892; Jm et al, 1883). Specific
mutations intraducad into the HIV-1 RT for the purpese
of gefining imponant functional sites on the enzyme heve
aiso been reporied (o resull in foscarmet-resistant RT
{lLarder &t al, 1887, 1383; Lowe et &l, 1981). in these
studies, myjiztions al codons 113, 114, 115, 15
183, and 190 yieiced RT with varying lavels
resistznce; howaver, all mutetions were 2s8sac
reduced activity compared with the wxld-type cr»zymp

While these studies have revesled informstion on the
struclure and function of the HiV-1 RT, mutations deliber-
siely introduced into the RT gene are unlikely to mimic
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in vivo seiection pressures, and these mutations may
very well not be the same as those that develop in foscar-
net-lreated pztients. Selection of drug-resistant virus by
passage in cell culture is more likely to result in muta-
tions observed in clinical isolates, as has been reported
for zidovudine {(AZT) and secona-site, nonnuclecside RT
inhibitors {Larder et al, 1991; Nunberg et al, 1981; Rich-
man et al, 1981). ‘

The three-dimensional structures of the p66 and pbs1
subunits of the HIV-1 RT enzyme have been elucidated
(Kohistaedt et al, 1932; Jacobo-Molina et 4/, 1383), per-
miting localisation of drug resistance mutations on the
enzyme and allowing determination of the mechanism
by which resistance occurs (Nanni et al, 1393; Tantillo
et al, 1294). Structural studies suggest that nucleoside
analogue resistance mutations generally mediate their
effect by altering the geometry of the substrate binding
site through an indirect conformational change. In con-
trast, multstions induced by second-site nonnuclecside
RT inhibitors occur within their binding site, a hydropho-
bic pocket located in the palm subdomezin close to the
pelymerase sctive site {Nanni ef al, 1993; Tantillo ef af,
1284). Because the mechanism of action of fescarnet
giffers from other inhibitors studied to date, it was of
interest 1o determine the nature of resistence mutations
generated by in vitro selection and their positions within
ihe three-dimensiona!l structure of the HIV-1 RT. Such
studies will aid in the elucidation of the mechanism of
fescarnet resistance at the enzyme level.

Here we describe the selection of {escarnet-resistant
strains of HIV-1 during passage in the presence of drug,
their suscepiibility to other antiretrovirals, and the muta-
tions in the RT region associsted with resistance. We

aiso propose a mechanism by which fcscarnet induces

resisiance at the level of the HIV-1.

MATERIALS AND 'METHODS
Cells

MT-2 celis (Harada et al, 1985) were cultured in RPMI
medium contzining RPMI 1640 (Gibeo, Grand island, NY)
and 1% heat-inactiveied foetal celt serum (Common-
weaith Serum Leborztories) es previcusly described
{Tacheduzn €7 af, 1880). Humen periphers! bicod mons-
nuclear celis {(FRMCs) were obtained from HiV-1 sarc-
recaive donors and purified from whole blood by density
ceririfugation (Neate el al, 19&7). Mononuclesr cells
weie incubsted for 5 cays in RPMI medium containing
phytchzemagglutinin {PHA) at 10 yg/mt and were then
trarsferred tc medium conteining 1L-2 (Tachediian et al,
1980) 2t the time of infection with HIV-1. HT4la2Z-1 celis
(Bocancourt ef 51, 1920) were maintained in Dulbtecce's
modified Eagie’s medium suppiemented with 10% {oetal
calf serum and G418 2t 400 pg/ml.

Viruses

HIV-1 strain 237288 (hereafier termed strain PD) was
isolated from the PBMCs of an AIDS patient who was
antiretroviral drug naive. Strain HX was obtained by
transfection into MT-2 celis of 5 ug of the Xbal-linearised
molecular clone pKPHXB2 using the lipofectin reagent

" DOTAP (Boehringer Mannheim, Germany). pKPHXB2 is

a construct contining the Xbal fragment of the HIV-1
provirus from pHXB2-D (Ratner et af, 1987) which was
inserted into the Xbal site of the low copy number vector
pKP57 (3 gift from Keith Peden; Peden, 1992).

Drugs

Foscarnet (Fluka Biochemika) was prepared 2s a 10
mg/ml stock in sterile water. AZT {a gift from Burroughs
Wellcome), 3'-azido-2' 3'didecxyuridine {AZDU; Sigma
Chemicals), Rg2913 (TIBO; a gift from Jznssen Pharma-
ceuticals), and nevirapine (a gift from Boehringer Ingel-
heim Fharmaceuticals) were prepared as 256 mM siocks
in dimethyl sulioxide. Zalcitibine {ddC; Sigma Chemicals)
and didancsine {ddl; a gift from Brystol Myers Squibb)
were prepared at 3 concentration of 26 mM in sterile
waler.

In vitro selection procesg‘,

Fescarnet-resistant HIV-1 was produced by sequential
passage of the PD or HX strains in MT-2 cells in the
presence of increasing concentrations of foscamet. Ini-
tially, MT-2 cells (400,000/4 ml) were inoculated with
2500 TCiDg; of virus and cultured in the presence of 33
uM of foscarnet When HIV-specific cytopathic effects
{CPE) involved 75—-100% of the cells, culture supemna-
tants were clarified by low-speed centrifugation and 3
500-ul inocutum was used to infect ftesh MT-2 celis in
the presence of increasing concentrations of foscamet
(Fig. 1). Each passage included a duplicate culture at the
thighest concentration of foscarnet present in the previ-
ous passage. If afteg 7 days CPE did not involve at least
75-100% of cells, the cell suspension was diluted 1 to
4 in medium contgining freshly sdded fescarmet 2t the
original concentration and incubated further. Each such
subcuiture wes considered a single pzssase. To control
{or any changes resuliing from repested pessage the
seme virvses {(PD and HX) wers pesssged in paraliel in
e gbsence of drug.

2iologica! cioning

Virus suspensions were biclogicsally cloned by thise
sets of lerminal dilutions in MT-2 celis in the presence
of the indicated concentrations of foscarnet. Wild-type
strains were cloned in the absernice of inhibitor. Following
the third terminal dilution, isolates were amplified first
once in the presence of drug and then a second time
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without foscarnet 10 yield virus stocks not containing in-
hibitor.

Drug susceptibility assays

In MT-2 cells. Each vitss strain at 260-500 TCID,,

was used 10 infect 150.000--200,000 MT2 cells in the
presence of serial drug dilutions in duplicate wells of a
24-well tray (Cestar, MA). Titrations of each strain were
included in assays to confirm that equivaient doses of
virus were tesied. At the time of maximal cytopathic effect
in non-drug-lreated cultures (4-6 days postinfection),
culture supernastants were clarified by low-speed centrif-
ugation and virion-associated RT activity determined as
described previously (Neate et al, 1887). The percentage
inhibition of RT activily was calculated in drug-treated
cultures relztive to untreated infected cultures of the rele-
vant isolate and the 50% inhibitory concentrations (ICys)
caiculeted from linear log,, plots of the percentage inhibi-
tion versus concentiration of inhibitor. The statistical sig-
nificance of differences between drug ICs was deter-
mined by the Wiiccxon Rank-Sum Test (Bhattacharyya
and Johnson, 1977).
. in HT4LscZ-1 cells. Drug inhibition of blue syncytium
{formation was performed es published {(Rocancourt et
al, 1990) with modification. Cells were seeded into 96-
well plates (3 X 10* celis/well} and allcwed to adhere
overnight. Fresh medium containing twofeid drug dilu-
tions were zJ3ded, followed by inoculation of each well
with 50~100 syncytium forming units of virus. After 72
fir, cells were fixed with 0.5% gluteraldehyde, washed
wilth phosphele-bufiered saline, and stained with 5-
bromo-4-chioro-3-indotyl-B-calactapyranoside  as  de-
scribed {(Rocancourt et 3/, 1280). Syncytia containing five
or more blue nuclei were counted in six separate wells
per drug ditution.

RT inhibition assay

The fescarnet susceptibility profiie of virion-associated
RT was determined in an in vitro RT inhibition assay as
previously described (Tachedjian et al, 19%4). RT was
from Iysed viricns cbtained from ciarified supernates of
irfected MT-2 cultures. Virg! lysates were directly applied
10 the reaction Mix i these 2ss88ys.

DKA prepzraticn for polymerase chzin reaction
amplification (FCR)

s B iging ware grown in PHA-
suimyizted PBMCs (2 0 ceits/10 ml culiure) for 3-
4 Zzy hed with magnesium- and cal-
ciLm-free phosphate-bufiered satine (PES) and zhcn ie-
susgended in 200 g of PBS Purified genomic DNA we

pregarad from iriected ceils using the QiAzmp Kit (Oza-
gen, Germany) following the menulaciurer's instructions.
The RT region of HIV-1 provital DNA was amplified by
wo rounds of PCR using rested primers bzsed on the

T e T T -

sequence of HXB2R (Myers et al, 1933). The auter and
inner upstream primers designated 5'V3 and 5'V2 were i
5'-GTAAGACAGTATCGATCAGATA-3' {nucleotides 1964-

1884) and 5'-CAGGATCCTACACCTGTCAACATAAT-3
{nucleotides 2033-2052), respectively. The cuter and in-
ner downstream primers 3'V2 and 3'V1 were 5'-TTG-
TAGGGAATTCCAAATTCC-3" (nucleotides 4206-4186) *4
and 5'-GGGAATTCCTTATTCCTGCTTG-3' {nucleotides -
4201-4180), respectively. Amplifications were performed
in 50-u] volumes containing 2 ul of purified DNA in the
presence of 1.0 U Taq polymetase {Boehringer Mann-
heim), 200 uM of each dNTP, 0.2 uM of each primer,
and 1.5 mM MgCL,. First round amplification conditions
involved one denaturation cycle {85° for 3 min) followed
by 35 cycles of denaturation {85° for 1 min), annealing

{50° for 1 min) and extension (72° for 2 min), and ending =3

with one extension cycie (72° for 7 min). Second-round ;‘
conditions were as for first, with the exception that an-
nealing was pedormed at 55°. For preparation of lerge

quantities of amplified product for direct nucieotide se- 7.2

quencing, 12 separately amplified PCR reactions were
pooled, concenirated to 300 ul by butanol extraction, and
purified with Promega Magic PCR-prep columns {Pro-
mege, WI).

Nucleotide sequence analysis of RIV-1 RT region

The nuclectide seabence of the entire RT region was
determined by automated sequencing using the PRISM
Resdy Reaction DyeDeoxy Terminator Cycle Sequencing
kit (Applied Biosystems). Sequencing primers spanned
the entire 1.7 kb of the RIV-1 RT and included 5'V2, SP1a
5"-CTCAAAATCCATACAATAC-3' (2250-22€8), SP3 5'-
GATTIGTATGTAGGATCTG-3' (2651-26€9), SP4a 5'-.;
GGACTGTCAATCACATACAG-3" (2850-2868), SP5 5'-
CAATTAACAGAGGCAGTG-3' (3124-3211), and SP6 5'-
CACAACALATCAGARAGACTG-3' (3508-3526) (iHooker et
al, submitied for publication). The reaction involved 256
cycles of denaturaiion (96° for 30 sec), annesling (45° for
15 sec), and extension (60° for 4 min). Unincorporaied
terminators were removed by phenol-chloroform exirac--
tion zs cescribed in the mznufacturer’s protoco! {Applied
Biosysierns). Sequencing reaction products were re-
solved on an Applied Bicsystems DNA Sequencer st the
wao c<h University Nuciecude Sequencing Service, Mi-
ogy Depzriment, Clayton, Austrslia. Sr‘-quence
s were performed using Seq Ed version 1.0.3

Site-direcied mutageneasis

HXB2 genetic backbone. The phagemid cione pHX/
HOM (iocker &t al, submitfed for publication) contsins
8 4.2-kb Hindlll fragment of HXB2 encompsssing the
complete pol gene {coordinales 1268 10 5578 (Myers ef
al, 19S3)] cioned into the AHindlil site of pT7T318U
phagemid (Pharmacie). The single-siranded form of pHX/
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.+ HCM wes mutagenised according to procedures in Am-

ersham’s oligonucleotide-directed in vilro mutagenesis
system {version 2.1) based on the method of Sayers et al.
{19€8), with the modification of pT71318U recombinants
rather than M13 recombina:nts as the initial single-
strarded lempiates. The mutagenesis oligonucieotide
G792 5'-GGTATTCCTATTTGAACTTCC-3" (2378-2359)
was designed to mutate Leu (TTA) to Hle (ATA) at codon
92. The resultant phagemid was designated pHX92.

LA! genetic backbone. The mutations GlugS-lys,
GluB3-Gly, Leud2-lle, and Ser156-Ala were introduced
into the pXXHIV-1,4, proviral clone by site-directed muta-
genesis as previously described (Nguyen et al, 1924)
using the mutagenic oligonucleotides §'-CAAGACTT-
CTGCGALAAGTTCAATTAG-3' (2348-2372), 5'-GACTTCT-
GGGCAGTTCAATTAG-3 (2351~2372), 5'-CTGGGAAGT-
TCAAATAGGAATAC-3' (2356-2378), and 5'-GGAAAGG-
AGCACCAGCAATA-3' (25653-2572), respectively. The re-
combinant viruses with these changes were designaied
E2LAI-Lys, 89LAI-Gly, 92LAl-lle, and 156LAl-Ala. The
presence of the desired mutations in the proviral clones
in genetic backbones HXB-2 and LAl was verified by
sequencing.

Transfection and homologous recombination in MT-2
cells

Infectious virus with the Leu82-lle mutation {sirzin
£X22) was generated by homologous recombination in
MT-2 cells of molecular constructs pHX22 2ad
pKPEXB2ART. The construct pKPHXB2ART possesses
most of the HXB2 (Myers et al, 1983) sequence except
for 8 1.96-kb deletion of the HIV-1 RT gene [coordinates
2168 10 4099; (Myers et 3/, 1993}}. The complete deriva-
tion of this construct is described elsewhere {Hooker et
el, submiiied for publication). MT-2 celis ware cotrans-
‘ecied with 5 ug of Mscl-linearised pKPHXB2ART angd 6
p¢ of Hindlil-digested pHX32 using DOTAP following the
menufacturers recommencdations. Vecior sequence fe-
legsed by these enzymes was not remeved prior 10 1ans-
fection. Cultures were maintained until maximum CPE
wes cobserved (7-12 days) at which time supernates
were clardied znd siored at —70°C. The titie of virus wes
determined in MT-2 celis end the TCID, was calculeted
.sing the Karter formule (Hawkes, *.u/g)

Caneration of infectious viruses 89L AL Lys, 831 AL-Gly,
920 ALe, and 15ELAINAlS wes perdormed by elec
ion of pissmid pXXHIV-1L., conigining thaese mulsticns
i MT-2 Celis as previcusly descrited (Nguyen el al,

RESULTS
Generation of foscarnet-resistant HIV-1 by in vitro
selection
TO determine whether foscarnet-resistant HIV-1 could
be preduced by in vitio seisction, the HIV-1 strain PD

- 14

{Foscarnet] in yM
g

O chnical olsts PD
@ molecular clone HX

T T ¥ ¥ T Y T Ad v )

¢ 10 20 30 4 S0 6 70 & W 10
Time in cuiture (Cays)

FIG. 1. In vitro generation in MT-2 cells of foscamet-resistant HIV-1
from the clinical isolate PD and the molecuiar clone HX Time in culture
is plotted against the concentration of fossemet at which the isclate
was abile 1o replicate af each pessage level (as indicated by the circles).

{isolated from an AIDS patient) and the molecular clone
HX {derived from HXB-2) wete passaged in the presence
of increzsing concentrations of foscamet in MT-2 cells
(Fig. 1). Following 6 passages {38 days in culture), isoiate
PD showed relatively unimpszired replication at 660 M
foscarnet This is the maximum concentration of foscar-
net in which cells remazq viable. In contrest, the HX cione
of HIV-1 required 16 possaoes {90 days) 10 replicate in
the presence of 660 uM foscarnet

To confirm thal foscarnet-resisiant virus was gener-
ated by the in vitro selection procadure, strzin PD pas-
saged six times in the presence of escalaling concentra-
tons of foscarnet end the same stiain passaged six
times without inhibitor (Fig. 1) were both passed once
without drug 10 generate strains PD-R and PD-S, respec-
tively. The foscarnet IC, of PD-R was decreased 5.1-foid
compared to PD-S (Table 1), whilst 3 6-{0ld decreese
was observed at the IC, o level (results not shown). One
further passage of PD-R in the absence of inhibitor re-
sulled in the reemergence of the foscarnet-susceptible
phenotype {results not shown).

Foscernet resistance cbserved at the level of HiV-1
replication was also evident in RT obizined frem the
l\,se PD-R strain. The fescamet 1IC, of PO-R, 14 uM,

wEes €0 times hugher than that of PD-S (0.35 uM) {Fig. 2).

of phenoctype te genotype for foscarnet-
resis.'.an‘( strains of HiV-1 derived by in vitro passage

To encoutage selection of virus with different geno-
types snd therefore varying degrees of foscarmet resis-
1ance PD-R was biologically cloned in the presence of
fcscarnet st concerntrations of 166, 330, 485, and &60
uM. The resulting clones were designated PU166BC,

PDR3CBC, FD485BC, end PDE60BC, respectively. isoiate
EX, passaged 16 times in the presence of inhibiior (Fig.
1) wes biciogically cioned in the presence of 330 and
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% RT inhibltion

+o - - - ey v

01 R 1 10 100 1000
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FI1G. 2. Fescamnet susceptibility of RT exicactec fiom wild-type isolzte
PD-S and foscarnet-resisiant strain PO-R. The 100% cpm's incorporaied
for RT derived from strains PD-S and PLC-R are 129,000 and 41,500,
respectively.

860 uM fcscarret 1o generate HX330BC and HXE60EC,
respectively. Sirmilarly, wild-type strain PD-S and HX, pas-
saged 16 times and biologically cloned in the atsence
of foscarnet, were designated PD-BC and HX-BC, respec-
tively (Teble 1).

The pol gene {rcm each of four foscarnet-resistant
strains derived from the clinical isolate PD possessed a
single afnino acid substiivtion not present in wild-type
PD-BC (Takle 1). in PD1658C there wes a3 Leu82-lle sub-
sitetion (TTA 10 ATA). in contrast, PD230BC, PD485SBC,
and PD6E50BC were wiid-type at codon 22, but all pos-
sessed a single Glu89-Lys substitution gssocizted with
a GAA tc AAA nucleotide change. No other genotypic
differences in the RT gene between PD resisiant stizins
and PD-BC were observed. Although there were differ-
2nces between these strzins and =X (Table 1), they oc-
curied in praviously described pelymorghic regions (My-
ers et al, 1983).

Nucleotide sequence enelysis of the RT region of fcs-
carnet-resistant streins HX2308C end HXESCBC derived
from the moiecular cione HX showed changes difierent
fiom those found in foscarnet-resistant FD strains. Both
HX-derived clones had identical sequences with a otal
Of seven amino zcid changes compared 1o the wild-type
HXB2 sequence {HX, Tabie 1). Only one of these, ihe
Serta€-Als (TCA-GCA) wes not locaied in & polyrorphic
‘egion. Codon 158 is orasentin a region of the HIV-T RT
tighly conserved among sll revroviruses (Lerder ef &l
18E7; Boyer et al, 1982). in 1hre context of foscarnet resis-
tance, we considered this mutation 1 be significant.

Urexpeciedly, exarmination of the nucieotide seguence

{ RXBC revesied thuee chenges compaied 10 the Crigh
ng] meiecular clone HX (Takle 1). These may heve re-
sulted from repeated passage in MT-2 ceils. None of the
sscatnet-resisient clones had these mutations. Muia-
wnrs at ccdons 275 and 350, both with the molecular
chenge AAA tc ACA, have nol been repotied in previous
HiV-1 isolates (Myers et &/, 1393) and (nay represent

(&)

-

i
i

unteported polymorphisms. While the Lys103-Arg ob-
served in HXBC represents a polymorphic substitution
{Myers et al, 1993), another mutation, Lys103-Asn is as-
sociated with resistance 1o nonnucleoside RT inhibitors
{Nunberg et al, 1331; Richman, 1923). Given a previous
report of sllosteric interactions between the foscarnet
and the L697-639 (nonnuclenside RT inhibitor) binding
sites (Goldman et al, 1991), we suspecled that the
Lys103-Arg change may have influenced fcscarnet sus-
ceptibility, and in fact HXBC was 2.6 times more suscepti-
ble 1o foscarnet than HX itself (£ = 0.032, Table 1). Con-
sequently, isolate HX and not HXBC was used for the
calculation of fold increase in {oscamet resistance for
HX330BC, HX6608C, and HX92 strains. However the
Lys103-Arg mutation in HXBC did not influence suscepti-
bility to the nonnuclecside RT inhibitor nevirapine as
there wes no significant difference in the nevirapine sus-
ceptibility of EXBC and HX [ICss 0.09 = €.08 and 0.04
+ 0.03, respectively (P = 0.17)).

The foscarnet susceptibility of each of the biologically
cloned strains is shown in Table 1. Since PD1658C pos-
sessed a different genotype fo PD330BC, PD4295BC, and
PL6608C, a diflerence in foscarmet susceptibility was
expected. However, while a trend towards increzsed re-
sistance 10 foscarnet was observed with the Glug9-Lys
containing gcenotypes compared with Leu82-lle, the sta-
tistical significance of thé frend was borderline {P = 0.06,
P = 0.13, and P = 0.09, respectively). However, all had
higher 1Cg; values than the wild-type virus.

As expected, the foscarnet suscepiibilities of strains
HX330BC ang HXE60BC were similar given their identical
RT genotypes (Table 1). Of note, HX was more suscepti-
bie to foscarnet than PD-BC (P = 0.055), and the foscar-
net iCy values for the HX-derived foscarnet-resistant
strains were substantially lower than those measured for
resistant strains cerived from PD. The former observation
highfights the roie of the genetic background of the RT
regicn in influencing baseline drug susceptibility (Hooker
et al, submitied for publication).

Characterisation of foscainet-resistant sirzins of HIv-
1 derived by sile-directed mutagenesis

Sie-directed muisgenesis wes performed 1o deter-
mine the roie of the mutstions Leu82-lle, GiuEs-Lys, end
Serig6-Ale in conferring foscamet resistance. HIV-1 with
gifferent genenc beckbonag but containing the Leug2-lle
mytetion (HXEZ eng 9ZLAI-!e) showed 3 10-foid incraase
inthe 1C.; compared with the epproprisie wild-type strain
(Tebie 2), thus confirming 1he role of this subsiitution in
foscarnet resistence. Similar analysis of the foscamet
susceptibiiity of stizing 83LAI-Lys, 22L Al lle, and 156LAl-
Ala in the HT4lacZ-1 sysiem confirm ithe role of gach
mutation in conferring foscarnet resistance, with Gludg-
Lys conferring the greatest decrease in susceptibility
{>156.9-fold) and Serist-Ala the lowest (4.5-foid, P =
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TABLE 2
Foscarnet Susceptibilitivs of Recombinant HIV-1 Straing Gensrated by Site-Directed Mutagenesis

Aminc acid 81 RT codon introduced

. - by mutagenesis

4 Foscernet Fold increase in

1solate ] 92 156 ICg (uM + SDJ foscarnet resistance®

HX £ L S 149 £ 92 1
HXxg2¢ - 1 - 128 *+ 86 8.6
LAY - - - 39+ 4 1
B3LA-Lys” K - - >600 >159
89LAI-Gly’ 6 - - 500 * 133 133
Q2L Al-lle? - 1 - 367 86 8.0
156LAL-AlaY - - A 144 + 4 45

*1C,; deteimined in drug susceptibility assays performed in MT-2 and HT4lacZ-1 celis for HX or LAl stisins, respectively. Standard deviations
(SD} celculated from a1 least two independent assays {see Meterials and Methods).

® Cumgared with HX or LAl viruses, as appropriste.

© Recombinant strain of HX with change 2t pesition 92 introduced by site-Cirecied mutagenesis {sce Malerials and Methods).
© Strzins derived by mutasgenesis of pXXHIVLa 2nd electroporation of dones into MT-2 cells (see Materials and Methods).

0.05). While strain 88LAI-Gly, which contains the pre-
viously reported substitution GIu82-Gly (Presad et al,
1881), wes also fescarnet-resistant, its foscarnet IC, was
lcwer than the 83LAI-Lys strain (P = 0.05).

Drug susceptibitity profiles of foscarnet-resistant
strains

Foscarnet-resistent strains PD1658C, PD660BC, and
HX66CBC conteining the Leu82-fte, GluB3-Lys, and
Seri15€-Ala substitutions, respectively were tested for
their suscepltibility 1o several antiretroviral drugs (Tabies
3a, 3b, 3c). Regardless of genotype, all foscarnet-resis-
tant straing were 2.6-2.8 times more susceptible 10 zido-
vudine than the ccrresponding wild-type stigin, These
straing were also 4.1-36 times more susceptible to an-
oiher azidonuclecside enalogue, AZDU (Table 3). No dif-
ference in susceptibility to dd! and ddC was observed.
In contrast, 2ll foscarnet-resistant strains were s!so hy-
persensitive to the noanuclecside RT inhibitors TIRO and
nevirzpine (Table 3).

DISCUSSION

Our deta show that strains of HIV-1 with reduced sus-
ceptibility 1o foscarnet can be generated by in vitro seiec-
tion, that resistance is due 1o 2 limited number of well-
gefined mutations in the reverse transcriptese enzyme,
2nd that such resistantstrains have a predictzble patiern
of sitered susceptibility to other antiretrovirals. Pheno-
typic resistance to foscarnet was invariably manifested
by reduced inhibition of both virus replication and reverse
transcriptese. Strains generated with a foscarnet-resis-
tant phenctype had mutations at codons 88, 82, or 156
of the RT, and site-directed mutagenesis confirmed the
relevance of those mutations to the phenotypic changes
observed st the level of virus replication,

The previously unreported Leu32-lie change observed
in Fos165BC wes shown to mediate fcscamet resistance
in both HXB2 and LAl genetic backbones. This was sur-

rising given the conservative nature of this aming acid
substitution, which represents a8 marginal increase in
both zccessible surface ares and hydrophobicity {Ausu-

.

TABLE 33

Orug Suscaptibility Profit

e of Foscarnet-Resistant isnlzte PLESEC

W () for indinzizd drug’

solzie Coscarnet AZT AZDU ddt doC T8O Nevicegine
PCEC 239 496 GOz4 = 0.006 W00 5+ 14 0.2 = Q.11 0.26 = 0.67 0.084 * ©.006
FTig53C 178 = 78 0.5086 * £.002 G54 + C.51 428 0.2 * 0.12 0.079 = .07 0.013 % Q.01
£id resistarce® 7.5° - - - - - -
Folg bypersensitivity” — 2.8° 12° — — 3.3° 4.2°

* Values zre means * stancerd deviations from at least twoe independent experiments.

B

increzse (resistencs) or Zecrzase (hypersensitivity} in ICg of foscarnetresistant strains compzrad 10 wiid-type virus.

€ The i0id increzses in resisiance and hypersensitivity were all statisticelly significant by the Wilsoxon rank-sum test (P < 0.05).
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PR TASLE 3b

Drug Susceptibility Piofile of Foscamet-Resistant Isoizte PDIG0]C

tCy, (uM) for indicsted drug®

tsolale Fescarnet AZT AZDY ddt daC . T:BO Nevirapine
PDRC 238 : 8.6 0.0077 * 0.0028 1.8 06 27 £ 11 023 = 0.14 025 £ 0.16 0.15 = 0.13
PDE6OBC 231+ 33 0.003 * 0.0012 0.44 * 0.1 3307 027 * 0.12 0.024 + 0.006 0.02 + 0.008
Fold resistance® 97 — — _ - —
Fold hypersensitivity - . 265 . 4.1¢ - - 10.4° 757

* Values are means * standard deviations from at least two independent experiments.

® increase {resistance) or decrease thypersensitivity) in ICy, of foscamet-resistant strains compared 1o wild-type virus.

© The fold increases in tesistance and hypersensitivity were all statisticelly significant by the Wilcoxon rank-sum test {P < 0.05).
? Foid increase in hypersensitivity was of borderiine statistical significance (P = 0.1, Wiicoxon rank-sum test).

tel et al, 1887). Nevertheless, Leu92 is highly conserved
among HIV-1 and other lentiviruses (Boyer et al, 1882),
suggesting that changes to it will be significant at the
phenotypic level. A Glu88-Lys sutstitution representing
a change from an acicic 1o 3 basic amino scid, was also
observed in three of four clones obtained from PD-R. The
rcie of codon 88 in conferring foscarnet resistance has
been previously documented by random mutsgenesis
and selection of drug-resisiant RT using a novel screen-
ing a2ssay (Prasad ef 8/, 1231). Subsequeni mutagenesis

tudies have revealed that GILE93-Lys also results in a
icscarnet-resistant RT enzyme {Sorg ef al, 1992). Eluci-
cation of the foscarnet suscepiibifities of RT enzymes
with the Giug89-CGly or Giug3-Lys substitutions revealed
2000- znd 8-fold increzses in foscarnet 1Cy,s (Song et
al, 19982). This contrasts with our data showing that at
the level of HIV-1 replication, RIV-1 with the Glug9-Lys
substitution is more resistant than virus with the Glugg-
Gly chenge. As the Cluge-Lys emerged in cell culture
under selective pressure, it is likely that such a mutation
will occur in vivo.

The polar to nonpoelar substitution Ser15€-Ala, which
is loceted in conserved region C of &l reverse tran-
scripleses (LarCer et al, 1987), wes found in biological
clones HX230BC and HX860BC. HIV-1, 4, with the Ser156-

TABLE 3c

Ala mutation was replication competent in contrast to a

previous study with the BH-10 molecu!ar clone showing
that this mutation results in RT with intact polymerase
activities but inactive RNaseH (Boyer et &/, 1992). Intro-
duction of Seris6-Ala inio the HXB2 backbone by site-
directed mutagenesis also results in replication-compe-
tent HIV-1 (G. Tachedjian, unpublished results). The
mechanism by which Ser156-Ala mutstion sbolishes
RNazseH activity hes been proposed io be due 10 reposi-
tioning of the template-primer 10 3 position inconsisient
with favourable catelysig at the RNzse H active site
{Boyer et al, 1922; Tantilic et af, 1234). One possible
explanation for the difference in our resulis compared
with those of Bover et al. {1982} may be the emergence
of cormpensstory mutgtions in either the polymerase or
RNaseH domains foliowing transfection of HIV-1 DNA
with the Ser158-Ala muiation and recovery of infectious
virus. Studies are underway 10 cetermine whether such
compensztory changes are present in these HIV-1
strzins. In relation o the vistle sirzins HX3308C and
HX660BC, the polymorphic subsititutions either in the pol
or RNaseH domains may also have a compensatory role.

In addition 10 Glug3-Gly and Gluge-Lys, a Val30-Ala
change associzied with foscarnet-resistant RY has also
been reported (Im et af, 1993). The mutations Trp88-Ser

Crug Susceptibility Profile of Foscarnet-Resistent Isolsie HXG6(RC

1Co, [ for indizstss Crug

Py ey

T

ﬁ-w-;u

7

lacizte Frazerret AZT AZDY adt a0C 1RO Nevirgpine
=X 149 02 25506 = 2001 276 £ T4 6 X1 022 = 6.05 C.i3 = 003 0.78 = $.08
~X5008C 80 = 71 C.0046 = 0.00C3 0.76 = 0.64 18 =01 0.22 * 0.01 G023 * 0.01 0.04 % 6.2
=id resistence® £.0° — — - - —
“oid hypersensitivity” - 2. — — 1.4° 45

¢ Velues gre means = stendzrg deviations fiom 21 lees! two indspendent experniments.
¥ increzse (resisiznce) or decrease (Rype-sansitivity) In 1C of foscarnet-tesisiant strains comeared to wild-type vitus.

€ The fold increzses in resist

ace and hypersensitivity were all stetistically sigrificant by the Wilcoxon rank-sum test {F < (.05).

¢ Foid increese in hypersensitivity wes of borderfine siatistica! significance (P = 0.1, Wilcoxon rank-sum test).
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» and Cin1€1-Leu in sssociation with His208-Tyr have also

teen reporied in HiV-1 isolates from AIDS patients re-
ceiving {oscarnet therapy and in sirains generated in
viiro (Mellors et al, 1985). Codons 88, 89, 90, 92, and 156
all cluster in the ssme region on the three-dimensional
structure of the HIV-1 RT (J4cobo-Moline et al, 1993} and
define a “hot spot” for {cscarnet resistance-associated
mutations where changes at ore codon are involved.
Molecutar modelling of 2 nuclecside triphosphate in
the polymerase aclive site of the HIV-1 RT/DNA/Fab com-
plex has revealed the likely deoxynuclecside triphcs-
phate {GNTP) bincing site, where pyrophosphate ex-
change and fcscarnet binding is expected to occur
{Nanni et al, 1393; Tantillo et a/, 1994). The dNTP binding
site cornprises not only protein structural elements, but
also nucleic acid (Tantillo et af, 1994). Based on this
model and calculated solvent accessible surface aress
of amino acids in the vicinity of the dNTP binding site
(Tantillo et al, 1924), the protein secondary structural
elements that appear to interact with the dNTP residue
include 89, 810, the A9 and F10 hairpin, £6, the f6-aC
loop and aC (see Fig. 3 in Tantillo ef 4/, 1984). Amino
acids 88, 22, end 148, which are found 1o be implicated
in {oscarnet resisiance, sre locsled on B5a, the icop
structure between 53 and 85b, snd the N-terminus of
a helix E, respectively (Jacobo-Molina ef 5/, 1893; Nanni
et al, 1993; Tantillo el al, 1994). These residues are not
located in structural elements composing the NTP site
and therefore cannot have a direct efiect on fascarnet
binding. However, all three residues clusier near the tem-
plzte strand of the tempiste-primer within the palm sub-
demain {see Fig. 35 of lacobo-Molina et al, 1993). There-
fore, we propcse that the foscarnet resistance medizted
by GIuBa-Lys, Leu22-lie, and Ser156-Ala is a result of
shered tenmplste-primer positioning or conformation on
the surface of the arzyme which czuses a distortion of
the geomelry of the pelymerese active site and leads to
aftered binding of {oscarret st the putstive pyroghos-
phate site. A similar hypothesis has been propesed 10
explzin the mechanism of resistance 10 nuclecside ana-
logues {Nenni et al, 1993; Taritillo et af, 1924). Biochemi-
czl 8213 10 suppont the notion that template-primer meve-
ment can sflect the zciive site has been previously
shown by enalysis of the susceptibility of wild-type and
drug-resistant RT cnzymes (with either Leu74-Val or
GlLES-Cly mutztiors) to inhibitors ini the presence of tem-
clzie-primers with lempizle cverhiangs of verying lengihs
(Ecver e 51, 1384),
Three Diciogicaily clensd sirsing resigliani to icstarnet,
escn wih different genciypes, were hypersusceptible to
the inkabitors AZT, AZDU, neviraping, and TIRO, but had
unchanged susceptibility 10 ddi end ddC. Similarty, fos-
carnet-resistant  stigins  encoding  Gin161-Ley  and
His208-Tyr or Cini€i-Leu alone showed hypersiuscepti-
oility to AZT but no change in ddi, odC, or D4T suscepti-
bifity at the level of HiV-1 replication (Mellors et a/, 1285).
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It is noteworthy that the replication of our foscarnet-
resistant sirains was still inhibited by ddl and ddC, as
previous studies with purified RT with previously repoited
mutations conferring foscarnet resistance (Glu83-Gly and
Valg0-Ala) are broadly cross-resistant to nucleoside tri-
phosphate analogues including AZTTP, ddTTP, ddCTP,
and dOATP (Prassd et al, 1991; Im et al, 1293). However,
white RT with the Giu88-Gly mutation was also resistant
to ddGTP in these assays, virus replication was still inhib-
ited by conventional concentrations of ddG (Prasad et
al, 1981). The lack of correlation between HIV replication
and enzyme assays, observed by Prasad et al (1991),
may be due 1o fundamental differences in the mechanism
of inhibition by nucleoside analogues in these two sys-

" tems.

The rapid emergence of foscarnet-resistant strains of
HIV-1 after only 6-16 in vitro passages suggesls that
resistant virus may emerge in HiV-infected patients un-
dergoing long-term treatrnent with foscarnet We studied
12 HIV-1 isolates from seven AIDS patients on foscarnet
therapy ranging from 2.5 1o 16.5 months and found no
evidence of HIV-1 significantly resistant 10 foscarnet
(Tachedjian et al, 1994; G. Tachedjian, unpublished
Gaiz). However, cthers have reponted the emergence of
fcscarnet-resistant HIV-1 strains in individuals on iong-
term foscarnet therapy (>3 months) for CMV retinitis
{Mayers et al, 1923). While our in viiro data support the
letier study, othert factors such as preexisting drug resis-
tance and simultaneous therapy with other antiviral
zgents may have a role in determining whether foscar-
nei-resistant RIV-1 will emerge in an individual patient
{Tachediian ef al, 1994). ,

in conclusion we have shown that foscarnet-resistant
HIV-1 emerges rapidly in vitro, and have identified sev-

13l mutstions in the HIV-1 RT which are sbie to confer
foscarnat resistance. Foscarnet-resistant straing with dif-
ferent genotypes remain susceptible 10 several other
classes of RT inhibifor antiretrovirais. In the context of
sn HiV-infected pstient developing foscarnet-resistant
HiV-1, these dsta indicate that antiretroviral drugs ap-
prev2d for clinical use (AZT, ddl, and 6dC) or undergoing
clirical tricgls {revirapine and TiBO) are likely 10 tetsin
their inhibitory activity against HIV-1.
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