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INTRODUCTION

(Adapted in part from original proposal)

Successful treatment of breast cancer requires the identification of specific targets for the
rational design of therapeutic agents. One such target, described several years ago, is the oncogene
product erbB-2 (1-3). This protein is expressed on the surface of tumor cells in approximately
30% of women with the poorest prognosis for survival (4). The expression of erbB-2 does not
appear to be correlated, either positively or negatively, with the estrogen receptor (5), although a
recent report suggests that the erbB-2 signalling pathway targets the estrogen receptor resulting in
estrogen-independent growth of tumor cells (6). However, it's expression is associated with an
increase in the resistance of tumor cells to lysis by some natural immune mechanisms such as
tumor necrosis factor and lymphokine activated killer cells (7,8).

A number of investigators have now begun to use antibodies specific for erbB-2 as
possible therapeutic agents (9-16). The agents include immunotoxins, radioimmunoconjugates,
and bispecific antibodies. The latter antibodies are intended to mediate effects by directing the lysis
of tumor cells through cytotoxic effector cells. One of the predicted advantages of bispecific
antibodies is that they should not have side effects associated with delivery of toxins or isotopes.
Bispecific antibodies have in fact begun to be examined in several clinical trials, with some
encouraging results.

Despite their promise and emergence into clinical trials, there are many questions that need
to be addressed before optimal uses, with minimal side effects, of bispecific antibodies can be
realized. For example, genetic engineering now provides a method for constructing smaller,
potentially more stable, antibodies. Are these antibodies likely to be more effective than
conventional intact antibodies? Will the natural resistance of erbB-2+ tumors cells present an
obstacle to successful bispecific antibody therapy? Can a system that uses a patients own immune
cells be developed so that ex vivo activation of effector cells is not needed? This would obviously

allow the treatment of a much larger patient base than would be possible if effector cells must be
cultured for every patient.
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It would clearly be useful to have a system that could provide answers to these questions in
order to design the most effective clinical trials of bispecific antibodies. There has been no animal
model developed that can evaluate all of these issues using human breast cancer cells. The purpose
of this project is twofold. First, to construct novel bispecific antibodies that can be expressed as a
single-chain in E. coli (17). Second, to develop an ir vivo animal model that will allow the testing
of these agents in comparison with other conventional bispecific antibodies. There are many
potential therapeutic regimens that will need to be evaluated. To do so, an animal model that will
not require introduction of human effector cells and that will most resemble the situation that will
be encountered in the human disease will be developed. It is anticipated that these animals could
also serve as models for immune modulating agents that are developed by other laboratories.

The methods used to approach these goals involve many reagents and strains of mice that
have been developed in my lab and in collaboration with others over the past ten years. The
general strategy involves the use of the following: 1) Monoclonal antibodies and single-chain
antibodies that are specific for the T cell receptor of a mouse cytotoxic T lymphocyte clone 2C (18);
2) Monoclonal antibodies that are specific for human erbB-2, provided by Pier Natali (11); 3)
Cloning and expression systems for the overproduction of single-chain monospecific and
bispecific antibodies (17,18); 4) Human breast cancer tumor cell lines obtained from the ATCC;

5) Transgenic mice that express the TCR from CTL clone 2C (19,20); and 6) RAG-1 knockout
mice, provided by Susumu Tonegawa's lab, that lack B and T cells because of the absence of
recombinational-activation-gene 1 (21).

The four specific aims of the project are: 1) Following a strategy that has recently proven
successful in our lab, to engineer a single-chain bispecific antibody to erbB-2 and the TCR of a
mouse CTL clone; 2) To use a simple screening method to search for agents that increase the
sensitivity of erbB-2% breast cancer cell lines to lysis by CTL. 3) To develop an in vivo model for
targeting transplanted human breast cancer cells using immunodeficient, TCR transgenic mice

(TCR/recombination-activating-gene knockouts, RAG-2-). 4) To test the in vivo effectiveness of

various bispecific antibody regimens in the TCR/RAG-2" human xenograft system. Specific
details concerning progress in the first year of this award toward these goals are provided in the
body of this report, below.

BODY

Progress has been made toward various aspects of three out of the four specific aims (1 - 3).
Methods, results, and a brief discussion are presented within each aim:

Specific Aim 1. Construct and characterize a single-chain bispecific antibody
(anti-erbB-2/anti-TCR, called scFvj).

Cloning of the Vg and V|, genes from the anti-erbB-2 antibody 800E6. Two
different mouse hybridomas (900F4 and 800E6) that secrete antibodies with high affinity for
human erbB2 were used to clone a single-chain anti-erbB2 antibody. RNA derived from each
hybridoma was isolated and used in the synthesis of cDNA. Degenerate primer pairs for mouse
V1, and J, and Vg and Jg were used to amplify directly from cDNA following a procedure that has
been used successfully by our lab with other antibodies (22). Both hybridomas yielded PCR
products of the expected size (~350 bp) for the Vy region but both hybridomas yielded only a 230
bp product for the V[ region (in contrast to the ~ 350 bp that was expected). It is likely that both
antibodies use V[, region genes that were not represented by the degenerate primers. Because we
were able to successfully clone the Vi PCR product for 800E®6 initially, the light chain from 800E6
was isolated from SDS-PAGE gels in an effort to obtain information about the V[, gene family
used by this antibody. The sequence DIVMXQXHKEF was identified and this sequence
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corresponded to the Vi subgroup I family in mice. A primer that corresponded to this sequence
was used to successfully amplify a 350 bp PCR product from the 800E6 cDNA.

The Vg and Vi, PCR products from 800E6 were cloned sequentially into the single-chain
expression vector that we have used previously (18). The nucleotide sequence of the 800 base pair
insert was determined by automated sequencing with primers that flank the scFv gene (Figure 1).
Both the V1, and Vi genes contained all of the conserved residues that are characteristic of Igs.
These included the canonical FGXG of J;, and WGXG of Jy and two cysteines that form the basis
of the typical Ig fold. The construction was also shown to be expressed at the protein level based
on its reactivity with a monoclonal antibody that is specific for the c-myc peptide that was included
at the carboxy terminus of the scFv (data not shown).

Figure 1. Sequence of the anti-erbB2 scFv from hybridoma 800E6.

GACGTQGTGATGACTCAGTCTCACAAATTCATGTCCACATCAGTAGGAGACAGAETCAGCATCACCTGCAAG
D V VM T Q S HXKVF MS TSV GG DRV s I T CK

GCCAGTCAGEATGTGGGTACTGCTGTAGCCTGSTATCAACAGAAACCAGGSCAATCTCCTAAACTACTGATT
A 8 Q DV GG TAVAWY Q QK P G QS P K UL L I

TACTGGECATCCACCCASCACACTGGAGICCCTGATCGCTTCACAGECAGIGGATCTGGGACAGATTTCACT 800E6 Vi,

Y WAS T RHTT GV PDRVPFTG S G S GT D F T

CTCACCATTAGCAATGTGCAGICTGAAGCTTGGCAGATTATTICTGTCAGCAATATAGCAGTTATCGCACG
L T I §$ N V Q S EDLADYU FUCQQY sSs S Y RT

TTCGGTGCAGSGACCANGCTGSARATARAACGT
F 6 A G T KL E I K R

TCCTCASCCGATGATGCTAAGAAGCGATACTECTAAGAAGIATATGC TAAGAAPGATGATACTAAGAPAGAT
S 8§ A DDA AI KU KDA AW AZ K KDDA AI KI KUDDAIZK KD L,INKER

GCATCC
A S

CAGGTEAGCTGCAGCAGTCAGGGEGAGAGCTGATGAAGCCTGEGGCCTCAGTRAAGATATCCTGCAZGGCT
Q Vg L Q Q s GG E L M KPGA SV KIS C KA

ACTGGCTACACATTCAGTAACTACTGGATAGAGTGGGTRAAGARAGAGGCCTGGACATGGCCITGAGTGESATT
T G Y T F S NY WTI EWVZ XKQURPOGHGTULE WTI

GGAGARATTTIACCTGRAGTGGTAGTACTAACTACAATCAGAAGCTCAAGGCGAAGGCCACATTICACTGCA
G EI L P G S G S T NJYNEIZ KUVLI KGI KA ATV F T A

GACACATCCTCCAACACAGCCTACATGCAACTCAGCAGACTGACATCTGAGGACTCTGGCGICTATTACTGT
D TS SN T™AYMOQE L S SL TS EDS GV Y Y C

GCAAGIAGGGEEGGETAACTACCCGTACTACTTIGACTACTGGGECCCAGGAACCTCAGTCACCGTCTACTCA
A RGGG NY P YY FDVYWG?PGTS VTV 8 8

GAACARAAGCTTATTTCCGARGAAGATTITG
E Q K L I S E E D L

800E6 Vg

C-MYC TAIL
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Expression and Purification of scFv-800E6. The anti-erbB2 scFv was expressed
in E. coli in large scale fermentation, the cells were broken by passage through a microfluidizer,
and the inclusion body pellets were solubilized in guanidine. After refolding by dialysis in a Tris-
EDTA-arginine buffer (18), scFv was purified by size exclusion through a G200 HPLC column.
Samples were analyzed by SDS-PAGE (Figure 2) and ELISA with the anti-c-myc antibody (data
not shown). The major protein in the crude preparation exhibited a size of 31 kDa, consistent with
the predicted size of the scFv-800E6 (33,559 Da). Approximately 75% of this preparation
migrated as aggregates in the size exclusion column but a monomer peak of ~30 kDa (fractions 55
to 60) was identified by ELISA with anti-c-myc as the scFv-800E6. The anti-erbB2 scFv
monomer could be isolated at ~1 mg/liter of bacterial culture.

Figure 2. HPLC G200 gel filtration profile and SDS-PAGE of 800E6 scFv.

HPLC Fraction #
|16 22 53 59 62 67 77|MW crude

45’ - 145
31 e ——— — ] 31
22 20

Absorbance 280nm

10 20 30 40 50 60 70 80.

Fraction #

Cell Surface Binding of scFv-800E6 to erbB2. In order to determine if the scFv-
800E6 could bind to erbB2 on the cell surface, two different assays were used. Initially, flow
cytometry with the erbB2 positive tumor cell line SKBR3 was performed in the presence of the
scFv, followed by anti-c-myc, and then fluorescein-labelled anti-mouse Ig. The result showed
that the scFv preparation bound specifically to the SKBR3 cells (data not shown). In order to
determine the affinity of the recombinant scFv relative to the intact antibody, a competitive
inhibition assay was performed with 125I-labelled Fab fragments derived from 800E6. SKBR3
cells were incubated with a constant amount of 1251-Fab in the presence of various concentrations
of unlabeled scFv or Fab fragments (Figure 3). The result indicated that the scFv has an affinity
that is within two-fold of that of the Fab fragment (Kp ~ 10-° M). In addition, the scFv
preparation appears to be predominantly in the properly folded form.
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Figure 3. Comparison of erbB2 binding by 800E6 Fab fragments and scFv. 125]-Fab
fragments were incubated with the erbB2 positive tumor cell SKBR3 in the presence of the
indicated concentration of inhibitor. After 1 hour on ice, the mixture was centrifuged through a

layer of oil to separate bound and free 125-I-Fab.

100%
800 scFv

800 Fab

50% -

% Inhibition

0%

T T
- o
-

100

0.17
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Preparation of Fab, from 800E6 and anti-TCR antibody 1B2. In order to
eventually evaluate the effectiveness of the bispecific single-chain antibodies, it will be necessary to
compare them with antibodies prepared by standard chemical-linkage technology. Toward this
effort, the 800E6 anti-erbB2 antibody and the anti-TCR antibody 1B2 will be linked by preparing
(Fab)'; fragments of each, followed by linkage through disulfide bonds (23). Although both
800E6 and 1B2 can be readily cleaved with papain to yield Fab fragments (see above and ref 18),
we have found that pepsin digestion to produce Fab) fragments is more problematic.

Nevertheless, by varying the pH and time of the reaction (24), we have identified conditions that
yield ~20 to 50% Fab, of 1B2 (Figure 4) and 800E6 (data not shown). The Fab; fragments will
be purified by G200 HPLC and the bispecific antibody prepared as previously described (23).

Figure 4. SDS-PAGE gel of reduced Fab) fragments from anti-TCR antibody 1B2. The 30
kDa band corresponds to the amino terminal region of the H chain after pepsin cleavage.

Digest of 1B2 with pepsin

time of Idigest
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Specific Aim 2. Search for agents that increase the sensitivity of erbB-2+ breast
cancer cell lines to lysis by cytotoxic T lymphocytes.

Susceptibility of breast cancer cell lines to lysis mediated by bispecific
antibodies and CTL clone 2C. Previous studies have shown that erbB2 positive tumor cells
are relatively resistant to lysis by TNF (8) and that tumor cells vary in their susceptibility to direct
growth inhibition by anti-erbB2 antibodies (12). To begin to evaluate their susceptibility to CTL-
mediated lysis in the presence of bispecific antibodies, various breast cancer lines were used as
target cells in a cytotoxicity assay with the mouse CTL clone 2C. This clone expresses the TCR
that will be used to redirect the lysis of tumor cells by CTL in vivo (Specific Aim 3 and 4). In
order to evaluate intrinsic susceptibility to the lytic mechanism, target cells were labeled with
fluorescein to the same density and assayed in the presence of an anti-fluorescein bispecific single
chain antibody (17).

As shown in Table 1, human tumor cell lines varied considerably in their susceptibility.
The erbB2 levels, in mean fluorescence units, of these lines were shown by flow cytometry to be:
SKBR3 (150) > MB-453 (106) > MCF7 (15) > MB-468 = Daudi (0). Daudi is a human

. lymphoblastoid line that we have previously shown is susceptible to lysis by 2C (17).

Table 1. Susceptibility of breast cancer cell lines to lysis mediated by bispecific antibodies and
CTL clone 2C.

[scFv2] E:T Ratio Cell Line % Specific Lysis
pg/ml
Experiment 1 18 6:1 Daudi 24
SK-BR-3 1
MCEF-7 3
MDA-MB-453 4
MDA-MB-468 14
Experiment 2 50 6:1 Daudi 82

MDA-MB-453 32

Experiment 3 50 30:1 Daudi 64
MDA-MB-453 27

Experiment 4 25 10:1 Daudi 54
SK-BR-3 8

Experiment 5 50 10:1 Daudi 54
SK-BR-3 8
MCF-7 6

MDA-MB-453 36
MDA-MB-468 42
T-47-D 20
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The intrinsic susceptibility of the tumor lines did not correlate directly with erbB-2 level or
with the level of Fas as measured by flow cytometry with the anti-Fas monoclonal antibody UB2.
However, SKBR3 which has the highest level of erbB2, has always shown the most resistance to
lysis by CTL 2C. Obviously, if some primary tumors exhibit similar levels of resistance to lysis,
it will be necessary to either evaluate susceptibility prior to treatment or to identify agents that will
increase susceptibility.

Effects of pretreatment of breast cancer cell lines with anti-erbB-2
antibodies. A previous report has demonstrated that anti-erbB2 antibodies can increase the
susceptibility of tumor cells to treatment with cis-diamminedichloroplatinum (10). To determine if
anti-erbB2 treatment might increase susceptibility to CTL lytic mechanisms, SKBR was treated for
various lengths of time with the anti-erbB2 antibodies 800E6 and 900F4. Treated and untreated
cells were fluorescein labeled and assayed as target cells in a cytotoxicity assay with bispecific
antibody and CTL 2C as described above. Susceptibility of the SKBR3 lined was not increased
under any conditions (varying times, concentrations of antibodies, or mixtures of the antibodies).

Effects of pretreatment of breast cancer cell lines with the cytokines IFN-y

and TNF-a. Cytokines can alter the susceptibility of tumor cells to cell-mediated lysis (25) and

more specifically, IFN-y has been shown to increase the susceptibility of erbB-2+ tumor lines to
LAK-mediated lysis (26). To examine the effect of cytokines on CTL-mediated lysis of SKBR3,
TNF and IFN were tested separately or in combination by treatment of SKBR3 for 2 days prior to
a cytotoxicity assay, as described above. As shown in Figure 5, treatment with the combination
yielded a dramatic increase in susceptibility to lysis by CTL 2C. The effect required 24 to 48 hours
of treatment and it was clearly due to the synergistic action of these cytokines on SKBR3 and not
on the CTL (data not shown). The mechanism of action of this finding is not clear at this time, but
it does not appear to be due to an increase in the level of Fas on the surface of SKBR3. In addition
the effect appears to vary among the different tumor cell lines (i.e. increased susceptibility was
observed for some but not all of the lines tested; data not shown).

Figure 5. Increased susceptibility of SKBR tumor cells to CTL-mediated lysis after treatment
‘with a combination of IFN-y and TNF-oL.
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Specific Aim 3. Develop an in vivo model for targeting transplanted human
breast cancer cells using immunodeficient, T cell receptor transgenic mice.
Breeding, maintenance, and testing of immunodeficient, T cell receptor
transgenic mice. Immunodeficient TCR/RAG-2 were to be provided by Dennis Loh's lab after
they had successfully produced and screened progeny of the 2C TCR x RAG-2 knockout mice
(19, 27). Dennis Loh recently moved to industry and these mice were not available. However,
Dennis provided us with the 2C TCR breeding pairs and immunodeficient RAG-1 knockout mice
(21) were obtained from Jackson Labs. We have established colonies of each of these mice and
now have approximately 40 mice of the TCR x RAG F; generation. Approximately 1/4 of these
will be RAG™- and of these 1/4 should be homozygous for the TCR transgene. Because serum
IgM is not passed maternally to the fetus (28), an ELISA that is specific for IgM was used to
screen sera obtained from the tail vein of mice (representative experiment shown in Figure 6).
Seven of the 40 mice were identified as Ig negative and thus as RAG-. Of these, four mice
contained peripheral lymphocytes as detected by immunohistological staining and thus have been
tentatively identified as either TCR*"RAG- or TCR**RAG"-. These mice have now been mated
in order to generate a continuous colony of TCR*+RAG-. We anticipate having a colony of mice
for transplantation studies, as further outlined in Specific Aim 3, in 6 to 8 months.
Figure 6. ELISA of serum IgM from RAG~-, RAG*/*, and two F2 mice. Ays refers to the
IgM level and Ag)q refers to the hemoglobin level and thus amount of blood.
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CONCLUSIONS

During the first year of this grant, each of the tasks shown below with an * were completed and
significant progress was made on tasks indicated with an **:

*Task 1, Cloning, expression, and testing of erbB-2 single-chain antibody, months 1-12.

*Task 2, Screening of tumor cell lines for susceptibility to CTL-mediated lysis using the anti-
fluorescein bispecific antibody, months 1-12.

**Task 3, Breeding of transgenic TCR/RAG-2" mice and testing of peripheral blood T cells for
reactivity with 1B2 antibodies, months 1-20. It is anticipated that approximately 175 mice will be
produced by the end of this period.

Task 4, Cloning, expression, and in vitro testing of bispecific single-chain scFv; antibody
(1B2/erbB-2), months 13-24.

#*Task 5, Screening of tumor cell lines for increased susceptibility to CTL-mediated lysis

when tumor cells are treated with: anti-erbB-2 antibodies, IFN-y, TNF-q, estrogen, tamoxifen,
months 13-30.

Task 6, Transplantation of various erbB-2+ tumor cell lines into TCR/RAG-2- mice and
evaluation of tumor incidence, months 16-36. It is anticipated that approximately 15 mice per
month will be used. -

**Task 7, Purification and in vitro testing of bispecific Fab, antibody (1B2/erbB-2), months
25-36.

Task 8, In vivo testing of bispecific antibodies in TCR/RAG-2- mice that have received human
tumor transplants, months 30-48. It is anticipated that approximately 15 mice per month will be
used.

Publications of the Principle Investigator During the Past Year

Kranz, D.M., M. Gruber, and E. Wilson. (1995) Properties of Bispecific Single-
Chain Antibodies Expressed in E. coli. J. Hematotherapy, in press.

Kranz, D.M., T.A. Patrick, K.E. Brigle, M. J. Spinella, and E.J. Roy.
(1995) Conjugates of Folate and Anti-T Cell Receptor Antibodies Specifically Target Folate
receptor Positive Tumor Cells for Lysis. Proc. Natl. Acad. Sci. USA in press.

Cho, B.K., B. A. Schodin, and D.M. Kranz. (1995) Characterization of a
Single-Chain Antibody to the B-Chain of the T Cell Receptor. J. Biol. Chem. in press.

Future Work:

During the next year, we intend to complete the tasks indicated above by an ** and to begin
tasks 4 and 6.

Changes will include the testing of the erbB-2 positive ovarian tumor line SKOV?3 for its
ability to form tumors in RAG- mice. This line has been previously used as a transplantable
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tumor into immunodeficient mice in erbB-2 targeting experiments (29). Once the conditions that

allow this line to grow as a transplant have been determined, other erbB2+ breast cancer cell lines
will also be evaluated.

The SKOV3 line may have another advantage which we would like to pursue: 80% of
ovarian tumors express on their surface another tumor-associated antigen called the folate receptor.
We have recently shown that such folate receptor positive tumors can be targeted in vitro with
conjugates of folate and an antibodies to the T cell receptor (30). Use of the SKOV3 cell line, or
another line that we identify as both erbB-2+ and folate receptor™, may thus allow us the
opportunity to test the efficacy of targeting two independently expressed tumor antigens with
bispecific antibodies. It is reasonable to predict that this approach will be superior to targeting a
single antigen because it may minimize the problems of tumor escape associated with the
proliferation of tumor antigen negative variants.
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Appendix

Two manuscripts that involve this project are provided in the Appendix:
Kranz, D.M., M. Gruber, and E. Wilson. (1995) Properties of Bispecific Single-Chain
Antibodies Expressed in E. coli. J. Hematotherapy, in press.

Kranz, D.M., T.A. Patrick, K.E. Brigle, M. J. Spinella, and E.J. Roy. (1995)
Conjugates of Folate and Anti-T Cell Receptor Antibodies Specifically Target Folate receptor
Positive Tumor Cells for Lysis. Proc. Natl. Acad. Sci. USA in press.
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Properties of Bispecific Single Chain Antibodies Expressed in
Escherichia coli

DAVID M. KRANZ, MEEGAN GRUBER, and ERIK R. WILSON

ABSTRACT

Single chain bispecific antibodies, in which the genes that encode the Vy and Vi, regions are linked
in tandem, may offer some advantages over other methods of bispecific antibody preparation. To
begin to evaluate the potential of this system, a single chain bispecific antibody (scFv,) that binds
to the T cell receptor of a cytotoxic T cell clone and to the hapten fluorescein was constructed. The
individual scFv regions were joined by a 25 amino acid linker, and the scFv, protein was obtained
from insoluble inclusion bodies after guanidine solubilization and refolding. Fluorescein-purified
scFv; is active at concentrations of ~10 nM (~1 pg/ml) and above in mediating lysis of fluorescein-
coupled tumor cells by the cytotoxic T lymphocytes (CTL). This system has now been used to eval-
uate various features of the scFv, approach: (a) affinities of the scFv, for the TCR and fluorescein,
(b) yields of the scFv, from several different purification schemes, (c) relationship of antigen den-
sity (i.e., fluorescein density on tumor cells) to the ability to redirect lysis of the tumor cell, and (d)
relationship of scFv, affinity for the tumor antigen to the ability to redirect lysis. This study was
performed by using several analogs of fluorescein for which the scFv, had different affinities. Results
showed that it should be possible to select antibodies with appropriate affinities such that tumor
cells with typical antigen densities of 10%-10° molecules per cell will be lysed and normal cells that
have lower levels of the antigen will be spared.

INTRODUCTION ble undesirable C region-mediated side effects. Other fea-
tures, such as increased stability, more rapid and efficient
HREE DIFFERENT GENERAL APPROACHES have been ap-  purification strategies, and reduced immunogenicity, can
plied t0 the production of bispecific antibodies also be engineered in this approach.
(BsAb) (reviewed in 1): (a) secretion from hybnid hy- In principle, the simplest and currently the smallest
bridomas, followed by isolation of the appropriate BsAb  version of a BsAb consists of the appropriate Vy and V{_
from the mixture of “mispaired” immunoglobulins, (b) regions from two antibodies linked in frame to form a
chemical linkage of two intact or F(ab'), antibodies with ~ single chain (5). From a production viewpoint, this con-
bifunctional cross-linking agents or by disulfide shuf-  struction could represent the ideal form of a BsAb in that
fling, and (c) genetic engineering to produce either non- it requires fermentation of a single strain and purification
covalently linked BsAb (e.g., diabody (2) and leucine zip-  of a single species, and it does not involve steps of chem-
per strategies (3)] or covalently linked BsAb [e.g., ical linkage. Nevertheless, the single chain approach has
disulfide linkage of independenty expressed antibodies  several significant problems that will need to be over-
(4) or expression of tandem V regions as a single chain  come. The major problem is associated with refolding of
(5)]. One advantage of genetic engineering is the ability  the antibody from insoluble fractions of Escherichia coli.
to design antibodies that lack C regions and, thus. possi-  Standard refolding procedures generally yield a smail

Presented at the [Vth Internutional Conference on Bispecific Antibodies in Duck Key, FL, March 1-5, 1995,
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The density of fluorescein coupled to tumor cell tar-
gets was measured by two independent methods. [n the
case of FITC-I and FI-DHPE-labeled cells, '25]-labeled
4-4-20 antibody was used in saturation binding experi-
ments. The same fluorescein-labeled cells were examined
by flow cytometry (Coulter Electronics Epics 752), and
the fluorescence was compared with fluorescein-labeled
calibration beads (Flow Cytometry Standards Corp, San
Juan, Puerto Rico). From the number of accessible epi-
topes determined by the saturation binding curves, a stan-
dard curve with the labeled beads was constructed for
each experiment and used to determine the number of
fluorescein molecules per cell. This approach allowed de-
termination of FITC-II densities, since saturation was dif-
ficult to achieve with the 12514420 because of the lower
affinity. This also provided a more rapid and routine
analysis of FITC-I and F1-DHPE densities. It should be
noted that the number of accessible sites indicated prob-
ably represents an overestimate because at 37°C, during
a cytotoxicity assay, the density of fluorescein molecules
is reduced as a resuit of internalization or shedding.

Cytotoxicity assays

Target cells were incubated with 50 wul (125 uCi) of
SICr for 1 h at 37°C. After being washed in PBS, cells
were coupled with fluorescein as described. Labeled cells
were added at 2 X 10* cells per well of a 96-well plate.
BsAb preparations were added in complete media, and
CTL clone 2C was added at an effector to target cell (E:T)
ratio of 5:1. After 4 h at 37°C, supernatant was removed
and the percent specific release was calculated (5).

RESULTS AND DISCUSSION

Purification of single chain antifluorescein/anti-T
cell receptor antibodies

Our previous work with the scBsAb scFv,1B2/4420
showed that purified antibody could be readily obtained
from a fluorescein affinity column at a yield of ~1 mg/L
of culture (5). The affinity-purified antibody generally
exhibited an ICsq in tumor targeting assays that was no
better than ~1 ug/ml. This value is at least one to two
orders of magnitude higher than one might anticipate in
comparison with other forms of BsAb (reviewed in 1).
Because the affinity of each monospecific antibody is rel-
atively high (K; < 10 nM) (10,15), the low efficiency of
the scFv, is likely to be due to the presence of a signif-
icant fraction of misfolded antibody, even in the affinity-
purified preparation.

With this in mind, we attempted to further purify
the properly folded, active form of the scFv, by ion-ex-
change chromatography of the affinity-purified antibody.

Because we were concemned that ligand eluted material
would retain bound ligand, we chose to elute under con-
ditions of high pH, which have yielded consistently ac-
tive antibody. Eluted material was subjected to anion
exchange chromatography with Q-Sepharose. The Q-
Sepharose profiles of total protein and antifluorescein ac-
tivity are shown in Figure 1. The ability of various frac-
tions to target fluorescein-labeled tumor cells was also
examined. The results of this analysis and other fluores-
cein-binding studies (data not shown) showed that only
approximately 10% of the fluorescein affinity purified
scFv,, eluted at either low or high pH, retains fluores-
cein-binding activity. This result compares with a mono-
specific scFv, where greater than 30% of the activity is
retained (data not shown). Thus, the relatively low [Csq
values that are observed with this scFv; can be attributed
in part to the reduced stability of the fluorescein-binding
domain after elution.

In addition, only a fraction of the protein from the
Q-Sepharose column that is capable of binding fluores-
cein is active in the tumor targeting assay (Fig. 1). This
result implies that a significant portion of the BsAb has
not refolded the anti-TCR domain and that the relatively
low ICsq values that are observed with this scFv, are also
attributed in part to the presence of misfolded anti-TCR
V regions.

Nevertheless, the fraction (fraction 42) that was most
active in tumor targeting showed a 10-fold increase in
activity compared with the affinity-purified forms (Fig.

_2). This finding suggests that it may be possible to ob-
tain scBsAb with activities that begin to approach con-
ventional BsAb. Strategies that will increase the folding
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FIG. 1. Q-Sepharose column profile of scBsAb 1B2/4420.

scFv, protein eluted from a fluorescein-sepharose column with
100 mM triethylamine was subjected to anion exchange chro-
matography through Q-Sepharose and eluted with a 0~IM
NaCl gradient. Fractions were monitored for absorbance at 280
nm, for fluorescein binding activity in an ELISA on wells
coated with fluorescein-BSA. and for tumor targeting ability
in cytotoxicity assays with CTL 2C (5).
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FITC I

FIG. 3.

tor cell population. Nevertheless, the results show that_it

should be possible to select, or engineer, antibodies with
appropriate affinities (i.e., affinities that will target tumor
cells that bear a particular range of antigen densities but
will spare normal cells that might have densities at re-
duced levels).
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Conjugates of folate and anti-T-cell-receptor antibodies
specifically target folate-receptor-positive tumor cells for lysis
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ABSTRACT High-affinity folate receptors (FRs) are ex-
pressed at elevated levels on many human tumors. Bispecific
antibodies that bind the FR and the T-cell receptor (TCR)
mediate lysis of these tumor cells by cytotoxic T lymphocytes.
In this report, conjugates that consist of folate covalently
linked to anti-TCR antibodies are shown to be potent in
mediating lysis of tumor cells that express either the a or
form of the FR. Intact antibodies with an average of five folates
per molecule exhibited high affinity for FR* tumor cells but
did not bind to FR™ tumor cells. Lysis of FR* cell lines could
be detected at concentrations as low as 1 pM (=~0.1 ng/ml),
which was 1/1000th the concentration required to detect

- binding to the FR* cells. Various FR* mouse tumor cell lines

could be targeted with each of three different anti-TCR
antibodies that were tested as conjugates. The antibodies
included 1B2, a clonotypic antibody specific for the cytotoxic
T cell clone 2C; KJ16, an anti-VB38 antibody; and 2Cl1, an
anti-CD3 antibody. These antibodies differ in affinities by up
to 100-fold, yet the cytolytic capabilities of the folate /antibody
conjugates differed by no more than 10-fold. The reduced size
(in comparison with bispecific antibodies) and high affinity of
folate conjugates suggest that they may be useful as immu-
notherapeutic agents in targeting tumors that express folate
receptors.

High-affinity folate receptors (FRs) with a K4 =~ 1 nM have
recently been detected on the surface of a number of different
types of human cancers, particularly ovarian carcinomas and
some types of brain tumors (1-4). These receptors differ from
the lower affinity reduced-folate/methotrexate (MTX) carri-
ers (Kg ~ 1-100 M) that appear to be largely responsible for
the transport of folate-based dihydrofolate reductase inhibi-
tors, such as MTX (5, 6). The presence of FR on human tumor
cells has led to the use of FR as a target for specific monoclonal
antibodies, such as MOv18 and MOv19 (3). Targeting ap-
proaches with monoclonal anti-FR antibodies have included
the following: 1317-labeled antibodies (7), engineering of con-
stant regions to optimize antibody-dependent cellular cyto-
toxicity (8), and bispecific antibodies that target immune
effector cells to the FR* tumor (9-11). The latter studies have
used anti-FR antibodies linked to either anti-Fc receptor
antibodies or to anti-CD3 antibodies for recruitment of mono-
cytes/natural killer cells or cytotoxic T cells, respectively.
Clinical trials with the radiolabeled antibodies and the anti-
FR/anti-CD3 bispecific antibodies have recently been initiated
(7, 12, 13). :

Another approach to targeting FR* tumor cells has relied
on the ability of the FR to endocytose proteins that are
covalently linked to folate. For example, Low and colleagues
have shown that tumor cells internalize momordin/folate (14)
and Pseudomonas exotoxin/folate (15) conjugates and lipo-
somes containing chemotherapeutic compounds (16).
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Monoclonal antibodies to the mouse FR have not been
produced, and, thus, antibody targeting of the FR on mouse
tumor cells as a model for human disease has not been possible.
Nevertheless, two mouse homologs of the human FR isoforms
have been identified, and these receptors also bind folate with
high affinity (K4 =~ 1 nM) (17, 18). Several mouse leukemia
lines have been selected for high FR expression by growth in
medium with low concentrations of folate. Two forms (a and
B) of the mouse FR have been identified as 38-kDa, lipid-
linked membrane glycoproteins (19). As in humans, FRs also
appear to be expressed at high levels on some mouse tumors.
For example, mouse choroid plexus tumors that arise in mice
transgenic for the simian virus 40 large T antigen eee (20)
express high levels of FR (E.J.R,, TAP, DMK, and T. Van
Dyke, unpublished data).

A previous study showed that conjugates of a peptide analog
of melanocyte-stimulating hormone and an anti-CD3 antibody
mediated lysis of melanoma cells by cytotoxic T lymphocytes
(CTLs) (21). The high affinity of FR for folate suggested that
attachment of folate directly to an anti-T-cell receptor (TCR)
antibody might likewise efficiently target FR* tumor cells. We
show in this report that these conjugates can mediate lysis of
the mouse FR* tumor cells at very low concentrations (~1
pM). In addition, tumor cell lines with a range of FR densities
could be killed, while the parental line with no detectable FR
was spared. The effectiveness is likely to be due in part to the
finding that the binding affinity of the folate-linked antibady
is nearly as high as free folate for the FR « and B forms. This
property, together with previous observations that only a few
TCRs may need to be engaged to activate a CTL (22), probably
accounts for the potency of the folate/anti-TCR conjugates as
tumor-targeting agents. Furthermore, the smaller size of the
folate/anti-TCR antibody conjugate compared with bispecific
antibodies that contain an anti-TCR antibody coupled to an
anti-FR antibody may have some therapeutic advantage.

MATERIALS AND METHODS

Cell Lines and Monoclonal Antibodies. The following
DBA/2-derived tumor cell lines were maintained in RPMI
1640 medium containing 5 mM Hepes, 10% (vol/vol) fetal
bovine serum, 1.3 mM L-glutamine, 50 uM 2-mercaptoetha-
nol, eee penicillin, and ®® streptomycin: Mel, murine eryth-
roleukemia cell (23); La, a subline of Mel selected on low folate
(19); L1210, a leukemia cell line (24); LL3, a subline of L1210
selected on low S5-formyltetrahydrofolate (17); and F2-
MTX'A, a MTX-resistant L1210 subline selected for increased
expression of FR 8 by growth on low folic acid (25). Laand LL3
express the a form of the folate receptor, and F2-MTX'A
expresses the 8 form of the folate receptor. CTL clone 2C, a
mouse alloreactive cell line specific for LY, was maintained in
the same RPMI medium described above and supplemented

Abbreviations: FR, folate receptor; CTL, cytotoxic T lymphocyte; TCR,
T-cell receptor; MTX, methotrexate; MHC, major histocompatibility
complex; SEB, staphylococcal enterotoxin B.

9To whom reprint requests should be addressed.
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with 10% (vol/vol) supernatant from concanavillin A-stimu-
lated rat spleen cells, 5% a-methyl mannoside, and mitomycin
C-treated BALB/c spleen cells as stimulators (26). Monoclo-
nal antibody 1B2, a mouse IgG1 specific for the TCR of CTL
2C, was purified from ascites (27). Hybridoma KJ16, a rat IgG
antibody specific for the VB8 region of the TCR (28), was
cultured in low-serum medium (1% fetal bovine serum in
Dulbecco’s modified Eagle’s medium) in a bioreactor (Ami-
con), and the antibody was concentrated by ammonium sulfate
precipitation. Hybridoma 2C11, a hamster IgG specific for the
mouse CD3 & subunit (29), was cultured in serum-free medium
(GIBCO/BRL) and purified over a protein G-Sepharose
column. Hybridomas that secrete antibodies to major histo-
compatibility complex (MHC) class T L¥, 30.5.7 (30), and
KDY, 34.12s (31), were cultured in the RPMI medium
described above and used in flow cytometry without further
purification. 30.5.7 was also prepared as ascites fluid and used
without further purification in some cytotoxicity assays. Flu-
orescein-labeled, anti-IgG antibodies were obtained from
Kirkegaard & Perry Laboratories.

Polyclonal BALB/c effector cells enriched for activated
CTLs were obtained by incubation of 5 X 10% spleen cells per
ml with 10 pug of staphylococcal enterotoxin B (SEB) per ml
(Toxin Technologies, Madison, WI), 10% (vol/vol) superna-
tant from concanavillin A-stimulated rat spleen cells, and 5%
a-methyl mannoside (32). Cells were used 3 or 4 days after
stimulation.

Preparation of Folate/Antibody Conjugates. Folate was
coupled through carboxyl groups to antibody amine groups by
using a carbodiimide procedure (14). A 5-fold molar excess of
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC) (Pierce) was added to folate (Sigma) dissolved in
dimethyl sulfoxide. After 30 min at room temperature in the
dark, a 10- or 100-fold molar excess of the EDC-activated
folate was added to 0.5-2.0 mg of antibody in 0.1 M Mops, pH
7.5. After 1 h at room temperature, the sample was applied to
a Sephadex G-25 column equilibrated in phosphate-buffered
saline (PBS, ®ee pH 7.0). The excluded-peak fractions were
pooled and analyzed spectrophotometrically at 280 and 363
nm. Epitope densities of the folate on antibody conjugates
were determined by using molar extinction coefficients (em)
for folate of 6,197 (363 nm) and 25,820 (280 nm). Antibody
concentrations were determined by subtracting the absorbance
contribution of folate at 280 nm and by using an antibody em
of 224,000. Conjugates were stored at 4°C in the dark.

Mass Spectrometry. Mass spectra were obtained on a
TofSpec mass spectrometer oy using electrospray ionization.
Samples were dialyzed against 1 mM potassium phosphate
buffer, pH 8.0, and concentrated to 10-25 pmol/ml. Analysis
was performed by the Mass Spectrometry Laboratory, School
of Chemical Sciences, University of Illinois.

Folate-Binding Assays. Binding assays were conducted by
using '®I-labeled folate (NEN; specific activity = 2200 Ci/
mmol; 1 Ci = 37 GBq). Cells were washed with PBS containing
0.1% bovine serum albumin, pH 7.4 (PBS-BSA), to remove
excess free folate present in the cell culture medium. Cells,
labeled folate, and competitors were incubated in triplicate in
75 ul of PBS-BSA for 1 h. Bound and free ligand were
separated by centrifugation through oil [80% (vol/vol) dibutyl
phthalate/20% (vol/vol) olive oil} at 12,000 X g for 3 sec.
Tubes were frozen and cut to allow the radioactivity in the
pelleted cells and supernatants to be quantitated separately.
Binding parameters were calculated by using LIGAND (33).

Cytotoxicity Assays. Tumor cells were labeled with 50 pl of
SICr (2.5 mCi/ml) for 60 min at 37°C, washed twice with
folate-free RPMI 1640 medium containing 5% (vol/vol) fetal
calf serum (folate-free media), and used in 96-well plate
cytoxicity assays at 10* cells per well. Antibodies and folate/
antibody conjugates were added to triplicate wells at various
concentrations diluted in folate-free medium. For folate-

Proc. Natl. Acad. Sci. USA 92 (1995)

inhibition studies, folate was added to a final concentration of
2.5 uM. Effector cells (2C or SEB-reactive polyclonal BALB/c
T celis) were added at effector-to-target cell ratios of 5:1 or
10:1. For experiments with 2C as the effector cells, the anti-L
antibody was used at a 1:100 dilution of ascites to inhibit
recognition of the LY alloantigen by CTL 2C. Plates were
incubated at 37°C for 4 h, and supernatants were removed for
v counting. Specific 5!Cr release was calculated by standard
methods. Where indicated the specific release mediated by the
folate conjugates was determined by subtracting the release in
the absence of the conjugates,

RESULTS

Characterization of Folate/Anti-TCR Antibody Conju-
gates. The anti-clonotypic antibody 1B2 has a high intrinsic
affinity (Ks =~ 1 nM) for the TCR on the mouse CTL clone 2C
(34). To explore the potential of folate/anti-TCR conjugates,
1B2 was coupled at molar ratios of folate to antibody of 10:1
and 100:1. The 10:1 and 100:1 ratios yielded preparations
containing an average molar ratio of 1.3 folates per antibody
and 6.0 folates per antibody, respectively.

To confirm these values and to determine the range of
epitope densities among the antibodies within a single prep-
aration, the folate/1B2 conjugate (100:1) was examined by
electrospray ionization mass spectrometry (Fig. 1). The con-
jugate had an average molecular mass of 148,935, while the
unlabeled 1B2 exhibited a mass of 147,140. By this estimate,
the preparation contained an average of 4.1 folates per anti-
body. Analysis of separate heavy (H) and light (L) chain
profiles yielded a value of 4.9 folates per antibody (data not
shown). Integration of the mass spectrometry peak indicated
that >95% of the antibody molecules contained fewer than 10
folate molecules.

Two additional anti-TCR antibodies, KJ16 and 2C11, were
also coupled with folate at the 100:1 molar ratio of folate to
antibody. These antibodies exhibit different affinities from
1B2, and they recognize TCR epitopes on the V3 region and
CD3 molecules present on mouse CTL 2C (refs. 28, 29, and 35;
and Yuri Sykulev and Herman N. Eisen, personal communi-
cation). Thus, analysis of these folate/antibody conjugates
would allow us to determine if either TCR epitope or antibody
affinity affected tumor cell targeting. Each of these prepara-
tions exhibited folate densities that were similar to 1B2 (4.9 for
KJ16 and 4.4 for 2C11, as judged by spectrophotometry).

Binding of Conjugates to Tumor Cell Lines. To determine
if the folate/antibody conjugates bind to the FR on the surface
of tumor cells, a competition assay with '%I-labeled folate as
the labeled ligand was used. Because cytotoxicity assays are
performed at 37°C, all binding studies shown here were also
done at 37°C. Previous reports have measured folate binding
to FR at 4°C and used a low pH wash to remove endogenously
bound folate (19, 36). We determined that conducting the
assay at 37°C would allow exchange of labeled and unlabeled
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FiG. 1. Mass spectra of anti-TCR antibody 1B2 and folate/1B2
conjugate. The shift in molecular mass of the major peak indicates that
an average of approximately four folates are attached to intact 1B2
1gG1.
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ligands and produce similar levels of binding compared with
acid pretreatment and a 0°C incubation (data not shown). We
also determined the affinity of 12I-labeled folate for the FRa
and FR isoforms of the receptor at 0°C and 37°C by using the
FRa* and FRB" lines La and F2-MTX'A (Table 1 and Fig. 2
A and B).

A competition experiment was performed with both cell
lines with folate/1B2 (100:1) (Fig. 2 A and B), folate/1B2
(10:1) (data not shown), and unlabeled 1B2 (data not shown).
Both conjugates but not the unlabeled 1B2 inhibited the
binding of the labeled ligand. Folate in the conjugated form
was about 1/10th as effective at binding than was free folate.
This is probably due in part to the fact that carbodiimide
coupling can occur through either the o or the y carboxyl of
folate, and only the latter retains binding to FR (15). In
addition, it is possible that linkage to some amino groups on
the antibody may result in steric hindrance to the FR. Never-
theless, the average Ky of the folate/1B2 preparation for the
two cell lines was determined to be 20 nM and 60 nM for FRa
and FR, respectively.

A comparison of the three different folate/anti-TCR anti-
body conjugates is shown in Fig. 2C. All three conjugates were
capable of inhibiting the binding of *I-labeled folate to FR*
cells. Inhibition was not observed with unlabeled antibodies.
The calculated K, values of the 1B2, KJ16, and 2C11 conju-
gates in this experiment were 80 nM, 90 nM, and 50 nM,
respectively. These similarities indicate that any significant
differences in the targeting effectiveness of these antibodies
(shown below) are likely to depend on factors other than their
folate density.

Conjugates Mediate Specific Lysis of Tumor Cells by a
Mouse CTL Clone. To test the targeting efficiency and spec-
ificity of the folate conjugates, five different mouse tumor cell
lines were examined in a 3'Cr-release assay with the mouse
CTL clone 2C. Each of these lines was also examined for
binding of '2]-labeled folate to approximate the number of
FRs at 37°C (Table 1). As expected, the highest levels of
expression were detected for the low-folate-selected lines
F2-MTX'A, La, and LL3 (19). The parental line L1210 had a
low but detectable level of FR, and the parental line Mel had
no detectable FR.

Because each of these lines also express the alloantigen LY
that is recognized by CTL clone 2C, assays were performed in
the presence of excess monoclonal anti-L¢ antibody to mini-
mize non-FR-mediated lysis. As shown in Fig. 3, lysis of each
of the FR* cell lines was detected in the presence of the
folate/1B2 conjugate. The lysis was completely inhibited by

Table 1. Characteristics of cells used as targets for lysis
Class I, mean
B Ks, tM fluorescent unitst
maxs
Cell line FRtype sites/cell* 0° 37° LY K!D* No Ab
F2-

MTX'A B 200,000 07 S 131 174 4
La @ 60,000 0.9 1 64 76 4
LL3 a 20,000 03 ND 144 183 B
L1210 — 80001 ND ND 125 154 3
Mel — <4,000ft ND ND 61 79 4

Ab, antibody; ND, not determined.

*Except where indicated, Bmax Was determined from nonlinear regres-
sion from the competition curve by using 'ZI-labeled folate and
unlabeled folate.

fMHC class I surface antigens were examined by flow cytometry, as
described in Materials and Methods eee,

#The levels of values were estimated from a single binding experiment
with 1251.labeled folate at 0.7 nM, in comparison with LL3. At 0.7 nM
125L.|abeled folate, specific cpm bound per 10° cells were 32,000
(F2-MTX'A), 43,000 (La), 15,000 (LL3), 600 (L1210), and <300
(Mel).
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FiG.2. Inhibition-binding curves of free folate and folate/antibody
conjugates. '2I-labeled folate was incubated with two tumor cell types
in the presence or absence of competitors for 1 h at 37°C. Concen-
trations refer to folate rather than antibody concentrations, except in
the case of C, where unconjugated antibodies were also tested for
competition. (4) La cells, which express FRa. (B) F2-MTX'A cells,
which express FRB. (C) Conjugates of folate and three anti-T-cell
antibodies were compared in their ability to compete with !%I-labeled
folate for binding to F2-MTX'A cells (FRB). The unconjugated
antibodies 2C11 and KJ16 showed no inhibition of '25]-labeled folate
binding, as did 1B2 in a separate experiment (data not shown).

free folate, indicating that it was mediated by binding to the FR
and not by other cell surface molecules—e.g., Fc receptors.
The extent of lysis was correlated with the level of surface FR,
and the F2-MTX'A linc always exhibited more sensitivity than
the other lines. In contrast, the FR~ cell line Mel was not lysed,
even at a folate/1B2 concentration that was 1000 times higher
than the concentration required for detectable killing of the
FR* line F2-MTX'A.

To determine if the three different folate/anti-TCR anti-
body conjugates were all effective at mediating specific lysis,
the cell line with the highest FR level, F2-MTX'A (Fig. 44) and
the one with lowest—i.e., undetectable—FR level, Mel (Fig.
4B) were assayed at various conjugate concentrations. Each of
the conjugates mediated lysis of F2-MTX'A but not Mel. The
lysis was specific, as indicated by the ability of free folate to
inhibit lysis by each of the conjugates.
~ Conjugates Mediate Specific Lysis of Tumor Cells by Poly-
clonal CTLs. Activated T cells from a BALB/c mouse were
obtained by in vitro stimulation of spleen cells with SEB (32).
This T-cell population is enriched for V38*/KJ16-reactive
cells, although they do not express the epitope of the clono-
typic antibody 1B2. The FR* F2-MTX'A line was efficiently
lysed by the BALB/c-derived T cells in the presence of the
folate/KJ16 and folate/2C11 conjugates. As expected, lysis
was not observed with the folate/1B2 conjugate (Fig. 54). In
a separate experiment with polyclonal CTLs, folate/KJ16 and
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FiG. 3. Cytotoxicity assay of various tumor cell lines with folate/
anti-TCR antibody 1B2 and CTL clone 2C. Specific 5'Cr release
mediated by the indicated concentration of the folate/1B2 conjugate
(conjugate with approximately four folates per antibody) was deter-
mined in the presence of the anti-L¢ antibody to minimize lysis due to
recognition of LY, the nominal ligand for CTL 2C. The 5'Cr release
measured with 2C and anti-Ld antibody but in the absence of conjugate
(0% for Mel, 3% for F2-MTX'A, 0% for La, 37% for L1210, 5% for
LL3) was subtracted to yield the values shown. The background values
of 5!Cr release may have varied between different target cells depend-
ing on the level of surface L9 (see Table 1). Assays were incubated for
4 h at an effector-to-target cell ratio of 5:1. Assays with free folate at
a final concentration of 2.5 uM were performed with the second
highest concentration (0.5 nM) of the folate/1B2 conjugate.

folate/2C11 mediated lysis was shown to be completely inhib-
ited by free folate (data not shown). In contrast, there was
relatively little effect on the FR™ line Mel, although at the
highest concentration of 2C11, there was some lysis (Fig. 5B).
This could be due to antibody-dependent cellular cytotoxicity
mediated by the conjugate and non-T-cell effectors within the
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FIG. 4. Cytotoxicity assay of FR* and FR™ tumor cell lines with
three different folate/anti-TCR conjugates and CTL clone 2C. Assays
were performed as described in the legend to Fig. 4 at an effector-
to-target cell ratio of 10:1. Assays with free folate at a final concen-
tration of 2.5 uM were performed with the highest concentration (0.5
nM) of the folate/1B2 conjugate. (4) Lysis of the FR* cell line
F2-MTX'A. SICr release with 2C and anti-L¢ antibody but in the
absence of folate conjugates was 0%. (B) Lysis of the FR~ cell line Mel.
S1Cr release with 2C and anti-Ld antibody but in the absence of folate
conjugates was 0%.
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FiG. 5. Cytotoxicity assay of FR* and FR~ tumor cell lines with
three different folate /anti-TCR conjugates and polyclonal BALB/c T
cells. SEB-stimulated spleen cells were used as a source of effector
cells at an effector-to-target cell ratio of 10:1. (4) Lysis of the FR™ cell
line F2-MTX"A. 51Cr release with effector cells but in the absence of
folate conjugates (27%}) was subtracted to yield the indicated values.
(B) Lysis of the FR~ cell line Mel. 5!Cr release with effector cells but
in the absence of folate conjugates (17%) was subtracted to yield the
indicated values.

polyclonal population. Alternatively, there may be low levels of
FR that are not detectable by standard binding assays.

DISCUSSION

Bispecific antibodies that mediate lysis of tumor cells by
activated T cells, natural killer cells, monocytes, or macro-
phages have been shown to be effective in various animal
models of disease (reviewed in ref. 37). Monoclonal antibodies
to the human FR linked to an anti-CD3 antibody are able to
retarget the lysis of these tumor cells in vitro. A clinical trial
that targets the high-affinity FR present on ovarian tumors
with anti-FR X anti-CD3 bispecific antit-odies has recently
been initiated (7).

In this report, we describe an alternative approach to
targeting FR* tumors for immune-mediated lysis. This ap-
proach may offer several advantages over bispecific antibodies.
The method takes advantage of the high affinity of folic acid
for the FR (Ky ~ 1 nM) compared with the affinity of the
constitutive reduced folate carrier protein (Kg ~ 100 uM) that
is expressed by most cells (6). Because the affinity of folate for’
the FR is of the same order as the highest affinity antibodies,
we reasoned that a simple conjugate of folate and the anti-
TCR antibody may be as effective as the best bispecific
antibodies. Indeed, the folate/anti-TCR conjugates bind to the
FR with approximately 1/10th of the affinity compared with
free folate, and they mediate specific lysis of the FR* tumor
cells.

Two observations regarding the effectiveness of the folate-
targeting approach suggest that it should be generally useful.
First, all three different anti-TCR antibodies mediated lysis
with less than a ten-fold difference between them, despite the
fact that these antibodies differ in affinity by at least 100-fold:
1B2, K4 ~ 1 nM (34); KJ16, K4 =~ 100 nM (35); 2C11, K4 > 10
nM (Yuri Sykulev and Herman N, Eisen, personal communi-
cation). Second, four different tumor cell lines with a wide
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range of densities of the high-affinity FR were specifically lysed
while the FR~ tumor line was spared. The latter result
indicates that the ubiquitous expression of folate carrier pro-
tein by cells may not result in destruction of most normal cells.

We have noticed that tumor lines with relatively high levels
of the FR are not lysed equally well—e.g., F2-MTX'A vs. La;
Fig. 2. Clearly there are other factors that contribute to
efficient recognition and lysis mediated by the folate/antibody
conjugates, just as there are with conventional bispecific
antibodies (reviewed in ref. 37). These factors include adhesion
molecule levels and intrinsic susceptibilities of the tumor cells.
With the F2-MTX'A line, it may be related to the level of MHC
class I protein present on this cell compared with the amount
on La (Table 1). For example, CD8 on CTL 2C may act
synergistically with the TCR by binding to MHC class T on the
F2-MTX'A line. If this is the case, then it might be expected
that folate/anti-CD8 antibodies will raise the level of killing of
the La line to levels observed with the F2-MTX'A line.

1t is likely that the folate conjugates described here can be
optimized further by engineering antibodies for uniform cou-
pling of folate through the y-carboxyl. For example, a 10-fold
increase in folate/toxin effectiveness was observed when only
the y-carboxyl of folate was coupled through a disulfide bond
rather than coupling through carbodiimide-mediated linkages
(15). We have previously described the cloning of a single-
chain 1B2 antibody (34) and have recently prepared an active
single-chain version of KJ16 (Bryan Cho and D.M.K,, unpub-
lished data). Jost et al. (38) have also described an active
anti-CD3 single-chain antibody. Thus, it should soon be pos-
sible to create folate/single-chain Fv conjugates and to test
their effectiveness in comparison with the intact antibodies
described in this report.

The in vivo effectiveness of tumor-targeting agents may be
influenced by additional factors, such as interactions with
serum components, other immune effectors, and normal tis-
sues, but several advantages of the conjugates described here
are worth noting. The reduced size and immunogenicity of
folate/antibody conjugates should provide some advantage
over conventional bispecific antibodies. Folate/antibody con-
jugates are approximately one-half the size of bispecific anti-
bodies. Thus, folate/single-chain Fv regions will be approxi-
mately 30-kDa compared with 60-kDa for the bispecific anti-
bodies which is currently the smallest active form of a bispecific
antibody—i.e., two linked Fv regions (39). This reduced size
should result in improved tumor penetration ard tumor/tissue
localization ratios (40). Finally, immunogenicity may be re-
duced since human anti-immunoglobulin responses to the
anti-FR cannot occur when folate is used directly as the
targeting moiety.
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