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Abstract Antibody-based targeted immunotherapy has
shown promise as an approach to treat cancer. However,
many known tumor-associated antigens are not ex-
pressed as integral membrane proteins and cannot be
utilized as targets for antibody-based therapeutics. In
order to expand the limited target range of antibodies,
we have constructed a soluble single-chain T-cell recep-
tor (TCR) fusion protein designated 264scTCR/IL-2.
This fusion protein is comprised of a three-domain
HLA-A2-restricted TCR specific for a peptide epitope of
the human p53 tumor suppressor protein, which is
overexpressed in a broad range of human malignancies.
The 264scTCR/IL-2 fusion protein has been expressed
at high levels in mammalian cells, and milligram
quantities have been purified. MHC-restricted antigen-
specific binding properties are maintained in the single-
chain, three-domain TCR portion of the fusion protein,
and the IL-2 portion retains bioactivity similar to that of
free recombinant IL-2. Moreover, this fusion protein is
capable of conjugating target and effector cells, remains
intact in the blood and substantially increases the half
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life of the IL-2 portion of the molecule. Finally, the
264scTCR/IL-2 fusion protein can be used to stain tu-
mor cells and is capable of reducing lung metastases in
an experimental model of metastasis. Thus, TCR-based
fusion proteins may provide a novel class of targeted
immunotherapeutics for cancer.
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Introduction

There is increasing evidence that immunotherapy is a
promising approach to treat cancer. One strategy that
has received attention is treatment with cytokines such
as IL-2 to enhance anti-tumor immunity. IL-2 has
stimulatory effects on a number of immune cell types
including T and B cells, monocytes, macrophages, lym-
phokine activated killer cells (LAK) and NK cells [10,
41]. Thus, systemic administration of IL-2 has been used
to treat patients with metastatic melanoma and renal cell
carcinoma [42]. Although treatment with cytokines has
shown some promise, the toxicity associated with these
treatments makes it difficult to achieve an effective dose
at the site of the tumor [31, 33, 40, 43, 44, 52]. For
example, systemic treatment with IL-2 at tolerated doses
induces lymphoid activation in virtually all treated pa-
tients, but only a minority of these achieves antitumor
responses [42, 46, 47, 55]. Thus, there is some interest in
devising strategies for concentrating cytokines at the site
of the tumor to increase efficacy and reduce toxicity.
Strategies that have been used to concentrate cyto-
kines at the tumor site include direct injection of cyto-
kine into the tumor, transfer of the cytokine gene into
the tumor cells and targeted delivery of the cytokine by
fusing it to a tumor antigen-specific antibody [20]. Direct
injection and transfer of cytokine genes may be effective
on a small scale, but have major drawbacks in that direct
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injection into micrometastases is impossible and gene
transfer is labor-intensive with limited success, making
treatment of large patient populations impractical.
Antibodies directed against tumor-specific antigens have
been fused to cytokines and used as anticancer therapies
in animal models. For example, fusion of IL-2 to anti-
bodies that recognize ganglioside GD2 or the Id of a
murine lymphoma has shown some promise for stimu-
lating specific tumor responses in animal models [4, 16,
17, 27, 28, 36]. Further, fusion proteins consisting of
IL-12 or IL-2 fused to anti-HER2/neu antibodies can
mediate killing of HER2/neu positive tumor cells [29,
35]. One potential problem with antibody-based tumor
targeting is that antibodies only recognize antigens ex-
pressed on the cell surface as integral membrane protein;
however, there are many known tumor antigens that are
not displayed in this way. Moreover, since many tumor-
specific antigens are derived from aberrant expression of
cell type specific proteins, they may exist in only a small
number of tumor types. Thus, they have limited value as
targets for antibody-based therapy. Therefore, it is
highly desirable to identify a tumor antigen that is ex-
pressed in a broad range of tumors that may be recog-
nized by molecules other than antibodies.

p53 is an intracellular tumor suppressor protein that
acts to arrest abnormal cells at the G1/S phase of the cell
cycle. When p53 is mutated, it loses its function as a
tumor suppressor, thus allowing abnormal cells to con-
tinue to proliferate [49]. Mutated p53 has been shown to
have a longer half-life than the wild type protein, and this
longer half-life allows for accumulation and thus over-
expression in a wide range of human malignancies [19,
22, 49]. Furthermore, overexpression of p53 in breast
cancer cells has been correlated with aggressiveness of the
tumor, such that individuals bearing p53 overexpressing
tumors have shorter disease-free time and lower overall
survival rates [30, 48]. Hence, p53 overexpression ap-
pears to be a significant tumor marker for a large number
of human malignancies and represents a good target for
broad spectrum targeted tumor immunotherapy. How-
ever, p53 cannot be used as a target for antibody-based
therapies because it is not displayed independently on the
cell surface. Instead the p53 gene product is processed
and certain peptide epitopes are displayed on the cell
surface in the context of MHC, which are recognized by
TCRs [49]. As a result, we are investigating the use of
TCRs rather than antibodies in targeting p53 for the
creation of tumor immunotherapies.

In this report we describe the construction and
characterization of a novel fusion protein comprising a
soluble single chain HLA-A2.1-restricted TCR that
recognizes an unmutated pS53 peptide spanning p53
amino acid residues 264-272 genetically linked to human
IL-2. We investigate the peptide-specific binding of the
TCR portion of the molecule to peptide-loaded HLA-
A2 as well as the specific IL-2 receptor binding capa-
bility and bioactivity of the IL-2 portion of the molecule.
Our results suggest that these types of TCR-based fusion
proteins could serve as an alternative to antibody-based

targeted tumor therapies or as an addition to other
targeted tumor therapies such as antibody based im-
munocytokines. Separate and distinct approaches to
targeting a tumor may demonstrate additive or syner-
gistic antitumor effects.

Materials and methods

Materials

A2.1 264 CTL clone no. 5 was derived by limiting dilution cloning
[50] from a CTL line specific for the human p53 264-272 peptide
generated in HLA-A2.1 transgenic mice [49]. The expression vec-
tors for producing peptide-loaded HLA-A2 tetramers were a gen-
erous gift from Dr. John Altman at Emery University in Atlanta,
Ga. CHO.K1 Chinese hamster ovary, Jurkat human T lymphocyte,
CTLL-2 mouse cytotoxic T lymphocyte, T2 human lymphoblast,
A375 human melanoma, H57-597 hybridoma and BB7.2 hybrid-
oma cell lines were obtained from American Type Culture Col-
lection (Rockville, Md.). The T2 human lymphoblast cells are
positive for HLA-A2.1, but deficient in TAP 1 and 2 proteins,
which allows them to display empty MHC molecules that can then
be loaded with exogenous peptide [2]. The A375 human melanoma
cell line was tested in our laboratory for both HLA-A2.1 and p53
and was found to be positive for both antigens (data not shown).
The H57-597 hybridoma produces a monoclonal antibody that
recognizes an epitope in the murine TCR f constant region, and the
BB7.2 hybridoma produces the BB7.2 monoclonal antibody that
specifically recognizes an epitope on the alpha 2 domain of HLA-
A2. The highly metastatic subclone of the human melanoma cell
line A375, A375-C15N, which was used only for in vivo metastasis
studies, was maintained by Dr. John Francis at the Florida Hos-
pital Cancer Research Institute [53]. Recombinant human IL-2 and
biotinylated anti-human IL-2 polyclonal antibodies used for the
ELISA in the pharmacokinetic study were purchased from R&D
Systems, Inc. (Minneapolis, Minn.). Anti-TCR Cf mAb H57-597,
anti-murine TCR Vf3 mAb, anti-murine CD3¢ mAb, anti-human
1L-2 mAb, anti-human CD25 blocking antibody and isotype con-
trol antibody, and FITC labeled goat anti-mouse IgG were ob-
tained from Pharmingen (San Diego, Calif.). All cell culture media
and additives were purchased from CellGro (Herndon, Va.), and all
cell culture materials were purchased from Nunc (Rochester, N.Y.)
unless otherwise noted. All mice were purchased from Harlan Labs
(Indianapolis, Ind.).

Cell culture

All cell lines were maintained in complete culture medium com-
prised of IMDM supplemented with 10% heat inactivated FBS,
2 mM L-glutamine and 1 mg/ml G418 (for transfected CHO cells
only) at 37°C and 5% CO,. CTLL-2 cells were maintained in the
same medium with the addition of 9 U/ml recombinant human IL-
2. A375-C15N cells were maintained in RPMI-1640 with 10% heat
inactivated FBS, penicillin and streptomycin (Life Technologies).

Mouse splenocytes were isolated by pressing spleens aseptically
dissected from BALB/c mice through a nylon mesh screen and
washing with culture medium. Red blood cells were lysed with
Gey’s solution for 2 min followed by addition of culture medium to
stop the lysis. Single cell pellets were washed twice, resuspended at
2.5x10° cells per ml in culture medium and cultured in complete
culture medium containing 50 uM 2-ME, 100 IU/ ml recombinant
human IL-2, and 50 ng/ml anti-murine CD3e mAb.

Primers

Oligonucleotide primers were synthesized from sequences matching
or complementing the mouse T cell receptor and human IL-2 genes:



KC228: 5-GAGGTGGCCCAGCCGGCCATGGCCCAGTCAG
TGACGCAGC-3; KC229: 5-GAGGTGACTAGTGTCTGG
CTTTATAATTAG-3; PRIB4: 5-GGGGGGCTCGAGCAAT
TCAAAAGTCATTCAGACTC-3;KC176: 5-GAGGTGGAGC
CCGGGGTCTGCTCGGCCCCAGGC-3’; ET-TCRF1: 5-CCC
ACCGGTCAGTCAGTGACGCAGCCC-3°; KC-170: 5-GTG
GAGTTCGAAAAGGTGACTTACGTTTGTCTGCTCGGCCC
CAG-3; KC231: 5-CGATAAGTGTACTTACGTTTTCATT
ATTCCATCGGCATGTACTCTTCTTCCTCTCG-3;  KC208:
5-GTGGAGATCGATAAGTGTACTTACGTTTTCATTATCG
CGATCCGGAGTTAACGTCTGCTCGGCCCCAG-3’; KC327B:
- TAGGTGTCCGGAGCACCTACTTCAAGTTCTAC-3; KC
328B: S-TAGGTGTCGCGAAGTTAGTGTTGAGATGATG-3’;
AP2: 5-ACTCACTATAGGGCTCGAGCGGC-3°; Ca HYB:
5-GCTGTCCTGAGACCGAGGATCTTTTAACTG-3; CS HYB:
S-TTGTTTGTTTGCAATCTGTGCTTTTGATGG-3'.

Constructs

The TCR gene was cloned from the T cell clone A2.1 264#5. We
designate the single-chain TCR derived from this T cell clone
264scTCR. Poly(A)" RNA was extracted from the cells using a
MicroFast Track kit (Invitrogen, Carlsbad, Calif.), and double-
stranded cDNA was prepared and ligated to a double-stranded
adaptor oligonucleotide using the Marathon cDNA Amplifica-
tion Kit (Clontech, Palo Alto, Calif.). To identify the Vo and Vf
segments, 5-RACE PCR was performed using the A2.1 264#5
cDNA preparation and primers AP2 (specific for the adaptor
DNA) and Ca HYB (specific for the constant domain of the o
chain) or Cf HYB (specific for the constant domain of the f
chain). PCR fragments were cloned into the pCR2.1 vector using
the TA cloning kit (Invitrogen), and the sequence was deter-
mined using M13 forward and reverse primers. The T cell
receptor Va chain was amplified using primers KC228 and
KC229 to produce an Sfil/Spel fragment, and the VBCp chain
was amplified using primers PRIB4 and KC176 to generate an
Xhol/Xmal fragment. The Cff chain was truncated just before the
cysteine residue at amino acid 127 of the full length Cf chain.
The Sfil/Spel Vo chain fragment was subcloned into Sfil/Spel
digested pKC60, an E. coli expression vector that encodes an
irrelevant TCR, replacing the original TCR insert. The Xhol/
Xmal VBCP fragment was then ligated into an Xhol/Xmal digest
of this vector, yielding a vector encoding a soluble three-domain
264scTCR. The three-domain T cell receptor from this construct
was amplified using primers ET-TCRF1 and KC170 to generate
an Agel/Clal DNA fragment, which was then used as a template
for PCR with primers KC231 and KC208 to produce an Agel/
Hpal fragment.

The human IL-2 coding sequence was cloned by RT-PCR from
total RNA isolated from Jurkat cells using a Mini Total RNA Kit
(Qiagen, Valencia, Calif.) and Qiashredder (Qiagen, Valencia,
Calif.). Reverse transcription was carried out using primer
KC328B, and PCR was carried out using primers KC327B and
KC328B to produce a BspEI/Nrul human IL-2 fragment. The
BspEl/Nrul IL-2 fragment was cloned into BspEI/Nrul digested
pl149B1SP, a cloning vector encoding an irrelevant TCR/antibody
fusion protein, replacing the antibody portion of the fusion protein.
The IL-2 modified vector was digested with Agel and Hpal, and the
Agel/Hpal 264scTCR fragment described above was ligated into it.
Finally, an Agel/Clal 264scTCR/IL-2 fusion protein fragment was
cloned into Agel/BstBl digested pSUN27, a scTCR/mouse kappa
fusion vector, replacing the irrelevant TCR originally cloned in the
vector, yielding the 264scTCR/IL-2 fusion protein expression vec-
tor, pSUN38. The 264scTCR/kappa fusion used as a negative
control for some of the flow cytometry analyses was generated by
cloning an Agel/BstBl 264scTCR fragment into Agel/BstBI di-
gested pSUN27, replacing the original TCR.

For production of fusion protein in mammalian cells, CHO.K 1
cells were electroporated using a Bio-Rad Gene Pulser, followed by
limiting dilution cloning and selection in medium containing 1 mg/
ml G418.
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Protein purification

264scTCR/IL-2 was purified from cell culture supernatant fluid by
immunoaffinity chromatography using the monoclonal anti-murine
TCR antibody H57-597, which recognizes an epitope in the con-
stant region of the TCR f chain, coupled to a Sepharose 4B column
(Amersham Pharmacia, Piscataway, N.J.). The purified sample was
then concentrated and buffer-exchanged into PBS using an Ultra-
free-15 centrifugal filter with a 30 kDa molecular weight cutoff
membrane (Millipore, Bedford, Mass.). The TCR fusion protein
samples were stored at 2-8°C (short term) or at —80°C (long term)
for biochemical and functional analysis.

SDS-PAGE

SDS-PAGE was performed under either reducing or non-reducing
conditions using 4-12% Nu-PAGE polyacrylamide gels (Novex,
San Diego, Calif.) and the Novex EX-Cell II system. SDS-PAGE
gels were stained with Coomassie blue.

ELISA

All ELISAs were performed using Maxisorb 96-well plates (Nunc,
Rochester, N.Y.) coated with 100-200 ng/well anti-human IL-2
mADb or anti-murine TCR Vf3 mAb. Fusion protein was detected
with biotinylated anti-murine TCR H57 mAb, anti-murine TCR
V3 mADb or anti-IL-2 polyclonal Ab followed by streptavidin-
HRP (Kirkegaard and Perry Laboratories, Gaithersburg, Md.),
TMB substrate, and 0.18 M H,SOy4 to quench the reaction (BioFX,
Owings Mills, Md.). Absorbance was measured at 450 nm using a
96-well plate reader (Bio-Tek Instruments, Inc., Winooski, Vt.).

Cell staining with TCR fusion proteins

T2 cells pulsed with either pS3 (aa 149-157) or p53 (aa 264-272)
peptide were incubated with 0.5 pg of 264scTCR/IL-2 fusion pro-
tein in 1% FBS in PBS for 30 min at room temperature. The cells
were then incubated with 0.5 pg anti-IL-2 Ab or 0.5 pg biotinylated
anti-TCR H57-597 mAb for 30 min at room temperature followed
by 1 pg anti-murine kappa-PE or 5 ng streptavidin-PE, respectively
(both from Becton Dickenson, Franklin Lakes, N.J.). Samples were
washed with 1% FBS in PBS before FACScan analysis (Becton
Dickenson, Franklin Lakes, N.J.). To determine if both p53 pep-
tides bound to HLA-A2 similarly, peptide-loaded cells were stained
with BB7.2 for 30 min at room temperature followed by FITC-
labeled goat anti-mouse IgG and analyzed on a FACScan instru-
ment.

CTLL-2 cells were incubated with 0.5 pg of fusion protein for
30 min at room temperature. To detect the bound fusion protein,
0.5 pg biotinylated anti-TCR V3 mAb was added and incubated
for 30 min at room temperature followed by incubation with 5 ng
streptavidin-PE, or the protein was detected using 0.5 pg PE-la-
beled HLA-A2.1 p53 (aa 264-272) tetramer for 30 min. Conjugated
HLA-A2 tetramers loaded with p53 peptides were produced as
described previously [1]. Samples were washed with 1% FBS in
PBS before FACScan analysis. For IL-2 receptor blocking exper-
iments, CTLL-2 cells were incubated with a-human CD25 blocking
antibody or isotype control antibody for 30 min before incubation
with 264scTCR/IL-2 or 264scTCR/kappa fusion protein. For
staining of BALB/c mouse splenocytes, staining was carried out as
described for the CTLL-2 cells using HLA-A2.1 p53 (aa 264-272)
tetramers to detect bound fusion protein.

A375 cells were harvested with enzyme-free cell dissociation
buffer (Sigma, St. Louis, Mo.). Samples of 5x10° cells were washed
with 1% FBS in PBS and incubated with no fusion protein, 5 ug
3C8 (an irrelevant TCR/IL-2 fusion protein), or 5 pg 264scTCR/
IL-2 for 30 min at room temperature followed by incubation with
1 pg biotinylated H57-597 mAb. Cells were then incubated with
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PE-labeled streptavidin for 15 min at room temperature, washed,
and analyzed by FACScan.

Cell conjugation

T2 cells pulsed with either p53 (aa 264-272) peptide or p53 (aa 149—
157) peptide were labeled with 7.88 ng/ml dihydroethidium (HE)
(Molecular Probes, Inc., Eugene, Ore.), and CTLL-2 cells were
labeled with 50 ng/ml calcein AM (Molecular Probes, Inc., Eugene,
Ore.). After washing, the two populations of labeled cells were
mixed together at a 1:1 ratio in the presence or absence of 2 pg
264scTCR/IL-2 fusion protein for 20 min at room temperature.
Cells were then analyzed by FACScan.

Bioassay

CTLL-2 cells were seeded at 4x10° cells/well in 100 pl culture
medium containing various concentrations of either recombinant
IL-2 or 264scTCR/IL-2 and incubated for 21 h at 37°C and 5%
CO,. As a control for specificity CTLL-2 cells were incubated with
264scTCR/IL-2 in the presence or absence of 5 or 50 pg anti-hu-
man CD25 blocking antibody or isotype control antibody and
incubated for 21 h at 37°C and 5% CO,. Cell proliferation reagent
WST-1 (Roche Inc., Indianapolis, Ind.) was added at 20 pl/well
and incubated for 4 h at 37°C and 5% CO,. Absorbance was read
at 450 nm on a 96-well plate reader.

Pharmacokinetics in mice

For all experiments involving animals, principles of laboratory
animal care (NIH publication no. 85-23, revised 1985) were fol-
lowed, as well as specific national laws where applicable. Female
BALB/c mice were injected intravenously via the lateral tail vein
with 32 pg 264scTCR/IL-2 fusion protein diluted with PBS to a
total volume of 100 pl. Serum was collected from one group of
mice not injected with 264scTCR/IL-2 to establish background
levels. Serum was collected by tail bleed from the injected groups at
15 and 30 min, 1, 2, 4, 8 and 24 h. Blood samples were centrifuged
at 14,000 x g at 4°C for 10 min, and serum was collected and stored
at —80°C until use. 264scTCR/IL-2 concentrations were determined
by ELISA using anti-TCR V3 or anti-IL-2 monoclonal antibodies
for capture and either biotinylated anti-TCR HS57 monoclonal or
anti-IL-2 polyclonal antibodies followed by streptavidin HRP for
detection.

In vivo studies

Female athymic nude mice (nu/nu) were injected with 5.0x10°
A375-C15N cells via the lateral tail vein. Animals were injected
with varying doses of either 264scTCR/IL-2 (32, 10, 3, 1 or 0.1 pg
in 100 pl total volume) or recombinant human IL-2 (8, 2.5, 0.75,
0.25, or 0.025 pgin 100 pl total volume) on days 1, 2, 3,4, 7, 10, 14,
17, 21, 28 and 35 post-tumor cell injection. Forty-two days after
tumor cell injection, all animals were humanely killed, the lungs
were removed and fixed in Bouin’s solution, and surface pulmonary
tumor nodules were counted. Tumor nodules on each lung were
counted by two observers and the average counts were recorded.

Results
Generation of TCR fusion protein constructs

We have constructed a fusion protein comprising a
three-domain, HLA-A2.1 restricted mouse TCR specific

for a p53 peptide antigen fused to human IL-2. For
this TCR fusion protein construct, the Vo and V/Cf
regions were generated by RT-PCR from RNA isolated
from a mouse T cell clone that produces TCRs specific
for human p53 (aa 264-272) peptide. The carboxyl-ter-
minal end of the variable region of the TCRa chain
(Va3) was fused via a flexible linker (G4S)4 [21] to the
N-terminus of the VS (Vp3) to generate the antigen
binding portion of the TCR. The Cf domain, which is
directly linked to the Vf domain, was truncated at the
amino acid residue just prior to the final cysteine, re-
moving the transmembrane and cytoplasmic domains,
to generate a soluble single-chain TCR molecule (Fig. 1A
and B). Human IL-2 was fused to the TCR portion via a
short linker (amino acid sequence VNAKTTAPSVYP-
LAPV). An EE tag (amino acid sequence EEEEYM-
PME) [11] was inserted just downstream of the IL-2
portion of the fusion molecule to allow for detection of
the TCR/IL-2 fusion protein by an anti-EE tag mAb [11]
if desired. Mammalian cell expression is driven by a CMV
promoter, secretion is directed by an antibody light chain
leader, and selection is carried out by G418 resistance.

Expression of TCR/IL-2 fusion protein
in mammalian cells

To characterize the 264scTCR/IL-2 fusion protein, the
264scTCR/IL-2 construct was stably transfected into
CHO-K1 cells. Stable transfectants secreting 264scTCR/
IL-2 fusion protein were selected using ELISA assays as
described in Materials and Methods. Positive signals for
these ELISAs indicate that the transfected cells secrete
264scTCR/IL-2 fusion protein that is recognized by
both anti-murine TCR and anti-human IL-2 antibodies,
suggesting that the secreted 264scTCR/IL-2 is properly
assembled and folded in the transfected cells and that it
remains intact when it is secreted from the cells.

264scTCR/IL-2 fusion protein was purified from cell
supernates by immunoaffinity chromatography with a
yield of approximately 1.8 mg/l of supernate. Purified
fusion protein was subjected to SDS-PAGE and Coo-
massie staining. Under either reducing or non-reducing
conditions, the predominant stained band migrated at
approximately 60 kDa (Fig. 2), which is consistent with
the predicted molecular mass for this protein and indi-
cates that the fusion protein remains intact with no
unexpected intramolecular disulfide bonds when it is
secreted from the cells. The larger band in the nonre-
ducing gel may be a dimer form of the fusion protein.
This conclusion is based on the observation that the
larger band has the apparent molecular mass approxi-
mately twice that of the fusion protein and this band is
reduced to the size of the fusion protein under reducing
conditions. Taken together, these data indicate that the
transfected CHO cells produce 264scTCR/IL-2 fusion
protein of the expected molecular mass and that it is
properly folded, assembled and secreted as a soluble
fusion protein.



Fig. 1 The 264scTCR/IL-2
fusion protein. A Schematic
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structure of the 264scTCR/IL-2
fusion protein. B Amino acid
sequence of 264scTCR/IL-2
fusion protein. Amino acid
numbers for each domain of the
fusion protein are indicated in
the figure
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MHC/peptide binding ability of the TCR portion
of the 264scTCR/IL-2 fusion protein

The ability of the 264scTCR/IL-2 fusion protein to
bind to peptide-loaded MHC was determined by flow
cytometry. T2 cells were loaded with p53 (aa 264-272)
or p53 (aa 149-157) (control) peptide and stained with
264scTCR/IL-2 fusion protein. Cells loaded with p53
(aa 264-272) stained positively with 264scTCR/IL-2
when detected with either the anti-TCR Cf mAb or the
anti-IL-2 detection antibody (Fig. 3A and B). Cells
loaded with p53 (aa 149-157) control peptide did not
stain with either the anti-TCR Cf mAb or the anti-IL-
2 detection antibodies. To demonstrate that the lack of
staining of p53 (aa 149-157) loaded T2 cells is not due
to an inability to of the p53 (aa 149-157) peptide to
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bind to HLA-A2, T2 cells loaded with no peptide, p53
(149-157), or p53 (264-272) peptide were stained with
BB7.2 «-HLA-A2 monoclonal antibody. Cells loaded
with either p53 peptide stained stronger than cells
loaded with no peptide, suggesting that both peptides
are capable of binding to HLA-A2 molecules (Fig. 3C).
T2 cells were also stained for IL-2 receptor and were
found not to express IL-2 receptor (data not shown);
thus, these data indicate that binding of the 264scTCR/
IL-2 fusion protein is mediated by the TCR component
of the fusion protein. The lack of staining by the fusion
protein when T2 cells were loaded with the control
peptide also indicates that staining is mediated by the
TCR component and that the staining is specific for the
appropriate peptide. These data indicate that the TCR
portion of the 264scTCR/IL-2 fusion protein is capable
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Reduced
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Fig. 2 Production of 264scTCR/IL-2 fusion protein in transfected
CHO cells. CHO cells were stably transfected with the 264scTCR/
IL-2 expression vector. The secreted fusion protein was purified by
immunoaffinity chromatography and subjected to SDS-PAGE
under either reducing or non-reducing conditions as indicated at
the top of the figure. SDS-PAGE gels were stained with Coomassie
brilliant blue

of recognizing its specific peptide in the context of
HLA-A2.

IL-2 receptor binding ability of the IL-2 portion
of the 264scTCR/IL-2 fusion protein

The IL-2 receptor binding capability of the IL-2 portion
of the 264scTCR/IL-2 fusion protein was studied by
flow cytometry. Primary mouse splenocytes were iso-
lated and stimulated with rIL-2 and anti-CD3 to gen-
erate T cell blasts. Stimulated splenocytes that express
IL-2 receptor stained positively with p53 (aa 264-272)
loaded HLA-A2 tetramers only in the presence of
264scTCR/IL-2 fusion protein (Fig. 4A). Likewise,
CTLL-2 mouse cytotoxic T lymphocytes, which consti-
tutively express IL-2 receptor, stained positively with the
264scTCR/IL-2 fusion protein, but not with a
264scTCR/kappa fusion protein (Fig. 4B). When
CTLL-2 cells were incubated with o-human CD25
blocking antibody or isotype control antibody followed
by 264scTCR/IL-2, staining was substantially reduced
when the cells were incubated with the blocking anti-
body, but not with isotype control antibody. The lack of
signal from the CTLL-2 cells incubated with a
264scTCR/mouse kappa chain fusion protein or with
IL-2 receptor blocking antibody indicates that staining
of these cells is mediated by the IL-2 portion of the
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IL-2 mAb. (C) T2 cells loaded with p53 (aa 264-272) peptide (dark
grey line), pS3 (aa 149-157) peptide (light grey line), or no peptide
(black line) were stained with anti-HLA-A2 BB7.2 mAb followed
by FITC labeled goat anti-mouse IgG. The shaded peak is
unstained T2 cells
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Fig. 4 IL-2 receptor binding ability of the IL-2 portion of
264scTCR/IL-2 fusion protein. A Mouse splenocytes were stimu-
lated with IL-2 and anti-CD3e mAb and then incubated in the
presence (gray line) or absence (black line) of 264scTCR/IL-2
fusion protein. Bound fusion protein was detected with PE labeled
HLA-A2 p53 (aa 264-272) tetramers. B CTLL-2 cells were
incubated with o-human CD25 blocking antibody or isotype
control antibody followed by 264scTCR/IL-2 or 264scTCR/kappa
fusion protein. Bound fusion protein was detected with PE labeled
o-TCR-Vf3 antibody. The shaded peak is unstained CTLL-2 cells.
Black line: CTLL-2 cells stained with 264scTCR/IL-2 only. Gray
dotted line: CTLL-2 cells incubated with control antibody followed
by 264scTCR/IL-2. Light gray line: CTLL-2 cells incubated with
o-human CD25 blocking antibody followed by 264scTCR/IL-2.
Dark gray line: CTLL-2 cells stained with 264scTCR /kappa fusion
protein. Black dashed line: CTLL-2 cells stained with «-TCR-Vf

264scTCR/IL-2 fusion protein. These data suggest that
the IL-2 portion of the 264scTCR/IL-2 fusion protein is
capable of binding to the IL-2 receptor.

Biological activity of 264scTCR/IL-2 fusion protein

To demonstrate biological activity of the IL-2 portion of
the 264scTCR/IL-2 fusion protein, IL-2 dependent
CTLL-2 cells were cultured with either 264scTCR/IL-2
or recombinant IL-2 at various concentrations, and cell
viability was assessed using WST-1. As shown in
Fig. 5A, the ability of rIL-2 or 264scTCR/IL-2 to
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Fig. 5 Biological activity of 264scTCR/IL-2 fusion protein.
A CTLL-2 cells were cultured with 264scTCR/IL-2 (solid line) or
recombinant 1L-2 (dotted line) at various concentrations as
indicated at the bottom of the figure. B CTLL-2 cells were
incubated with 264scTCR/IL-2 and o-human CD25 blocking
antibody or isotype control antibody as indicated at the bottom
of the figure. Cell viability was measured by incubation with WST-
1 and absorbance was read at 450 nm. Cab+35: 5 pg control
antibody; Cab+ 50: 50 ug control antibody; Bab+5: 5 pg blocking
antibody; Bab+ 50: 50 pg blocking antibody

support the growth of CTLL-2 cells was dose dependent,
wherein there was more cell proliferation at higher
doses of either recombinant IL-2 or 264scTCR/IL-2.
Further, there were similar levels of cell proliferation
when equivalent molar amounts of either recombinant
IL-2 or 264scTCR/IL-2 were used. As a further control
for specificity, CTLL-2 cells were incubated with
264scTCR/IL-2 with a-human CD25 blocking antibody
or isotype control. When the blocking antibody was
included in the culture, proliferation was substantially
decreased with both concentrations of blocking anti-
body, but proliferation of the CTLL-2 cells was unaf-
fected by either concentration of control antibody
(Fig. 5B). Taken together these data indicate that the
IL-2 portion of 264scTCR/IL-2 has similar biological
activity to recombinant IL-2 in vitro and that the pro-
liferation activity of the fusion protein is dependent on
the IL-2 portion of the molecule.

Conjugation of cells mediated by 264scTCR/IL-2
fusion protein

In order for the 264scTCR/IL-2 fusion protein to be
useful as a therapeutic agent, it must be able to bring
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together target and effector cells through its TCR and
cytokine portions, respectively. To demonstrate that the
264scTCR/IL-2 fusion protein can effectively conjugate
cells, T2 cells were loaded with either p53 (aa 264-272)
or p53 (aa 149-157) peptides and then labeled with di-
hydroethidium (HE). CTLL-2 cells were labeled with
calcein AM, and the two labeled cell populations were
mixed and incubated in the presence or absence of
264scTCR/IL-2 fusion protein. Samples were analyzed
by flow cytometry. When the two cell populations were
incubated in the absence of the 264scTCR/IL-2 fusion
protein (Fig. 6A and B) or when the T2 cells were loaded
with control peptide and incubated with the CTLL-2
cells in the presence of 264scTCR/IL-2 fusion protein
(Fig. 6C), the cells remained as two distinct populations
on the flow cytometry histograms representing approx-
imately 45% of the total population each (Fig. 6A, B
and C, regions 1 and 3), with only approximately 0.46%
of the total population falling in the double-stained cell
window (Fig. 6A, B and C, region 2). However, when
the T2 cells were loaded with p53 (aa 264-272) peptide
and incubated with the CTLL-2 cells in the presence of
the 264scTCR/IL-2 fusion protein (Fig. 6D), a double
staining population of cells appears, representing 4.1%
of the total population (Fig. 6D, region 2, conjugated
cells), suggesting that T2 cells were conjugated to
CTLL-2 cells via the 264scTCR/IL-2 fusion protein.

Pharmacokinetics of 264scTCR/IL-2 in mice
The pharmacokinetics of the 264scTCR/IL-2 fusion

protein was measured in BALB/c mice. Mice were in-
jected intravenously, and serum samples were collected

at various time points. The serum levels of 264scTCR/
IL-2 fusion protein were measured using ELISA. The
ELISA detection was performed using anti-TCR mAb
capture/anti-IL-2 Ab detection (Fig. 7A), anti-TCR
mAb capture/anti-TCR mAb detection (Fig. 7B) or
anti-IL-2 mAb capture/anti-IL-2 polyclonal Ab detec-
tion (Fig. 7C) to determine whether the fusion protein is
modified or cleaved in vivo. Mice injected with
264scTCR/IL-2 fusion protein showed no obvious signs
of toxicity. In these assays we detected a maximum
concentration of 0.75 to 2.5 pg/ml of 264scTCR/IL-2
with an apparent serum half-life of 1.6 to 3.0 h,
depending on the ELISA format used (Fig. 7). Since the
reported serum half-life of free IL-2 is only ~5 min [6],
these data suggest that the fusion protein is not cleaved
in vivo, but instead remains intact for a relatively long
period of time in the blood. The small variability in the
half-life of 264scTCR/IL-2 determined in these studies is
most likely due to the differences in the sensitivity of the
ELISA assays.

Tumor cell staining with 264scTCR/IL-2

In order for the 264scTCR/IL-2 fusion protein to be
useful as a therapeutic agent, it must be able to recognize
and bind to its target tumor cells. To test whether the
264scTCR/IL-2 is capable of binding to tumor cells,
A375 human melanoma cells, which express both HLA-
A2.1 and p53, were stained with either 264scTCR/IL-2
or 3C8, an irrelevant TCR/IL-2 fusion protein. Cells not
incubated with fusion protein and cells incubated with
3C8 did not stain with the H57-597 detection antibody,
while cells incubated with 264scTCR/IL-2 stained
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Fig. 7 Serum half-life of 264scTCR/IL-2 fusion protein. BALB/c
mice were injected with 264scTCR/IL-2 fusion protein, and serum
samples were collected at 15 and 30 min, 1, 4, 8 and 24 h post
injection. Serum concentrations of 264scTCR/IL-2 were deter-
mined by ELISA using the following formats: (A) anti-TCR mAb
capture/anti-IL-2 Ab detection, (B) anti-TCR mAb capture/anti-
TCR mAbD detection and (C) anti-IL-2 mAb capture/anti-IL-2 Ab
detection

positively with the detection antibody (Fig. 8). This
result suggests that the 264scTCR/IL-2 fusion protein is
capable of recognizing and binding to its target tumor
cell and may be useful as an anti-cancer therapeutic
in vivo.

Anti-tumor effects of 264scTCR/IL-2 fusion protein

To determine if the 264scTCR/IL-2 fusion protein has
anti-tumor activity in vivo, an experimental metastasis
assay was performed. Female athymic nude mice were
injected with the highly metastatic A375 human mela-
noma subclone, A375-C15N and treated with varying
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black line), 5 pg 3C8 TCR/IL-2 fusion protein (control) (dotted
line), or 5 pg 264scTCR/IL-2 fusion protein (solid black line)
followed by staining with H57-597 mAb. Unstained cells are
represented by the shaded area

100-
3 I TCR-IL-2 )
3 =3 1L-2
2 75
< 3 PBS
o I il
=
>
= 504
o
|
2
E 25‘
=
= ﬂ

0

32/8 10125 3/75 1/25 1/0.025 PBS

Dose of TCR-IL2/IL2 in ug

Fig. 9 Anti-tumor effect of 264scTCR/IL-2 fusion protein. Female
athymic nude mice were injected with highly metastatic A375-
C15N cells and treated with 264scTCR/IL-2, recombinant IL-2 or
PBS. Forty-two days after tumor cell injection, the lungs were
removed, lung nodules were counted, and the mean number of lung
nodules relative to the PBS-treated control group was plotted

doses of either 264scTCR/IL-2 or recombinant IL-2.
Forty-two days after tumor cell injection, lung nodules
were counted. Both 264scTCR/IL-2 and recombinant
1L-2 reduced lung metastasis in a dose-dependent manner
(Fig. 9). However, at all doses lung metastasis was re-
duced to a greater degree with the 264scTCR/IL-2 fusion
protein, suggesting that targeting the cytokine to the tu-
mor may provide greater efficacy as a cancer therapeutic.

Discussion

In these studies we describe the construction and
expression of a soluble three-domain mouse scTCR that
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recognizes human p53 peptide (aa 264-272) in the con-
text of HLA-A2.1. The three-domain scTCR is fused to
human IL-2 yielding a soluble 264scTCR/IL-2 fusion
protein that is expressed at high levels and secreted from
mammalian cells. The TCR portion of the 264scTCR/
IL-2 fusion protein retains its MHC-restricted, peptide-
specific antigen-binding properties, and the IL-2 portion
binds to IL-2 receptor and is biologically active. More-
over, these studies further demonstrate that this fusion
protein is capable of conjugating target and effector
cells, exhibits favorable pharmacokinetics in mice, can
bind to target tumor cells and has anti-tumor effects.
Therefore, soluble scTCR fusion proteins may provide
access to another repertoire of antigens for targeted
immunotherapy that are not recognizable by antibody-
based immunotherapies. TCR-based therapies may
serve as an alternative to antibody-based treatments or
as a useful addition to other targeted tumor therapies.
Treating tumors using multiple distinct approaches may
have additive or synergistic antitumor effects and hence
greater success in the clinical setting.

There has been some difficulty expressing soluble re-
combinant TCRs that are stable and retain antigen
binding properties. Several attempts have been made at
expressing recombinant TCRs as membrane-associated
fusion proteins or as inclusion bodies in E. coli. Each of
these methods was hindered by low or unstable expres-
sion or dimerization and also by the need for proteolytic
cleavage and/or refolding to generate soluble TCRs [5, 8,
9, 18, 24, 26, 54]. Further, the activity of soluble TCRs
made by these methods tends to be low. Our scTCRs are
produced in mammalian cells as soluble fusion proteins
without any membrane association, eliminating the ex-
tra step of enzymatic cleavage or refolding, which could
affect fusion protein function. As the data presented here
demonstrate, these TCRs fold correctly and are secreted
intact from transfected eukaryotic cells. Moreover, fu-
sion of a TCR in this format to a cytokine via a short
linker does not interfere with MHC-restricted, peptide-
specific antigen-binding or specific cytokine activity. No
enzymatic modification or protein refolding is necessary
to produce soluble active TCRs, and the effector mole-
cule, in this case IL-2, is covalently bound, eliminating
the need for chemical crosslinking, which can be unsta-
ble. Thus, this is the first report of the production of a
truly soluble recombinant TCR that retains its MHC-
restricted, peptide-specific antigen-binding properties.

One potential drawback of using recombinant TCR
fusion proteins as targeted immunotherapies is the weak
binding affinity of the TCR for its cognate MHC/pep-
tide. We have determined the dissociation constant of
the 264scTCR for its cognate MHC/peptide to be
approximately 107 M at physiological conditions using
surface plasmon resonance detection (unpublished re-
sults). This high affinity for TCR interaction with MHC/
peptide complex is likely due to its CD8 independence as
the TCR was generated in HLA-A2.1 transgenic mice
[49] and mouse CD8 has been shown not to interact with
human HLA [45]. The affinity of the 264scTCR is

sufficient to bind to unmanipulated tumor cells and
effectively conjugate target and effector cells, both of
which we have shown in these studies. Another potential
problem with this type of therapy is that the use of TCR-
based cancer therapies may be limited by the HLA type
of the patient, which may be confounded by the down-
regulation of HLA expression in some tumors. There-
fore, it will be necessary to screen patients before
treatment with a TCR-based therapy to determine if
they would benefit from this type of therapy in much the
same way that breast cancer patients are screened for
ErbB-2 expression before treatment with herceptin. We
are currently developing tumor screening methods using
another 264scTCR fusion protein so that tumor histo-
arrays may be stained to determine the proportion and
types of tumors that may be treated with TCR-based
therapies. Development of TCR-based fusion proteins
targeting other HLA types should broaden the treatable
patient population.

With these data in mind, we performed preliminary
studies using the 264scTCR/IL-2 fusion protein as an
anti-tumor agent against A375-C15N human melanoma
cells in an experimental lung metastasis model in nude
mice. Mice treated with either 264scTCR/IL-2 or re-
combinant IL-2 showed no obvious signs of toxicity.
Both treatments resulted in reduction of lung metastasis;
however, at all doses treatment with 264scTCR/IL-2 was
more effective than recombinant IL-2. At this point it is
unclear whether the improved anti-tumor efficacy of the
264scTCR/IL-2 fusion protein is due to the increase in
the half-life of IL-2 or to the concentration of the
cytokine at the site of the tumor. These studies were
performed in athymic nude mice in the absence of
T-cells; thus, the effector cells in these studies were those
of the innate system such as natural killer cells and mac-
rophages that can be stimulated by IL-2 [10, 41]. IL-2
has a profound effect on T-cells, which this model sys-
tem does not address. Thus, we are currently performing
T-cell reconstitution studies in this model to determine if
the fusion protein has a stronger effect than free IL-2 in
the presence of T-cells. In addition, we are performing
imaging studies to determine the degree of 264scTCR/
IL-2 fusion protein localization at the site of the tumor.

The main problems with systemic administration of
cytokines to treat tumors are their short serum half lives
and toxicity. To circumvent this problem cytokines have
been delivered over a period of time as infusions; how-
ever, high systemic doses of cytokines have widely re-
ported toxic side effects, and delivery by infusion is time
consuming and inconvenient for the patient and has its
own undesirable side effects [7, 31, 34, 44]. Delivery of
cytokines such as interferon alpha-2a in pegylated forms
is being tested, and although the pegylated cytokine has
a longer half life, the side effects are similar to that of the
unpegylated form [32, 39]. Targeting delivery via anti-
body-cytokine fusion proteins is thought to take
advantage of the paracrine nature of IL-2, and because
these molecules concentrate cytokine at the site of the
tumor, they may allow the cytokine to be used at lower,



less toxic doses. Antibody-cytokine fusion proteins such
as the anti-disialoganglioside ch14.18/IL-2 fusion pro-
tein (ch14.18-1L-2) have been shown to have serum half
lives of ~4 h, which significantly increases the serum
half life of 1L-2 [23]. However, it was reported that this
fusion protein is cleaved in vivo and that the IL-2 por-
tion is then cleared with kinetics similar to those of free
IL-2 [23]. Our 264scTCR/IL-2 fusion protein has an
apparent serum half-life of ~3 h and appears to remain
intact in the blood. Thus, the 264scTCR/IL-2 fusion
protein effectively increases the half-life of IL-2 and
survives intact in the blood, suggesting that it has po-
tential as a new agent for immunomodulatory cancer
therapy. As reported with other biologics, at higher
doses the serum half life of our fusion protein may in-
crease [3, 25, 37, 38]. If this is the case for 264scTCR/IL-
2, it should further improve the efficacy of the molecule
against tumors. Escalating dose studies to further
investigate toxicity and pharmacokinetic parameters are
underway.

Besides T-cells, IL-2 has been shown to have stim-
ulatory effects on a broad range of immune cell types
including B cells, monocytes, macrophages, LAK cells
and NK cells [10, 41]. For this reason, IL-2 concen-
trated at the tumor site should activate local T-cells as
well as other IL-2 responsive cells, thereby recruiting
effector cells to the site of the tumor. In addition, re-
circulation of these effector cells may be useful for
eradication of distant micrometastases, which may be
heterogeneous with respect to expression of the tar-
geted tumor antigen. Straten et al. reported that tar-
geted delivery of IL-2 via anti-ganglioside ch14.18-1L-2
fusion protein to murine melanoma resulted in clonal
T-cell expansion [51]. Moreover, both target antigen
positive and negative tumors implanted in the same
mouse regressed as a result of this treatment, indicating
that T cell clones activated locally by targeted therapy
recirculated and mediated eradication of the distant
tumor that was not targeted by the therapy [51]. The
anti-GD, chl14.18-1L-2 fusion protein has also been
shown to be effective in the eradication of liver and
bone marrow metastases in a murine neuroblastoma
model. However, in this case the anti-tumor effect was
shown to be NK cell mediated [28]. The activation of
other types of immune effector cells by IL-2 for cancer
therapy may be useful because many cancer patients
have severe T-cell dysfunction either from the cancer
itself or from the damaging effects of the radiotherapy
or chemotherapy used to treat the cancer [14, 56].
However, most patients retain the ability to expand
and activate NK cells after IL-2 treatment [12, 13, 15].
Thus, by concentrating IL-2 at the site of a tumor our
264scTCR/IL-2 fusion protein may potentiate a wide
ranging immune response including activation and
proliferation of a variety of T-cell clones as well as
activation of NK cells or other members of the innate
immune system. Such a multifaceted anti-tumor re-
sponse may be more effective for the eradication of
primary tumors as well as distant metastases.
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In summary, we demonstrate that it is possible to
construct a biologically active bi-functional molecule
comprised of a TCR and a cytokine. This fusion protein
is capable of binding to tumor cells, mediating the
conjugation of target and effector cells, and appears to
have reasonable pharmacokinetic properties in mice.
Although this report restricts its discussion to p53 as a
target, other gene products that are upregulated and
presented in the context of MHC on tumor or virally
infected cells may be used as targets for TCR-based
immunotherapies. In addition, other immunomodula-
tory molecules such as GM-CSF, IFNy or IFN-a could
be linked to the TCR to activate other effector cells for
an anti-tumor or anti-viral response. Thus, we are also
constructing and characterizing additional TCR fusion
proteins that target other cancer and viral antigens
containing different effector molecules. These types of
novel molecules have the potential of forming a new
class of immunotherapeutics for the treatment of cancer
and viral infection.
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