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Abstract
To avoid high systemic doses, strategies involving antigen-specific delivery of cytokine via linked
antibodies or antibody fragments have been employed. Targeting cancer-associated peptides
presented by MHC molecules (pepMHC) increases the number of potential target antigens, and
takes advantage of cross-presentation on tumor stroma and in draining lymph nodes. Here, we use
a soluble, high-affinity single-chain T cell receptor Vα-Vβ (scTv), to deliver cytokines to
intracellular tumor-associated antigens presented as pepMHC. Since typical wild-type TCRs
exhibit low affinity (Kd =1–100μM or more), we used an engineered TCR, m33, that binds SIY/
Kb with nanomolar affinity (Kd =30nM). We generated constructs consisting of m33 scTv fused to
murine IL-2, IL-15, or IL-15/IL-15Rα (IL-15 linked to IL-15Rα sushi domain, called
“superfusion”). The fusions were purified with good yields, and bound specifically to SIY/Kb with
high affinity. Proper cytokine folding and binding were confirmed, and the fusions were capable
of stimulating proliferation of cytokine-dependent cells, both when added directly and when
presented in trans, bound to cells with the target pepMHC. The m33 superfusion was particularly
potent and stable, and represents a promising design for targeted anti-tumor immunomodulation.
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Introduction
Cancer is caused by mutations that result in inadequately restrained proliferation. The
cellular immune system is thought to be involved in identifying and eliminating such cells
that present either mutated-self antigens, or other proteins that are not mutated but
upregulated aberrantly. In line with these processes, many tumor-associated antigens have
been identified as peptides that are bound to class I or class II products of the major
histocompatibility complex (MHC). The complexes between peptide and MHC class I or II
molecules (pepMHC) serve as the ligands for T cells (reviewed in 1–4).

Although T cells specific for tumor-associated pepMHC are often present in cancer patients,
those T cells fail to eliminate the tumor. As many of the characterized tumor-associated
antigens are simply overexpressed self antigens, the T cell repertoire that survives negative
selection (tolerance) in the thymus may consist of T cells with low functional avidity, or T
cells that have been specifically anergized by peripheral tolerance mechanisms.
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Accordingly, a major hope of tumor immunotherapy is to overcome anergy or tolerance of
the cellular immune response without becoming destructive to vital tissues and organs.

One strategy to enhance the activity of T cells against tumors involves treatment with
immunostimulatory cytokines, such as IL-2 and IL-15. IL-2 and IL-15 stimulate activation
and proliferation of T cells and NK cells by binding to cell surface receptors made up of
unique alpha chains (IL-2Rα and IL-15Rα, respectively) combined with shared beta and
gamma chains (IL-2/IL-15Rβ and γc, reviewed in 5). Recombinant IL-2 has been used to
enhance cellular immunity in humans,6 but treatment strategies involving systemic IL-2 at
the high doses required for beneficial anti-cancer effects have been plagued by severe
toxicity.7 Furthermore, IL-2 promotes activation-induced cell death (AICD) of T cell
clones,8 and it is required for the maintenance of regulatory T cells (Treg,9), a property that
could be counter-productive in the generation of a robust response to cancer. For these
reasons, IL-15 has potential advantages10, 11 in that it promotes survival of T lymphocytes 5,
and it can reverse tolerance of CD8+ T cells.12 Although IL-15 has been shown to be
considerably less toxic than IL-2 in murine models of vascular leak syndrome,11 IL-15 also
requires high doses for effectiveness in vivo.13, 14 Interestingly, mutant forms of IL-2
engineered for increased binding affinity to IL-2Rα have been generated, and were
characterized to behave more similarly to IL-15 in terms of T cell stimulation properties.15

IL-15 has been shown to be highly active in a “trans” presentation mode, where IL-15Rα on
the surface of a cell can bind and present IL-15 for binding to another cell that expresses the
receptor complex, IL-15/IL-2Rβ and the common γc chain.16 Several studies have also
shown that soluble IL-15Rα can stabilize IL-15, thereby enhancing its biological activity
through binding to the IL-15Rβ/γc.17–21 Surface presentation of IL-15 on the surface of
cytokine-secreting, IL-15Rα+ tumors leads to potent anti-tumor NK cell responses and
complete rejection of the tumors in B cell- and T cell-negative mice.22 Similarly, IL-15
fused to the truncated, N-terminal sushi domain of IL-15Rα was able to drive NK cell
proliferation and reduce tumor metastases in an animal model.23–26 The affinity of IL-15
and IL-15Rα sushi domain is high (Kd~10−9 M 26), and this non-covalent interaction has
been exploited to create soluble dimeric and heterodimeric targeting agents by fusion of the
cytokine and the sushi domain separately to binding proteins.27 Previous studies have shown
evidence that the inclusion of the IL-15Rα domain provides enhanced activity for
IL-15.26, 28 The hyperagonist IL-15/IL-15Rα fusion given either as a soluble protein23, 24 or
as an adenoviral gene therapy agent29 given 1 or 3 days after i.v. injection of cancer cells
has been shown to reduce the number of metastases and prolong survival in mice.

As many therapeutic agents have toxic side effects on non-cancerous tissues, “targeted
therapies” that aim at shuttling an agent with greater selectivity to the cancer cells are in
development. The leading examples involve monoclonal antibodies that recognize tumor
cell surface antigens as a strategy to deliver chemotherapeutic agents, toxins, or
radioisotopes directly to the site of tumors.30–32 Inspired by the past experience with IL-2
therapy, anti-tumor monoclonal antibody fragments have been fused to IL-2. Notably, IL-2
fused to a scFv of the L19 antibody (which binds the EDB domain of fibronectin)33 has
entered clinical trials as a therapeutic, and early clinical data have been promising.34

Antibody- or scFv-targeted versions of other immunostimulatory cytokines have also been
constructed, including IL-15, IL-12, GM-CSF, TNF-α, and IFN-α.35–38 Of note, IL-15
fused to the scFv L19 showed significant specific anti-cancer properties in murine
subcutaneous and metastatic tumor models.36 In addition, IL-15 linked to the IL-15Rα sushi
domain has been fused to scFv36 directed toward fibroblast activation protein (FAP);
treatment with this construct resulted in more efficient control of murine lung metastases
than untargeted IL-15 and IL-15Rα sushi domain, or scFv36 fused to IL-15 alone.39
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However, while recent evidence suggests that some T cells can be activated at the site of a
tumor,40 it is clear that most anti-tumor T cells are instead first activated in the draining
lymph nodes, where potential cancer antigens are carried through the antigen presentation
system, primarily dendritic cells.41–44 In the lymph node, antigens are presented to T cells as
peptides bound to products of the major histocompatibility complex (MHCs). It would
therefore be useful if the pro-inflammatory cytokine IL-15 could be directly delivered to
both the tumor and the draining lymph nodes. To accomplish this, a soluble T cell receptor
(TCR) with specificity for a tumor pepMHC antigen could be used together with the soluble
cytokine. This strategy can take advantage of the many identified tumor-associated antigens
that have been identified as pepMHC complexes on tumor cells. These epitopes, which are
often associated with changes related to immortalization, may also be cross-presented on
tumor stroma, which is vital for tumor support and survival.43, 45, 46

A major limitation of the TCR-based approach is that the affinities of wild-type TCR are
low (Kd =1–500 μM, reviewed in 47), and the affinities of anti-tumor antigen TCRs have
been reported to be even lower.48 In fact, some naturally occurring TCR:pepMHC
interactions are so weak as to not be measurable by standard methods.49 These affinities
may be too low to effectively direct a soluble therapeutic, although enhanced activity in
reducing human lung metastases in nude mice was seen by when IL-2 was fused to a
soluble, murine three-domain single-chain TCR (VαVβCβ) raised against a human tumor-
associated pepMHC (p53/A2).50, 51 The same three-domain TCR has recently been fused to
IL-15 and, separately, the IL-15Rα sushi domain, which enhanced pepMHC binding by
relying on the IL-15/IL-15Rα interaction to give a bivalent soluble TCR-containing
construct.27 However, strategies that use wild-type TCRs (i.e. that do not involve in vitro
engineering steps for affinity maturation) are unlikely to yield the types of affinities that
have shown success in antibody-antigen systems as cancer therapeutics. It has been shown
to be advantageous to engineer interactions for improved affinity beyond antibody:antigens,
including cytokines and their receptors, or TCRs and their pepMHC ligands.52, 53

Here, we generated the first soluble cytokine fusions with a high-affinity single-chain TCR
(Vα-linker-Vβ, hereafter referred to as scTv, by analogy with scFv of antibodies54). We
used a high-affinity mutant of the 2C TCR (Kd for SIY/Kb = 30 μM) called m33 that has a
1000-fold higher affinity for the model antigen SIY/Kb (Kd = 30 nM55, 56). The stabilized
scTv m33 is analogous to an antibody-based scFv in size and affinity, but by recognizing a
pepMHC antigen is able to target intracellular antigens such as those displayed on tumor
cells or cross-presenting tumor stroma. We generated fusions of the high-affinity scTv to
IL-2 (IL-2:m33), IL-15 (m33:IL-15), and an IL-15 hyperagonist construct including the
sushi domain of IL-15Rα (m33 superfusion). The fusion proteins were expressed and
purified in good yield, and exhibited proper binding specificities and affinities. The fusions
were also capable of mediating immunostimulatory function (proliferation) both directly and
in trans. The m33 superfusion that consisted of a stabilized, high-affinity scTv linked to
IL-15 and the IL-15Rα sushi domain, exhibited proliferation-stimulatory activity even
higher than soluble IL-15 cytokine alone.

Materials and Methods
Peptides, Antibodies, and Reagents

SIY and OVA peptides were synthesized by standard F-moc chemistry at the
Macromolecular Core Facility at Pennsylvaina State University College of Medicine
(Hershey, PA) and purified by reverse-phase HPLC. Rat anti-murine IL-2 and biotinylated
rat anti-murine IL-2 detecting a separate epitope were purchased from BD Pharmingen (San
Diego, CA). Biotinylated polyclonal rabbit anti-murine IL-15 antibody, Mouse IL-15 ELISA
kit, and carrier-free murine IL-2 and IL-15 were purchased from eBiosciences (San Diego,
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CA). Polyclonal goat anti-murine IL-15Rα was purchased from R&D Systems
(Minneapolis, MN). Biotinylated polyclonal rabbit anti-goat was purchased from AbCam
(Cambridge, MA). The pDisplay mammalian expression vector and streptavidin linked to
Alexa 647 were purchased from Invitrogen (Carlsbad, CA). Tetrazolium MTT (3-(4, 5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) and detergent were purchased from
ATCC (Manassas, VA). Vent DNA polymerase, BglII and NotI restriction enzymes, Calf
Intestine Alkaline Phosphatase, T4 DNA ligase, and PNGase F were purchased from New
England Biolabs (Ipswich, MA).

Cell lines
MC57 fibrosarcoma cells and B16 melanoma cells (from Hans Schreiber’s lab at the
University of Chicago), CTLL-2 cytokine-dependent murine T cell line (from ATCC,
Manassas, VA), and T2-Kb TAP-deficient cells were cultured in complete RPMI media,
consisting of RPMI 1640 supplemented with HEPES, pH 7.0, L-glutamine, penicillin,
streptomycin, β-mercaptoethanol, and 10% fetal bovine serum. For CTLL-2, the media was
additionally supplemented with 10% TStim (culture supernatant from rat T cells stimulated
with con A) from BD Biosciences (San Jose, CA). HEK-293F cells were cultured at 37°C
with 5% CO2 in serum-free Freestyle 293 media (both from Invitrogen, Carlsbad, CA).

Construction of gene fusions of scTv m33 and immunostimulatory cytokines
The gene for scTv m33,56 Vα-linker-Vβ, where the linker sequence is (GGGGS)4, was
amplified by PCR from the pET22b E. coli expression vector, including stabilizing
mutations.57 The cDNA for murine IL-2 and IL-15 were purchased from Open Biosystems
(Thermo Scientific, Huntsville, AL). A codon-optimized sequence for the murine IL-15Rα
sushi domain (amino acids 34–103 of Isoform 1, UniProt accession #Q60819), a linker with
the sequence GG(SGG)6, and murine IL-15 was purchased from GenScript (Piscataway,
NJ). The scTv m33 was linked to each cytokine construct using splicing by overlap
extension (SOE PCR, 58), using a unique Gly-Ser linker (GGGSGGGGSGSGGGSGGGGS)
as the overlap. Each gene fusion was amplified with a BglII restriction site at the 5′ end, and
a His6 tag for purification, two stop codons, and a NotI restriction site at the 3′ end, and then
cloned into pDisplay (Invitrogen, Carlsbad, CA) using BglII and NotI, noting that use of
these sites removes the c-myc epitope and the platelet derived growth factor receptor
(PDGFR) transmembrane domain included in the vector, allowing for soluble expression.
The pDisplay vector includes G418 resistance for selection in mammalian cells, and
includes the human CMV promoter for constitutive expression, the murine Ig-κ leader
sequence for targeting to the secretory pathway, and an N-terminal HA epitope tag present
in the mature protein.

Production and purification of m33:cytokine fusions
HEK-293F cells were transfected with pDisplay plasmid containing each scTv:cytokine
fusion, respectively, using 293-Fectin (Invitrogen, Carlsbad, CA) per manufacturer’s
instructions. Selection was carried out in Freestyle-293 media containing 250 μg/mL G418
antibiotic (Mediatech, Manassas, VA). Transfected cells were expanded to 300 mL cultures
in 1 L baffled flasks shaking at 120 rpm at 37°C with 5% CO2 and allowed to grow for 4–10
days, depending on the optimal expression time for each construct. After the expression
period, the cultures were spun to remove the cells, and the supernatant was collected and
incubated stirring at 4°C overnight with Ni-NTA beads. The beads were collected on a
sintered glass funnel, washed in phosphate-buffered saline (PBS), pH 7.4, and protein was
eluted with 0.5M imidazole in PBS. The eluted protein was purified by size exclusion
chromatography using a Superdex 200 10/300 column (GE Healthcare Life Sciences,
Piscataway, NJ). Purified protein concentration was estimated by UV absorbance at 280 nM
(molar extinction coefficients estimated from primary sequence as 48,165 for IL-2:m33,
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51,270 for IL-15:m33 and m33:IL-15, and 60,000 for the m33 superfusion; absorbance
measured using a Cary 50 Bio UV-Vis Spectrophotometer, Varian, Palo Alto, CA). Proteins
were analyzed by SDS-PAGE, and small test injections of purified fusion constructs and
carrier-free cytokines over the Superdex 200 column were compared to size standards from
Bio-Rad (Hercules, CA). To evaluate the size of the purified protein without glycosylation,
m33:IL-15 was incubated with PNGase F according to manufacturer’s instructions and
analyzed by SDS-PAGE.

Production and purification of SIY/Kb streptavidin tetramers
H2-Kb soluble heavy chain containing a C-terminal biotinylation signal peptide and human
β2-microglobulin light chain were expressed as inclusion bodies in Escherichia coli. Kb was
biotinylated in vivo by co-induction of biotin ligase in the same cells, resulting in a biotin
tag at the C-terminus of the heavy chain as described.46 Both chains were solubilized in
urea, and refolded together in vitro in the presence of excess SIY peptide. Folded complexes
in 20mM tris, pH 8.0 were purified by anion exchange chromatography using HiTrap Q
columns (GE Healthcare, Piscataway, NJ). MHC complexes were incorporated into
fluorescent tetramers for staining and dissociation experiments by adding streptavidin-
phycoerythrin (BD Pharmingen, San Diego, CA) stepwise to the purified, biotinylated
MHCs to a final 1:4 molar ratio.

Detection of folded cytokine by ELISA
HEK-293F cells alone or transfected with a scTv:cytokine fusion gene were maintained in
culture for 2–10 days, and the supernatants were harvested for analysis by cytokine ELISA,
either murine IL-2 (BD Pharmingen, San Diego, CA) or murine IL-15 (eBiosciences, San
Diego, CA), as per the manufacturer’s instructions. Briefly, the capture antibody was diluted
in PBS and incubated in the wells of Immulon 2HB plates (Thermo Fisher Scientific,
Pittsburgh, PA) overnight at 4°C. The wells were blocked with 1% bovine serum albumin
(Sigma-Aldrich, St. Louis, MO) in PBS, then washed with PBST (0.1% Tween-20 in PBS),
and incubated with the cell supernatants or cytokine standards. The plate was washed three
times with PBST, then incubated with a biotinylated detection antibody in dilution solution
(0.3% BSA, 0.1% Tween-20 in PBS). Next, the plate was washed three times with PBST,
and incubated with avidin or streptavidin linked to horseradish peroxidase. Finally, the plate
was washed three times with PBST and developed with TMB substrate (KPL, Gaithersburg,
MD). Development was stopped by adding an equal volume of 1N H2SO4 per well as TMB
substrate solution. Absorbance at 450 nm in each well was read using an ELx800 universal
microplate reader (Bio-Tek Instruments, Winooski, VT).

Binding and detection of m33:cytokine fusion by flow cytometry
For detection of peptide-specific binding of the scTv portion of the fusion molecules, T2-Kb

cells were loaded with 1 μM SIY or OVA peptide in unsupplemented RPMI 1640 for two
hours at 37°C. The cells were washed into FACS buffer (1% bovine serum albumin and
0.02% sodium azide in PBS), and stained at 4°C with or without 1 μM purified fusion
protein. The cells were washed, and the cytokine portion was detected as follows:
biotinylated anti-IL-15 followed by streptavidin-phycoerythrin for m33:IL-15; biotinylated
anti-IL-2 followed by streptavidin-phycoerythrin for IL-2:m33; and goat anti-IL-15Rα
followed by biotinylated rabbit anti-goat and streptavidin-Alexa 647 for m33 superfusion.
All stains were done at 4°C, and cells were washed with FACS buffer between each step and
before analysis.

For detection of cytokine binding to cytokine receptors, MC57 or CTLL-2 cells were
incubated at 4°C with varying concentrations of purified fusion protein in FACS buffer. The
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cells were washed in FACS buffer, and then were stained with 30 nM SIY/Kb streptavidin-
phycoerythrin tetramer at 4°C. The cells were washed with FACS buffer before analysis.

Flow cytometry data were collected on an Accuri C6 (Accuri Cytometry Inc., Ann Arbor,
MI) or a FACS Canto (BD Biosciences, San Jose, CA), and data was analyzed using FCS
Express (De Novo Software, Los Angeles, CA).

CTLL-2 proliferation assays
CTLL-2 cells were rested overnight at 37 °C, 5% CO2 in complete RPMI media with no
added cytokines. The cells were washed and freshly re-suspended at 50,000 cells per well in
a 96-well plate in 100 μL complete RPMI media containing various concentrations of IL-2,
IL-15, IL-2:m33, m33:IL-15, or m33 superfusion. The cells were cultured for 48 hours, and
then 10μL MTT was added per well, and the cells were incubated at 37 °C, 5% CO2 for
three more hours, and then 100 μL per well detergent was added, and the plate was
incubated at room temperature overnight. Absorbance at 570 nm in each well was read using
an ELx800 universal microplate reader (Bio-Tek Instruments, Winooski, VT).

Values for EC50 were obtained by using a least squares method to fit absorbance data at 570
nm (y) as a function of concentration (x) to the general equation describing a sigmoidal
curve:

Results
Construction of m33:cytokine fusions

To evaluate the potential of high affinity TCRs as targeting molecules for
immunomodulators, we constructed gene fusions consisting of cytokines linked to the m33
scTv (see Fig. 1). Linkers consisted of glycine and serine repeats of 20 amino acids in
length, and each linker was designed to be unique in both nucleotide and amino acid
sequence within each molecule for ease of cloning. The scTv m33 sequence included
stabilizing mutations identified for improved expression of the 2C TCR in a scTv format,59

and the CDR3α mutations that conferred high affinity for SIY/Kb.56 Efforts to express and
refold the fusions in the same E. coli system that provided high yields of the m33 scTv55

were unsuccessful (data not shown). The fusions were thus cloned into a mammalian
expression vector and transfected into HEK293 cells. Yields of IL-2:m33 from the HEK293
cells were more than 10mg/L culture. In this system, initial results with IL-15 expressed at
the N-terminus of the protein, and the scTv expressed at the C-terminus (IL-15:m33)
showed that the fusion was produced in poor yields. Expression in the opposite orientation,
with the m33 scTv at the N-terminus (m33:IL-15), resulted in improved yields of 0.2–1 mg/
L culture and was thus adopted for further study (although the binding and function for both
orientations of that fusion were identical, data not shown).

In addition to the fusion of m33 to IL-15 alone, we constructed a fusion that included both
IL-15 and the IL-15Rα sushi domain, which was purified at a yield of over 12 mg/L
expression culture. Previous studies suggested that soluble IL-15Rα can enhance the
effectiveness of IL-15,17–20 and expression of IL-15 as a fusion with the IL-15Rα sushi
domain resulted in a hyperagonist construct.23, 24, 26, 29 All constructs described in the
present report contain the murine cytokine proteins in order to test them in fully murine
systems.
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Expression, purification, and characterization of m33:cytokine fusion proteins
Transfected 293F cells were incubated in shake flasks for 4–10 days, depending on the
optimal period for expression for each construct. Western blots of supernatants with an anti-
His antibody (data not shown) verified that transfected cells were expressing the
recombinant proteins of approximately the expected sizes (see below). To confirm proper
folding of the cytokine portion of the scTv fusion proteins, we analyzed supernatants by
cytokine ELISAs (Fig. 2A–C). IL-2:m33 was detected specifically by IL-2 sandwich ELISA
(Fig. 2A), but not by IL-15 sandwich ELISA (Fig. 2B), and the reverse was true for
IL-15:m33. The m33:IL-15 fusion consistently yielded a stronger signal by IL-15 ELISA
than the m33 superfusion (Fig. 2C). We speculate that this may be a consequence of some
IL-15 epitopes, recognized by the polyclonal antibody used for detection, being blocked
sterically by association with the IL-15Rα sushi domain in the superfusion.29, 60

The secreted, soluble fusions were isolated from supernatants by binding to nickel beads,
and further purified by size exclusion chromatography. The profiles obtained by size
exclusion chromatography showed that the fusions eluted at a larger size than the free
cytokines alone (Fig. 3A). Two peaks were observed for the m33:IL-15 fusion, suggesting
that this preparation may have contained dimeric or multimeric proteins. However, minimal
dimerization or aggregation was observed for IL-2:m33 or the m33 superfusion that
included the IL-15Rα sushi domain (Fig. 3A). SDS-PAGE of the reduced and alkylated
purified preparations showed that all three proteins migrated as a single band (Fig. 3B).
However, all of the fusions ran significantly larger on SDS-PAGE gels than would be
predicted by the protein sequences (Fig. 1), suggesting that each may be glycosylated. For
example, the m33 superfusion contains 8 potential NX(S/T) sites that could be N-
glycosylated (scTCR Vα Asn 74; scTCR Vβ Asn 24 and Asn 73; IL-15Rα sushi domain
Asn 18; and IL-15 Asn 56, Asn 59, Asn 71, and Asn 111). The sizes of the proteins were the
same from batch to batch, suggesting a consistent pattern of glycosylation. We verified that
the proteins migrated at the expected sizes after treatment with N-Glycosidase F (PNGase F,
data not shown). Previous results showed that differential glycosylation of an IL-15:scFv
fusion could occur depending on the relative orientation of the domains; in their construct,
the more highly glycosylated orientation (IL-15 N-terminal relative to scFv) was less active
in CTLL-2 proliferation assays.36 Similarly, we noted that the IL-15:m33, which was
constructed but not pursued due to low protein yields, was larger by SDS-PAGE than
m33:IL-15, likely due to increased glycosylation. However, that construct was equally
active in CTLL-2 proliferation assays as m33:IL-15 (data not shown).

Specific binding of m33:cytokine fusions
As m33 scTv binds to SIY/Kb with an affinity similar to many affinity matured antibodies
(KD=30nM, 56), we reasoned that we may be able to directly detect binding of the m33
fusion proteins to cells that express SIY/Kb using flow cytometry. T2-Kb cells were loaded
with either OVA (null) or SIY (agonist) peptides, and then incubated with the different m33
fusions. To detect bound fusions, we used an antibody to the corresponding linked cytokine
or the IL-15Rα. Significant specific binding was observed only to cells that expressed the
cognate pepMHC complex, SIY/Kb, using all three fusions: m33:IL-15 (Fig. 4A), IL-2:m33
(Fig. 4B), and the m33 superfusion (Fig. 4C). The superfusion could also be detected with
the anti-IL-15 antibody (data not shown), but the signal was weaker, similar to the results
seen in the IL-15 ELISA (Fig. 2C).

While it was clear that ligand-bound fusions were recognized by polyclonal anti-cytokine or
anti-cytokine receptor antibodies, it was possible that the epitopes that bind to the cytokine
receptors could still be occluded. To determine if the cytokine domain of the fusion
molecules could bind to their respective receptors while the fusion was bound to the SIY/Kb,
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we performed an alternative flow cytometry-based experiment. First, we screened various
cell lines for expression levels of IL-2Rα and IL-15Rα (see Supplementary Fig. 1). Based
on these results, the CTLL-2 cell line was shown to express both receptors, and the MC57
fibrosarcoma cell line was shown to express IL-15Rα. These cell lines were incubated with
the soluble m33:cytokine fusions. After washing, the bound fusion was incubated with SIY/
Kb streptavidin tetramer in order to directly examine if the m33 scTv was properly folded
and capable of binding to its cognate ligand. CTLL-2 cells were bound by both m33:IL-15
and IL-2:m33 (Fig. 5A), consistent with this cell line containing the receptors for both IL-15
and IL-2. In contrast, MC57 cells bound considerably better to the m33:IL-15 fusion than to
the IL-2:m33 fusion (Fig. 5B), consistent with this cell line expressing high levels of the
IL-15 receptor, but no IL-2Rα above the detection limit of flow cytometry (see
Supplementary Fig. 1). As detection was performed with the SIY/Kb tetramer, these results
also show that both the scTv domains and the cytokine domains of the purified fusion
proteins are capable of the expected, specific binding.

Immunostimulatory function of m33:cytokine fusions
To verify that the fusion proteins could stimulate proper effector functions, we used the
cytokine-dependent cell line, CTLL-2 in two different assay formats. First, CTLL-2 cells
were incubated with various concentrations of each cytokine or the fusions to determine if
they could support the proliferation of CTLL-2 cells. Both IL-2 and the IL-2:m33 fusion
showed similar EC50 levels (effective dose at 50% maximum; 0.15 and 0.43 nM,
respectively) and maximum levels of proliferation (Fig. 6A). However, CTLL-2 cells
cultured with various concentrations of IL-15, m33:IL-15, or m33 superfusion showed
distinct properties for each (Fig. 6B). While the EC50 for m33:IL-15 was similar to IL-15
(0.54 vs. 4 nM), the maximal proliferation induced was lower, indicating that this reagent
would be less effective at stimulating a localized anti-tumor response. In contrast, the m33
superfusion induced levels of proliferation that were even higher than IL-15 alone, with a
low EC50 value of 0.53 nM. The precise values of EC50 fit from these data should not be
over-interpreted, especially in the case of samples where saturation is not reached in the
concentration range tested, such as IL-15. The low levels of stimulation by the m33:IL-15
fusion as compared to IL-15 alone were somewhat surprising. This may result from a
reduced fraction of properly folded or accessible IL-15 in the fusion mixture, as aggregation
of this construct was consistently seen, while free IL-15 was observed to be a soluble
monomer (see Fig. 3A). These results suggest that the m33 superfusion, containing the
IL-15Rα domain, may be the most effective candidate for recruitment and stimulation of
immune cells.

In the second approach, we wished to determine if the cytokines within the fusions could be
presented, possibly in “trans,” by antigen presenting cells with the specific pepMHC to the
cytokine dependent CTLL-2 line. In this experiment, the T2-Kb cell line was incubated with
either the cognate peptide SIY or the control peptide OVA, washed, and incubated with 1
μM of the IL-2:m33 or m33:IL-15 fusions. After washing, the loaded cells were incubated
with the CTLL-2 line for 48 hours, and proliferation was monitored (note that some
proliferation of the APC is also detected in this assay). In the case of both fusions, a
significant level of SIY/Kb-specific proliferation was observed, above that seen with the
OVA/Kb control (Fig. 7A,B). At high concentrations of cells and cytokine fusion, the level
of viable cells decreases, especially for the more potent IL-2:m33 fusion (Fig. 7A). This is
likely due to rapid proliferation, crowding, and death in the assay prior to detection of live
cells at the end of the incubation period. Thus, these fusion proteins have the ability to
stimulate cytokine-dependent proliferation of immune cells in an antigen-specific format.
While we can not confirm that this was indeed “trans” presentation (i.e. activation of
CTLL-2 proliferation could be at least in part mediated by soluble fusion released into the
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media during the assay), the binding of m33 to SIY/Kb would still yield enhanced
localization of the cytokine at the site of specific antigen such as a tumor.

In this format, evaluation of the m33 superfusion was complicated by high activation
mediated by APCs loaded with null peptide (OVA) as well as SIY peptide (see
Supplementary Fig. 2A,B). This may be due to low level expression of cytokine receptors on
the APCs (Supplementary Fig. 2C) that may dominate the interaction with this fusion,61

despite low detection of m33 superfusion binding to OVA-pulsed T2-Kb cells by flow
cytometry (Fig.4C). It will be interesting to see how potential interactions with cytokine
receptors will affect distribution of these fusions in vivo.

Discussion
T cell antigens in the form of peptides bound to products of the MHC represent a powerful,
and highly diverse class of targets for both cancer and virus-based therapeutics. Whereas
classical antibody-based targeting of viable cells is restricted to antigens displayed as
genuine cell surface proteins, using TCRs widens the repertoire of targetable surface
molecules vastly because pepMHC antigens are the cell surface representation of the entire
array of intracellular molecules derived from aberrantly expressed or mutated proteins. T
cell receptors, the antigen recognition molecules for this class of antigens, can thus provide
the specificity required for targeting these antigens. When used in soluble form for the
delivery of immunostimulatory molecules, the TCR provides an opportunity to enhance the
cellular immune response not only at the site of the tumor or viral infection, but importantly
in the draining lymph nodes for the lesions, where various immune cells (including T cells)
are often first stimulated.41–44

One of the major hurdles in using soluble TCRs for this purpose has been the low affinities
associated with wild type TCRs. Most naturally occurring TCRs bind weakly, and require
co-receptor binding to direct an efficient cellular response (reviewed in 47). One strategy that
was employed to address the issue of low affinity was to use a murine T cell clone against a
human pepMHC (p53/HLA-A2), resulting a CD8-independent response.62 This TCR, called
264, was fused as a soluble, three-domain (VαVβCβ) to IL-2. When injected i.v. repeatedly
beginning 24 h after injecting cancer cells also i.v., the TCR-fused cytokine was somewhat
more successful in reducing the number of lung metastases than the unconjugated IL-2.50

More recently, a study by Wong and colleagues was published that used the same three-
domain 264 TCR as a targeting element.27 In their in vitro studies, a bivalent construct was
generated by fusing the scTCR individually to either the IL-15 or the IL-15Rα sushi
domain, relying on binding between cytokine and receptor fragment (Kd = 0.4–1.5nM, 26) to
dimerize the TCR. The resulting TCR bivalency allowed detectable binding to cells
presenting pepMHC antigen, but it is unclear that at the typically low antigen densities
associated with normally processed antigens, a strategy requiring multivalent binding will be
practical. Perhaps to help overcome this issue, the same study explored the use of a TCR/
CD8 heterodimer of the OT-1 TCR63 to improve binding to class I MHC. It remains to be
seen if this latter approach will result in reduced pepMHC specificity. Another potential
issue with non-covalent linkage between IL-15 and the IL-15Rα sushi domain is that the
IL-15-containing protein will associate with the normal full-length IL-15Rα (Kd =38pM, 26)
widely expressed on non-hematopoietic cells of the host, preventing effective targeting of
the pepMHC by the bivalent construct. In our study, the problems associated with weak
wild-type TCR binding affinity have been overcome by in vitro TCR engineering to
affinities in the same range as therapeutic antibodies.56, 64–66 This allowed us to fuse a scTv
to the cytokines or cytokine complexes in a single polypeptide chain, enabling high affinity
pepMHC binding.
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Another hurdle with targeting by soluble TCRs has been the ability to express adequate
amounts of the soluble TCR, especially in the format analogous to scFv fragments of
antibodies. We have previously engineered several mouse scTv not only with high-affinity
against model pepMHC antigens,56, 64 but also for enhanced stability and better expression
in recombinant systems.59 The targeted cytokine therapeutic molecules studied here
contained one of these TCRs, the high-affinity scTv m33, which binds to its ligand SIY/Kb

with an affinity of ~30 nM.55, 56 This receptor was derived from the well-studied 2C TCR
via directed evolution by yeast surface display, resulting in high affinity as well as a
stabilized scTv scaffold that can be produced in large amounts. We have recently described
a strategy for generating stabilized human scTv fragments against human pepMHC.54 Use
of the scTv format for soluble TCR targeting will allow direct comparison with scFv
targeting strategies that have been well-studied for specificity, biodistribution, and efficacy.

IL-15 has been recently cited as one of the most promising molecules for tumor treatment.10

The localization of IL-15 to both tumor cells and stromal cells is important in anti-tumor
responses. Studies of IL-15-secreting tumors in mice showed that NK cell-mediated
rejection depended on presentation of the IL-15Rα-bound cytokine on the surface of the
tumor cells, but that complete eradication (prevention of recurrence) also depended on
IL-15Rα on the stromal cells, as well.22 Furthermore, it has been suggested that IL-15 may
be able to overcome the tolerance exhibited by some cancer-specific T cells,12 and to
facilitate the generation of memory T cells against the cancer.5 Accordingly, it is important
to direct the cytokine not only to the site of the tumor, where some anergic T cells may
reside, but also to antigens cross-presented on the tumor stroma,43 as well as to the site of
draining lymph nodes where T cells are typically thought to undergo activation. Targeting
the stroma will be particularly valuable in the case of antigen-loss variants, which would
normally complicate treatments with conventional antibody-based therapeutics, since
destruction of tumor stroma can eliminate even those cells within a tumor that have
individually lost expression of the target antigen.45, 46

Conclusions
In an effort to use a high-affinity TCR to deliver immunomodulatory cytokines, we have
characterized here the first in this class of stimulatory scTv:cytokine fusions. We were able
to show that both the IL-2 and IL-15 fusions were expressed, folded, and functional for
binding to appropriate cytokine receptors on cell surfaces, and were able to drive cytokine-
dependent proliferation. Specific, high affinity binding of the m33 scTv domain was
maintained to the model tumor antigen SIY/Kb. These fusions were functional when added
directly to cells and when bound to cells with target pepMHC, presenting the cytokine
moiety in trans.

The inclusion of covalently-linked IL-15Rα sushi domain in the m33 superfusion construct
led to high yield production of very stable protein that was more effective in CTLL-2
proliferation assays than IL-15 itself, either alone or fused to the m33 scTv. The addition of
the targeting TCR as shown here has the potential to effectively deliver this complex with
increased local concentration to tumors, tumor stroma, and tumor draining lymph nodes.

While we recognize that these TCR-based fusion proteins will require further study for
pharmacokinetic properties and in vivo tumor targeting, the design and characterization of
these protein fusions described here provides a foundation for additional work, and shows
the feasibility of using stabilized, high-affinity engineered scTv fragments to target to
tumors and sites of infections.
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Figure 1. Gene constructs fusing high affinity scTv to immunostimulatory cytokines
Immunostimulatory cytokines were fused to the scTv m33 with high affinity for the SIY/Kb

pepMHC complex. Domains were linked by soluble Gly-Ser stretches of 20 amino acids in
length (depicted by white boxes), and each gene included a C-terminal His6 tag for ease of
purification (depicted by black boxes). The expected protein size of each construct is given.
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Figure 2. Detection of scTv:cytokine fusion proteins secreted from HEK293 cells
Sandwich ELISA cytokine assays detecting the cytokine domains of the fusion proteins
secreted into the culture supernatant of transfected HEK-293F cells. (A) IL-2 detected in 6
day culture supernatant. (B) IL-15 detected in 6 day supernatant. (C) IL-15 detected in 8 day
supernatant.
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Figure 3. Purification of scTv:cytokine fusion proteins
(A) Size exclusion chromatography (S200) traces for purified fusion proteins and free
cytokines. (B) SDS-PAGE gradient gel (4–20% acrylamide) showing purified fusion
proteins after boiling, reduction with DTT, and alkylation with iodoacetamide. Gel was
stained with Coomasie blue.
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Figure 4. Peptide/MHC-specific binding of scTv:cytokine fusion proteins
(A–C) T2-Kb cells were loaded with either null (OVA) or specific (SIY) peptide and then
incubated with the indicated scTv:cytokine fusions. After washing, cells were incubated
with antibodies to the fused cytokines: (A) biotinylated anti-IL-15 antibody, followed by
streptavidin-Alexa 488, (B) biotinylated rat anti-IL-2 antibody, followed by with
streptavidin-PE and (C) polyclonal goat anti-IL-15Ra antibody, detected with biotinylated
polyclonal rabbit anti-goat antibody followed by streptavidin-Alexa 647. In each panel, the
solid line trace represents staining by the primary antibody and secondary reagent and the
filled, gray histogram represents staining by the secondary reagent only.

Stone et al. Page 18

Biotechnol Prog. Author manuscript; available in PMC 2013 November 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 5. Cytokine-receptor binding of scTv:cytokine fusion proteins
Cytokine receptor-expressing cells (see Supplemental Figure) (A) CTLL-2 or (B) MC57
were incubated with the indicated concentration of scTv:cytokine fusion, then washed and
stained with SIY/Kb streptavidin tetramer.
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Figure 6. Cytokine-specific functional activity of scTv:cytokine fusion proteins
(A,B) Proliferation of CTLL-2 cytokine-dependent cells when cultured with (A) IL-2 or
IL-2:m33, or (B) IL-15, m33:IL-15, or m33 superfusion.
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Figure 7. Cytokine-specific functional activity of pepMHC-bound cytokine fusions
T2-Kb cells were loaded with either null (OVA) or specific (SIY) peptide, incubated with
scTv:cytokine fusions, and washed before co-culture with CTLL-2. Specific proliferation in
the presence of the peptide-loaded antigen presenting cells and IL-2:m33 (A) or m33:IL-15
(B) was measured.
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