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Abstract Adoptive transfer of genetically modified T
cells to treat cancer has shown promise in several clinical
trials. Two main strategies have been applied to redirect T
cells against cancer: (1) introduction of a full-length T cell
receptor (TCR) specific for a tumor-associated peptide—
MHC, or (2) introduction of a chimeric antigen receptor,
including an antibody fragment specific for a tumor cell
surface antigen, linked intracellularly to T cell signaling
domains. Each strategy has advantages and disadvantages
for clinical applications. Here, we present data on the in
vitro and in vivo effectiveness of a single-chain signal-
ing receptor incorporating a TCR variable fragment as the
targeting element (referred to as TCR-SCS). This recep-
tor contained a single-chain TCR (Va-linker-Vf) from a
high-affinity TCR called m33, linked to the intracellular
signaling domains of CD28 and CD3¢. This format avoided
mispairing with endogenous TCR chains and mediated spe-
cific T cell activity when expressed in either CD4 or CD8
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T cells. TCR-SCS-transduced CD8-negative cells showed
an intriguing sensitivity, compared to full-length TCRs,
to higher densities of less stable pepMHC targets. T cells
that expressed this peptide-specific receptor persisted in
vivo, and exhibited polyfunctional responses. Growth of
metastatic antigen-positive tumors was significantly inhib-
ited by T cells that expressed this receptor, and tumor cells
that escaped were antigen-loss variants. TCR-SCS recep-
tors represent an alternative targeting receptor strategy that
combines the advantages of single-chain expression, avoid-
ance of TCR chain mispairing, and targeting of intracellu-
lar antigens presented in complex with MHC proteins.
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Abbreviations

CAR Chimeric antigen receptor

MHC Major histocompatability complex

scFv Single-chain variable fragment of an antibody
TCR T cell receptor

TCR-SCS TCR single-chain signaling receptor

Introduction

Adoptive transfer of genetically modified T cells to treat
cancer has shown tremendous promise over the past decade
(reviewed in [1]). In this process, peripheral T cells from
a patient are transduced ex vivo with a vector encoding a
receptor that recognizes tumor cells. The transduced cells
are re-introduced into the patient, where they can medi-
ate an anticancer immune response, sometimes resulting
in impressive tumor regression. Two main types of recep-
tors have been used for adoptive T cell treatments: (1) a
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full-length af TCR, sometimes engineered for enhanced
affinity, that is specific for a tumor-associated peptide pre-
sented by an MHC molecule on the surface of tumor cells
[2-6], and (2) a chimeric antigen receptor (CAR) that con-
sists of a single-chain antibody fragment (scFv), specific
for a cancer-associated cell surface epitope, fused to a
transmembrane region followed by intracellular signaling
domains [7-9].

Introducing a full-length, tumor-directed TCR into a
patient’s T cells has several advantages. The endogenous
signaling machinery associated with af TCRs, including
the CD3 complex and co-receptors CD4 and CDS, enables
reactivity with very high sensitivity to the pepMHC ligand,
requiring as few as 1-10 cognate peptide-MHC complexes
to stimulate T cell responses [10—13]. TCRs, unlike typical
CARs, also possess the advantage of targeting intracellu-
lar antigens that can be cross-presented [14]. This feature
allows tumor antigen recognition in lymph nodes and on
tumor stroma [15] and may aid in extravasation, tumor pen-
etration, and destruction. Furthermore, hundreds of MHC-
restricted peptide epitopes have been characterized [16],
and the ability to rapidly identify mutated peptide antigens
in cancer will expand this even further [17].

One of the disadvantages of the TCR approach is that
the introduced TCR chains can pair with endogenous TCR
chains, thereby reducing the surface levels of the cancer-
associated TCR. More concerning is that the mispairing
can result in uncharacterized, potentially pathogenic, auto-
immune reactivities [18]. Strategies to reduce mispairing
include the introduction of cysteine residues in constant
domains that result in a novel disulfide bond to facilitate
pairing of the exogenous TCR chains [19-22]. There is
some evidence that the cysteines do not fully eliminate
mispairing [23]. Voss and colleagues addressed the issue
of TCR mispairing by transducing a single-chain Va-
linker-VBCP to pair with a free Ca domain via introduced
disulfide bond, which assembled with normal CD3 chains
and signaled functionally in T cells [24]. Our previous
results have shown that such CB-containing constructs also
have potential to mispair as the energy of dimer association
is driven largely by C:C region interactions [23]. Finally,
while there is strong evidence that TCRs with higher affin-
ity for a class I pepMHC antigen can mediate enhanced
effectiveness of CD4 T cell responses because the TCRs
are “CD8 independent” [25-27], some of these TCRs also
cross-react with self-peptides in a CD8-dependent process;
these can lead to self-reactive CD8 T cells [28] or to com-
plete deletion of the CD8 T cells [29, 30].

Early studies with CARs have shown significant effi-
cacy in controlling B cell malignancies in patients [7, §]. In
these studies, use of an anti-CD19 scFv as a targeting ele-
ment in CAR-transduced T cells mediated reduction, and in
some cases elimination, of chronic lymphocytic leukemias.
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Although there is evidence that some CAR-transduced T
cells are more sensitive to cell surface antigens when com-
pared to a soluble bispecific antibody with the same scFv
[31], the sensitivity may not be as important for CARs as
for TCRs, as CARs typically target highly overexpressed,
cell surface proteins. In addition, there are no problems asso-
ciated with pairing of the variable domains in a CAR with
endogenous chains of the aff TCR. One disadvantage of typi-
cal CARs is that by not targeting pepMHC antigens, there
are no opportunities for cross-presentation on tumor stroma,
which could facilitate destruction of stroma in solid tumors.

Here, we have incorporated several of the advantages of
these two receptor strategies by designing a novel format
we refer to as the TCR-SCS (T cell receptor single-chain
signaling) construct. TCR-SCS consists of a single-chain
TCR variable domain fusion (Va-linker-Vp or Vf-linker-
Va), linked to a transmembrane region, followed by intra-
cellular signaling domains, in one polypeptide chain. In
this work, we have used a model system involving the
high-affinity TCR called m33 (K, value of 30 nM, [28])
that is specific for the SIYRYYGL (SIY) peptide bound to
murine MHC H2-K®. The TCR-SCS format has the advan-
tage of binding to intracellular or cross-presented peptide—
MHC epitopes, while eliminating possible mispairing with
endogenous TCR chains [23]. We show that m33 TCR-SCS
was expressed at high levels on both CD4 and CD8 T cells,
and directed specific, polyfunctional responses in trans-
duced T cells. Interestingly, while the TCR-SCS was less
sensitive than full-length TCR to the agonist peptide, it was
more sensitive to agonists that bind weakly to the MHC
(albeit at high densities of surface antigen). Furthermore,
the TCR-SCS mediated in vivo anti-tumor responses and
tumor control when transduced into CD4 or CD8 T cells.
The adoptively transferred T cells also greatly reduced the
number of lung lesions in a metastatic B16 tumor model.
Finally, the T cells persisted in vivo and responded to spe-
cific target antigen with a polyfunctional response.

Materials and Methods
Antibodies, proteins, and peptides

Anti-mouse H2-K® antibody (B.8.24.3), anti-mouse Vbeta
8 (F23.2), and anti-mouse CD3 epsilon (145-2C11 [32])
were purified from hybridoma supernatant using protein A
resin. SIY (SIYRYYGL) peptide was synthesized by the
Macromolecular Core Facility of the Section of Research
Sources, Penn State College of Medicine. Peptides were
purified by reverse phase chromatography, and masses
were confirmed by MALDI. Quantification by amino acid
analysis was performed at the Molecular Structure Facility,
University of California, Davis.
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Soluble, single-chain TCR m67 [28] was produced as
previously described [33] in E. coli as inclusion bodies,
refolded, and biotinylated for specific detection of SIY/
K complexes on the surface of tumor cells. Bound, bioti-
nylated m67 was detected using streptavidin Alexa 647
(Molecular Probes, Life Technologies).

In vivo biotinylated H2-K® H chain [33] and human B2
microglobulin were expressed separately in E. coli as inclu-
sion bodies, solubilized in urea, and refolded with excess
SIY peptide as described previously [34]. Folded SIY/K®
complexes were purified by anion exchange using HiTrap
Q columns (GE Healthcare). For incorporation into SA oli-
gomers, phycoerythrin-labeled SA (BD Biosciences) was
added stepwise to biotinylated SIY/K® in aliquots on ice
over 20 min to a 1:4 (SA to MHC) final molar ratio.

Mice and cell lines

C57BL/6 and C57BL/6Ragl ™'~ mice were purchased from
Jackson Laboratory, and colonies were maintained in ani-
mal facilities at the University of Illinois. Mice were used
at 2-5 months of age. All animal studies were approved by
the Institutional Animal Care and Use Committee at the
University of Illinois. Murine melanoma B16-F10 cells
were purchased from ATCC. B16-SIY was derived from
B16-F10 cells engineered to express green fluorescent
protein (GFP) as a fusion protein with STYRYYGL (SIY)
[35, 36]. T2-K® is a TAP-deficient lymphoblastoid cell
line transfected with mouse K®. Cell lines were cultured at
37 °C and 5 % CO, in complete RPMI 1640 medium (con-
taining HEPES, 10 % FBS, L-glutamine, 2-ME, penicillin,
and streptomycin).

T cell transduction

Platinum-E (Plat-E) retroviral packaging cells were trans-
fected with m33, m33 or 2C Y46f TCR library [37], or
m33 TCR-SCS genes cloned into pMP71 (or no DNA for
“mock”) as described [23, 29, 30]. Viral supernatants were
harvested 48 h after transfection, 0.45-pm filtered, and
50 pL Lipofectamine 2000 (Life Technologies) was added
per 6 mL. For transductions, CD8, CD4, or total T spleno-
cytes from C57BL/6 mice were negatively selected using
mouse CD8a+ or CD4+ T Cell Isolation Kit II (MACS
Miltenyi Biotec) or Dynabeads Untouched Mouse T Cells
Kit (Dynal, Life Technologies) and activated with anti-CD3/
anti-CD28 Mouse T-activator Dynabeads (Dynal, Life Tech-
nologies) and 30 U/mL of recombinant mouse IL-2 (Roche)
for 24 h. Dynabeads were removed, and cells were trans-
ferred into a 24-well plate coated with Retronectin at 15 g/
mL (Takara). 10° T cells in 1 mL of T cell media were
mixed with 1 mL sterile viral supernatant and 60 U of IL-2

per well. Plates were centrifuged at 2,000 rpm at 30 °C for
1 h, and cells were incubated at 37 °C and 5 % CO.,.

For T cell hybridoma transductions, 58/~ T cell hybri-
doma cells (10% in 1 mL of T cell media were mixed with
1 mL sterile viral supernatant. Plates were centrifuged at
2,000 rpm at 30 °C for 1 h, and cells were incubated for
48 h at 37 °C and 5 % CO,. To enrich for the transduced
positive population, cells were stained with SIY/K® and
sorted using a FACS Aria (BD Biosciences).

Subcutaneous tumor inoculation, treatment,
and characterization

B16-SIY melanoma cells were harvested and washed twice
with Hanks’ balanced salt solution (HBSS, Cellgro Medi-
atech Inc). Shaved, Rag]’/ ~ mice received 10° tumor cells
subcutaneously into the right flank while under isoflurane
(Baxter) inhalation anesthesia. For adoptive T cell transfer,
7-10 x 10° mock-transduced, TCR-transduced, or TCR-
SCS transduced T cells harvested from 24-well plates and
washed twice with HBSS were injected in the tail vein of
mice 5 days after tumor inoculation. Tumor growth was
monitored by measuring tumor length and width with
calipers every 2 days. Tumor volume was estimated as
(length x (width)?)/2.

For detection of antigen expression in subcutaneous
tumors [30], implanted B16-SIY melanoma tumors were
harvested, sectioned, and incubated with 300 Collagenase
Digestion U/mL (Sigma-Aldrich) and 1 mg/mL Dispase
(Roche) for 40 min at 37 °C. After incubation, 0.002 MU/
mL DNase (Calbiochem) was added for further dissocia-
tion using gentleMACS Dissociator (Miltenyi Biotec). Cell
suspensions were pipetted through 100-pum filters and were
cultured for 4-6 days alongside parental B16-F10 and B16-
SIY cell lines. All cell lines were treated with 10 ng/mL
IFN-y overnight prior to evaluation by flow cytometry.

Metastatic melanoma model

B16-SIY melanoma cells were harvested and washed
twice with HBSS (Cellgro Mediatech Inc). Ragl ~/~ mice
received 1 x 10° tumor cells injected into the tail vein.
For adoptive T cell transfer, 5-10 x 10° mock-transduced,
TCR-transduced, or TCR-SCS transduced T cells harvested
and washed twice with HBSS were injected in the tail vein
of mice either at the same time, or 7 days after tumor cell
injection. Mice were monitored for weight and health and
were killed after 2 weeks when T cells were delivered
simultaneously with tumor cells, or were killed when they
exhibited severe hunching, lack of mobility, or weight loss
greater than 25 % of their initial weights. Mice were dis-
sected, and lung nodules were quantitated or characterized.
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In vitro T cell stimulation and cytokine detection

Splenocytes from mice that had received adoptive T cell
transfer treatment were isolated from mice and incubated
overnight (18-24 h) in a 96-well plate with T cell media
alone, immobilized anti-CD3 antibody, B16-SIY tumor
cells, parental B16-F10 tumor cells, or 10 wM SIY peptide.
After incubation, media supernatants were harvested and
analyzed for IFN-y by ELISA Ready-SET-Go! Kit (eBio-
science), or for a panel of cytokines including IFN-y, IL-2,
IL-4, IL-6, IL-10, IL-15, IL-17, and TNF-a by magnetic
bead-based MILLIPLEX MAP assay kit (Millipore) using
a Bio-Rad Bio-Plex Cytometric Bead Analyzer.

For IL-2 release by 58~ T cell hybridomas, cells
(7.5 x 10% were incubated with SIY alanine mutants or
OVA peptide loaded T2-K® (7.5 x 10*) for 24 h at 37 °C in
a final volume of 200 pL in 96-well plates. For IL-2 detec-
tion, 96-well plates were coated with 2.5 pug/mL anti-murine
IL-2 (BD Pharmingen) in 0.1 M Na,HPO, (pH = 9.0), and
IL-2 in supernatants was detected with 6.7 pug/mL bioti-
nylated anti-murine IL-2 (BD Pharmingen), followed by a
1:10,000 dilution of streptavidin-HRP (BD Pharmingen),
and, finally, TMB substrate (KPL). Absorbance at 450 nm
was measured with an EL,800 universal plate reader (Bio-
Tek Instruments).

Statistical analysis

Survival data were analyzed by a log-rank test, with a cri-
terion of 1,000 mm?>. Lung metastasis data were analyzed
by Student’s ¢ test. Graphpad Prism software was used for
analyses.

Results
Expression of high-affinity TCR-SCS in primary T cells

The high-affinity (30 nM K;) TCR m33 [28], specific for
H2-K® presenting the SIY peptide (SIY/K®), was used as
the specific targeting element in two T cell-directing recep-
tors: (1) a standard, full-length T cell receptor (TCR),
consisting of VB-CP and Va-Ca sequences separated by
a self-cleaving P2A sequence and containing the extra
cysteines in the C regions (Fig. 1a); and (2) a TCR-SCS,
consisting of a single polypeptide chain with m33Va and
VB sequences joined by a flexible linker, the CD8 hinge
region, the CD28 transmembrane region, and intracellular
CD28 and CD3¢ signaling domains (Fig. 1b, [23]). Genes
encoding each m33 construct were cloned into the retrovi-
ral vector, pMP71 [38].

Both the m33 TCR and the m33 TCR-SCS were trans-
duced separately into ex vivo activated CD4 and CDS
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murine T cells from C57BL/6 mice and compared with
mock-transduced T cells where the retroviral vector was
omitted. In mock-transduced cells, approximately 10-20 %
of T cells expressed the endogenous VB8 TCR segment
in both CD4 and CD8 populations; this proportion was
increased to 60—75 % when either the m33 TCR or the m33
TCR-SCS gene was transduced (Fig. 1c, d). When the T
cells were stained with SIY/K® streptavidin-linked tetram-
ers, no staining was observed with mock T cells, but the
majority (60 to >80 %) of m33 TCR-transduced and m33
TCR-SCS-transduced T cells were stained. The enhanced
affinity of the m33 TCR allows efficient staining with sol-
uble SIY/K® tetramer even in CD4 T cells as it does not
require CD8 for binding or activity [25, 28]. The surface
levels of the TCR-SCS construct were twofold to fivefold
higher than the conventional aff TCR on the transduced
C57BL/6 T cells, consistent with our previous studies using
the ap-negative T cell hybridoma 58/~ [23]. This finding
supports the view that expression of the TCR-SCS con-
struct is not limited by endogenous levels of CD3 subunits,
as would be the case for the aff TCR.

TCR-SCS receptors show activity and specificity in CD4
and CD8 T cells

To evaluate the function of the m33 TCR and m33 TCR-
SCS receptors, T cells were stimulated in vitro by T2-KP
cells loaded with various concentrations of the SIY pep-
tide. T cell activation was examined by the amount of
IFN-vy secreted into supernatants. CD4 T cells expressing
full-length m33 TCR exhibited an SDs, of approximately
0.2 pM SIY peptide, while CD4 T cells expressing the m33
TCR-SCS required about tenfold more, or 2 pM, for equiv-
alent IFN-y secretion (Fig. 1e). By contrast, m33 TCR-SCS
expressed in CD8 T cells could detect lower levels of SIY
peptide (SDs, ~0.3 pM, Fig. 1f). CD8 T cells that expressed
full-length m33 TCR were stimulated even in the absence
of SIY peptide (Fig. 1f), as has been shown previously [37].
This is likely due to self-pep/K® reactivity (T cell/T cell)
that occurs with the m33 TCR, as first observed in CD8* T
cell hybridomas [28]. Importantly, the TCR-SCS construct
completely avoids this self-reactivity in CD8 T cells, prob-
ably because the CD8 molecule is unable to synergize with
the m33 single-chain complex in recognition of self-pep/K®
complexes.

TCR-SCS receptors trigger polyfunctional responses
to STY/K®

As the TCR-SCS receptor differs in its signaling com-
plex compared to a conventional full-length TCR/CD3
complex, we examined the cytokine secretion profiles of
CD4" T cells transduced with m33 TCR-SCS compared
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Fig. 1 High-affinity receptor expressed as a full-length TCR or a
TCR single-chain signaling construct (TCR-SCS). a, b The m33 TCR
was cloned into the retroviral vector pMP71 as a full-length alpha—
beta TCR (a), or a TCR-SCS containing the single-chain TCR vari-
able domain fragment (scTv), followed in frame with a CD8 hinge
region, CD28 transmembrane region, and intracellular signaling
domains of CD28 and CD3zeta (b). ¢, d Expression of the VB8 TCR

to full-length m33. T2-K" cells were used as antigen-pre-
senting cells at various concentrations of SIY peptide, and
culture supernatants were assayed for the cytokines IFN-vy,
IL-2, IL-4, IL-6, IL-10, and TNF-a. As shown in Fig. 2,
all six of the cytokines were secreted by CD4" T cells
transduced with either the full-length TCR or TCR-SCS,
indicating that both receptors mediated polyfunctional
responses. However, as with IFN-y, in each case, the full-
length TCR was 10-50-fold more sensitive to SIY peptide.
The sensitivity of the cytokine responses varied, with the
order of decreasing sensitivity to SIY peptide as follows:
IFN-y > IL-4 > IL-10 > IL-2 > TNF-a > IL-6.

To verify that the difference in sensitivity between the
full-length TCR and the TCR-SCS was not due to an unex-
pected difference in affinity of the m33-binding site, we
titrated both forms with monomeric SIY/K" (biotinylated)
and detected the bound form with SA-PE. The binding
curves for the two forms were essentially identical (Sup-
plementary Figure 1).

Analysis of TCR-SCS fine specificity
In addition to the H2-K’-restricted agonist peptide SIY

for m33, it has been shown previously that CD8™ T cells
expressing m33 are stimulated by the structurally similar

102 10° 10¢ 105 10 107102 10° 10¢ 105 106102 108 10¢ 105 108 107102 105 10¢ 105 108
Anti-Vp8

10-16 10-14 10-12 10-10

SIY/KP tetramer Conc. SIY peptide (M)

domain and binding of target STY/K® MHC tetramers after mock,
m33 TCR, or m33 TCR-SCS transduction into CD4 T cells (¢) or
CD8 T cells (d). e, f In vitro IFN-y released into the supernatants
(measured by ELISA) from mock, m33 TCR, or m33 TCR-SCS-
transduced CD4 (e) or CD8 () T cells stimulated with T2-K" antigen-
presenting cells and various amounts of the SIY peptide

self-peptide called dEVS8 [28]. As with reactivity of CD8"
T cells to self-peptides on H-2° targets, reactivity to exog-
enously added dEV8 was not observed in the absence
of CD8, for example, with CD4" T cells [39]. Thus, our
expectation was that neither full-length m33 TCR nor the
m33 TCR-SCS would mediate activity to dEV8. Surpris-
ingly, when a high concentration of dEV8 (100 wM) was
co-incubated with T2-K® and CD4™" T cells transduced with
m33 TCR-SCS (open bars) but not full-length m33 (solid
bars), the cells responded by secreting all the cytokines
tested (IFN-y and IL-6 shown, Fig. 3a). The level of secre-
tion was at levels similar to the positive control stimulus,
immobilized anti-CD?3 antibody. It is important to note that
the level of dEVS8/K® complexes on the target cells when
incubated with this high concentration of exogenous dEVS
are no doubt orders of magnitude higher than the endog-
enous levels of dEVS8/K®.

To further investigate this unexpected behavior of m33
TCR-SCS, we utilized the TCR- and CD8-negative T cell
hybridoma line, 58 /=, in which the CD8 dependence of
dEVS recognition by m33 was originally characterized
[28, 39]. Both full-length m33 TCR and m33 TCR-SCS
were transduced separately into this cell line (Fig. 3b). As
expected, the murine TCR CB domain was detected only
on the full-length TCR (left panel, black trace), whereas
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both TCR (black) and TCR-SCS (red) transduced cells
were able to bind to SIY/K® tetramers (right panel). How-
ever, the TCR-SCS was expressed at a considerably higher
density (~40-fold) than the full-length TCR, consistent
with previous results [23]. As with the transduced CD4" T
cells (Fig. 3a), the co-receptor negative 58/~ T cells trans-
duced with m33 TCR-SCS were stimulated by high levels
of dEVS peptide, whereas the m33 TCR-transduced 58/~
T cells were not (Fig. 3c). The finding of dEVS8 reactivity
with the m33 TCR-SCS is additionally surprising given
that the affinity of m33 for dEV8/K® is quite low, over
1,000-fold below that of m33 for STY/K® [28].

This “reversal” of sensitivity to the strong agonist, SIY,
versus the weak, CD8-dependent agonist dEVS, prompted
us to further investigate the fine specificity of the two
m33 receptors using an alanine scan of the SIY peptide
(Fig. 3d). The specificity of the full-length m33 TCR (black
bars) was similar to that observed previously with the 2C
TCR and a related high-affinity TCR called m67 [40]. For
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seven of the alanine variants, the relative sensitivity and
fine specificity of the m33 TCR-SCS was quite similar to
the full-length m33. However, there were two alanine vari-
ants (Y5SA and L8A) where there was a very significant dif-
ference between m33 full-length TCR and TCR-SCS. The
TCR-SCS was about 10- to 100-fold more sensitive to SIY
YS5A (Fig. 3e) and SIY L8A (Fig. 3f) compared to the full-
length TCR. Thus, these two peptides behaved more like
dEV8 in that the TCR-SCS was stimulated more effectively
that the TCR.

Interestingly, both Y5 and L8 of SIY represent key K°
anchor residues and point directly into the MHC bind-
ing groove, rather than toward the TCR interface (Fig. 3g,
blue residues) [41]. Accordingly, the alanine substitutions
of these two residues have the most significant impact on
K® binding, yet the complexes are able to bind to the TCR
as well as the wild-type SIY peptide [40]. Thus, the m33
TCR binds to dEV8/K® with about 1,000-fold lower affinity
than these two peptide/K® complexes. Despite these wide
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Fig. 3 Fine specificity of m33 TCR-SCS. a CD4 T cells were trans-
duced with m33 TCR (black bars) or m33 TCR-SCS (open bars) and
incubated with either T2-K® cells with 100 mM dEV8 peptide, immo-
bilized anti-CD3 antibody, or no added stimulus. Cytokine secretion
(shown are IFN-y and IL-6) was measured by flow cytometry with
a mulitplexed bead assay. b: Transduction of m33 TCR and m33
TCR-SCS into the TCR and co-receptor negative murine T cell hybri-
doma, 587/ Staining of untransduced (gray, filled), m33 TCR (black
trace), or m33 TCR-SCS (red trace) cells is shown for expression of
TCR CB (left panel) and SIY/K® tetramer (right panel). ¢ Activation
of transduced 58/~ cells with various concentrations of dEVS pep-

differences in affinity, the TCR-SCS form of the receptor
is stimulated more effectively than full-length TCR by each
of these peptides, suggesting a distinct mechanism of action
between conventional TCRs and the single-chain form
inherent in the TCR-SCS (and CARs; see “Discussion”).

TCR-SCS receptors show in vivo activity
against SI'Y-bearing tumors

Transduced m33 TCR-SCS T cells were tested for ability
to control STY/K®* tumors in RAG ™/~ mice implanted sub-
cutaneously with the murine melanoma line B16-SIY. Five
days later, mice were treated intravenously with 7-9 x 100
mock, m33 TCR, or m33 TCR-SCS transduced CD4 or

tide. IL-2 secretion is shown for m33 TCR (triangles) and m33 TCR-
SCS (squares). d, f Stimulation of 58/~ transductants with alanine
variants of the agonist SIY peptide. d SDs, values for alanine sub-
stitutions at each position of the SIY peptide for IL-2 secretion from
58~ with m33 TCR (black bars) and m33 TCR-SCS (open bars). e,
f Stimulation of m33 TCR (triangles) and m33 TCR-SCS (squares)
with titrations of e SIY Y5A and f SIY L8A. g View of the SIY pep-
tide (orange) bound in the H2-K® (pale green) binding groove. Resi-
dues Y5 and L8 are highlighted in blue. Structural information was
obtained from PDB ID 1G6R [41]

CD8 T cells. Both CD4 and CD8 T cells expressing the
m33 TCR-SCS were able to delay tumor outgrowth sig-
nificantly, compared to mock-transduced T cells (p < 0.01,
Fig. 4a).

To compare the extent of tumor control, the times
required for tumors to reach 1,000 mm?> were determined
for each treatment regimen (Fig. 4b). In CD8 T cells, the
m33 TCR-SCS significantly delayed the time that it took
tumors to reach 1,000 mm?> (p < 0.01), while in CD4 T
cells, time to outgrowth was delayed even longer, signifi-
cantly longer than CD8 T cells (p < 0.05). By contrast, CD8
T cells expressing full-length m33 TCR do not significantly
delay B16-SIY tumor outgrowth (Fig. 4a, b) as these high-
affinity CD8 T cells are deleted rapidly in the periphery
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Fig. 4 In vivo activity of T cells transduced with m33 TCR-SCS. a
B16-SIY tumor outgrowth in RAG™~ mice with 5 day established
tumors. Treatment by intravenous injection with mock-transduced
CDS8 T cells (gray, filled circles, solid lines), mock-transduced CD4
T cells (gray, open circles, dashed line), m33 TCR-transduced CD8
T cells (black X’s, solid lines), m33 TCR-transduced CD4 T cells
(black X’s, dashed lines), m33 TCR-SCS transduced CD8 T cells
(black, filled squares, solid lines), or m33 TCR-SCS transduced
CD4 T cells (black, open squares, dashed lines). Individual mice
are shown. b For each treatment group of four mice (except the m33
TCR-transduced CD8 cells, where n = 2), the average time for the
subcutaneous B16-SIY tumor to reach 1,000 mm?® is shown. Error
bars represent standard error. Treatment with m33 TCR-SCS in CD8
T cells significantly delayed (p < 0.01) tumor outgrowth compared
with m33 TCR in CD8 T cells. Treatment with m33 TCR-SCS trans-

[29, 30, 37]. A significant advantage of TCR-SCS, com-
pared to full-length TCR, is that both CD8 and CD4 T cells
maintained specificity, activity, and persistence. One ani-
mal that received mock-transduced CD8 T cells was able
to effect late control of the B16-SIY tumor (Fig. 4a), and
temporary regression has been seen previously in about
50 % of mock-transduced CD8 T cell recipients [30]. As
suggested previously, we believe some of the mock-trans-
duced T cell preparations contain a sufficient repertoire of
T cells with endogenous TCRs that are able to generate a
class I-restricted tumor response.
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duced CD4 cells significantly delayed (p < 0.05) tumor outgrowth
compared with m33 TCR-SCS in CD8 T cells. ¢, d Phenotype of
tumor outgrowths after treatment with m33 TCR-SCS-transduced
T cells. ¢ RAG™~ mice carrying 5-day-old B16-SIY subcutaneous
tumors were treated intravenously with saline (black, open symbols),
mock-transduced CD4 and CDS8 T cells (gray, filled symbols), or m33
TCR-SCS transduced CD4 and CDS8 T cells (black, filled symbols).
Individual mice are shown. Tumor outgrowth to 1,000 mm® was sig-
nificantly delayed (p < 0.01) for m33 TCR-SCS-transduced T cells
compared with mock-transduced T cells. ¢ The tumors from three
mice treated with m33 TCR-SCS-transduced T cells were re-isolated,
briefly adapted to culture, and compared with the stock B16-SIY and
parental B16-F10 cell lines. All cells were incubated overnight with
10 ng/mL IFN-y. Cells were stained for total H2-K® levels (left pan-
els) and for the specific complex SIY/K® (right panels)

Tumor outgrowths from m33 TCR-SCS-treated mice are
antigen-loss variants

Since complete elimination of tumors after treatment
with T cells expressing the m33 TCR-SCS did not occur,
we examined whether tumors from treated mice had lost
the antigen SIY/K®. In this experiment, B16-SIY tumors
were inoculated in RAG™~ mice, and 5 days later, mice
were treated with saline only, 8 X 10° mock-transduced
total T cells (CD4 and CD8), or 8 x 10° m33 TCR-SCS-
transduced total T cells. In saline-only-treated mice,
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tumors rapidly grew to the size where mice had to be killed
(Fig. 4c). When mice were treated with mock-transduced T
cells, one mouse experienced essentially unchanged tumor
growth compared with saline only, while one mouse expe-
rienced a brief, late regression of the tumor, followed by
continued outgrowth. As indicated above, this is consist-
ent with previous results where mock-transduced CD8 T
cells can effect this temporary, late regression of B16-SIY
tumors in about 50 % of treated mice [30]. As with mice
treated with separated CD4 or CD8 T cells, mice treated
with total T cells transduced with m33 TCR-SCS exhibited
a significant delay in tumor outgrowth, in which tumors
reached 1,000 mm® 26-30 days after the control tumors
(p < 0.01 compared to mice treated with mock-transfected
T cells, Fig. 4c).

Tumors that recurred in the three mice treated with m33
TCR-SCS T cells were isolated and re-adapted to culture.
Once sufficient numbers of cells were reached (4-6 days
after isolation, prior to passaging), cells were incubated
overnight with 10 ng/mL IFN-y and then analyzed by flow
cytometry. H2-K® levels were examined with an anti-K®
antibody, and nearly identical levels were found for each
tumor, and the B16-SIY and parental B16-F10 (SIY-nega-
tive) cells (Fig. 4d, left panels). The levels of specific anti-
gen, SIY/K®, in tumor outgrowths were measured with a
soluble, high-affinity single-chain TCR m67 [33]. In con-
trast to total K levels, SIY/K® was undetectable on any of
the three tumor outgrowths, which resembled the parental,
SIY-negative B16-F10 cells, whereas significant levels were
detected on the original B16-SIY line that was implanted
(Fig. 4d, right panels). Tumors that developed in the saline
and mock-treated mice were also removed, adapted to
culture, and examined for levels of SIY/KP. Consistent
with the absence of immune-driven selection, SIY/K® was
detected on these tumors (Supplementary Figure 2). This is
also consistent with previous analysis of B16-SIY tumors
from mice treated with saline or mock-transduced T cells
that showed retention of the SIY epitope in the absence of
SIY-specific T cells [42]. Thus, outgrowth of antigen-loss
variant tumors accounted for the re-occurrence of tumors in
m33 TCR-SCS-treated mice.

TCR-SCS receptors are an effective treatment in a model
of metastatic melanoma

Given the effectiveness of m33 TCR-SCS receptor in
destroying antigen-bearing solid tumors, we further tested
the approach in a model of metastatic melanoma. In initial
experiments, 1 x 10° B16-SIY cells were co-injected intra-
venously with saline, 8 x 10° mock-transduced T cells,
9 x 10° T cells transduced with full-length 2C or m33
TCR libraries [37], or 7 x 10° m33 TCR-SCS-transduced
T cells. Total T cells (CD4 and CD8) were transduced with

each construct. The full-length TCR libraries were used for
transduction instead of unmodified, full-length m33 TCR
because CD8 T cells do not persist with the high-affinity
TCR, whereas CD8 T cells persist and control subcutane-
ous tumors with most of the TCRs in the libraries [37].
After 14 days, mice were killed, and lungs were examined
for metastatic nodules. An example of the appearance of
lungs from controls and m33 TCR-SCS-treated mice is
shown in Fig. 5a. Nodules on the lungs of each mouse (two
per group) were quantitated, showing an average of over
200/mouse in saline-only mice, 100/mouse when treated
with mock-transduced cells, and under 10/mouse when
treated with full-length TCRs or m33 TCR-SCS-transduced
T cells (p < 0.05 for treated compared to controls, Fig. 5b).
The result indicated that specific, transduced T cells were
able to dramatically reduce the number of melanoma nod-
ules when co-injected with B16-SIY tumor cells.

As a more stringent test of efficacy, we waited seven
days after tumor cell injection to treat mice with T cells.
By this time, tumor cells have already migrated to the lung
where they have begun to form nodules. In this experi-
ment, 1 x 10° B16-SIY melanoma cells were injected
intravenously, and treatments with saline (n = 4), mock-
transduced (n = 4), or m33 TCR-SCS-transduced (n = 5)
total T cells were administered seven days later. Mice were
monitored for weight and general health and killed when
they exhibited severe hunching, lack of mobility, or weight
loss greater than 25 % of initial weight. The weights of
mice were plotted over the time course of the experiment
(Fig. 5c), and overall survival was determined (Fig. 5d).
Average survival times for different treatment groups were
24 =+ 1 days for saline-treated, 26 & 4 days for mock-trans-
duced T cell-treated, and 55 + 5 days for m33 TCR-SCS
T cell-treated mice (p < 0.01 for m33 TCR-SCS compared
to mock). All mice contained metastatic nodules in their
lungs at kill, although m33 TCR-SCS-treated mice had
fewer, large nodules as opposed to numerous smaller nod-
ules observed in saline- and mock-treated mice. This find-
ing is consistent with a rapid destruction of the majority
of tumor cells in m33 TCR-SCS-treated mice, allowing a
fewer number of antigen-loss variant tumors to persist and
develop into lung nodules.

Functional, antigen-specific TCR-SCS cells persist
in treated mice

While antigen-loss variants appear to be responsible for
outgrowths of subcutaneous tumors, and possibly lung nod-
ules, it is also possible that m33 TCR-SCS T cells had acted
rapidly and then either disappeared, or somehow become
tolerized. To evaluate this, specific functional responses
were tested in splenocytes of treated, tumor-bearing mice.
First, splenocytes were isolated from mock- and m33
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Fig. 5 High-affinity m33 TCR-SCS-transduced T cells are effec- »

tive at reducing lung tumors in a model of metastatic melanoma. a
RAG™~ mice (2 per group) were co-injected intravenously with
1 x 10° B16-SIY cells and treatment consisting of saline, mock-
transduced T cells, 2C TCR YP46 library-transduced T cells, m33
TCR Y46 library-transduced T cells, or m33 TCR-SCS-transduced
T cells. Mice were killed 14 days later, and lungs were evaluated
for metastatic nodules. Representative lung images from the saline,
mock, and m33 TCR-SCS group are shown. b Lung nodules were
enumerated from each group. Error bars represent standard error.
A number of nodules on lungs treated with TCR or m33 TCR-SCS
transduced T cells were significantly reduced compared with those
treated with mock-transduced T cells (p < 0.05). ¢ RAG™~ mice
were injected intravenously with 1 x 10° B16-SIY cells on day 0, and
treatment consisting of saline, mock-transduced T cells, or m33 TCR-
SCS-transduced T cells was delivered on day 7 via tail vein. Weights
were monitored for each mouse over time. d Kaplan—Meier survival
plot for mice with treatment on day 7. Survival was significantly
extended for mice treated with m33 TCR-SCS transduced T cells
(p < 0.01 for m33 TCR-SCS compared to mock)

TCR-SCS-treated mice killed on day 14 (shown in Fig. Sa,
b). Splenocytes were incubated overnight in culture with
media alone, immobilized anti-CD3 antibody, or 10 pM
SIY peptide. Supernatants were then assayed for various
cytokines using Luminex beads (Fig. 6a). There was no sig-
nificant cytokine release without added stimuli (gray bars),
whereas splenocytes from both mock and m33 TCR-SCS
mice secreted a variety of cytokines in response to immo-
bilized anti-CD3 (white bars). However, only the m33
TCR-SCS-transduced cells, and not mock-transduced cells,
secreted cytokines in response to SIY peptide (Fig. 6a, red
bars). Significant levels of IFN-y, IL-2, IL-4, IL-6, IL-17,
and TNF-a were observed, constituting a substantial poly-
functional response.

In order to assess even longer-term persistence of func-
tional m33 TCR-SCS T cells, splenocytes were isolated
from two of the long-term surviving, subcutaneous B16-
SIY tumor-bearing mice 42 days after T cell injection
(Fig. 4c, filled, black symbols). Splenocytes from these
mice were incubated overnight in culture with media alone,
immobilized anti-CD3, or cultured B16-F10 parental or
B16-SIY melanoma cells. Significant, specific responses
were observed against B16-SIY, but not B16-F10 cells, as
measured by IFN-y released into the supernatant (Fig. 6b).
These results suggest that m33 TCR-SCS cells persisted
and could continue surveillance for an extended period in
vivo.

Discussion
The results presented here show that the T cell recep-
tor single-chain signaling (TCR-SCS) format, with engi-

neered, high-affinity TCRs as a single-chain, is effective
in vitro and in vivo. The TCR-SCS, which combines some
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of the advantages of both TCRs and CARs, was functional
and specific in both CD4 and CDS8 T cells. This contrasts
with high-affinity, full-length m33 TCR, which in CD8 T
cells exhibited SIY/K -independent activity in vitro, lead-
ing to rapid deletion in vivo [29, 30, 37]. It is thought that
the latter is due to cooperation between CD8 co-receptor
and m33 TCR, which binds in a CD8-dependent manner
to a self-peptide called dEVS that is restricted by H2-K°
and expressed by most mouse cells [28, 43, 44]. Inter-
estingly, in the present report, CD4 T cells with the m33
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Fig. 6 Adoptive cell therapy with m33 TCR-SCS T cells leads to
long-term persistence of specific, functional T cells. a RAG™'~ mice
(2 per group) were co-injected intravenously with 1 x 10® B16-SIY
cells and either mock-transduced T cells, or m33 TCR-SCS-trans-
duced T cells. Mice were killed 14 days later, and splenocytes were
incubated overnight in culture with media alone (gray bars), immo-
bilized anti-CD3 antibody (white bars), or 10 mM SIY peptide (red
bars). Culture supernatants were analyzed for the indicated cytokines

TCR-SCS were stimulated by high concentrations of exog-
enous dEVS, yet T cells expressing this receptor were not
stimulated in vitro by endogenous self-peptides and the
cells were able to persist in vivo, with no evidence of graft-
versus-host-type reactions. Thus, the m33 TCR-SCS form
retained the ability of m33 to drive activity of CD4 T cells,
but also allowed CD8 T cells to persist and function in
mice.

The targeting element used in this construct is derived
from the high-affinity m33 TCR formatted as a single-
chain linked variable domain. It has been engineered by
directed evolution from the 2C TCR for increased affinity
(K4 30 nM) for its ligand, SIY/KP [28]. It is unlikely that
a wild-type affinity TCR (with K; values of 1-300 uM or
more, [45]) would be as effective since we have shown that
the wild-type TCR 2C exhibited much lower activity in the
TCR-SCS format [23]. Most TCR variable domains are dif-
ficult to express in this single-chain format [46] (although
three-domain single-chain TCRs containing a constant
domain have been used [24]), but human TCRs containing
the Valpha2 region are particularly stable and amenable to
engineering as single-chain fragments (Va-linker-Vf or
VB-linker-Va) [47, 48].

The TCR-SCS construct presented here includes CD28
and CD3t intracellular signaling domains (Fig. la, [23]),
analogous to some second-generation CARs [49]. Other
second-generation CARs with intracellular CD3¢ and

by multiplexed cytokine bead assay. b RAG™~ mice carrying 5-day-

old B16-SIY subcutaneous tumors were treated with m33 TCR-SCS-
transduced CD4 and CD8 T cells and injected intravenously. Sple-
nocytes were isolated 42 days after T cell injection and incubated
overnight with media alone, immobilized anti-CD3 antibody, paren-
tal B16-F10 cells, or B16-SIY cells. Supernatants were analyzed for
IFN-y release by ELISA

4-1BB signaling domains have been used clinically [7]
and shown improved persistence compared to the CD28-
containing CARs [50]. Although the TCR-SCS with CD28
and CD3¢ signaling domains used here showed persistence
beyond one month (Fig. 6), it remains to be seen if other
constructs will have improved activities and persistence.
For example, future studies can incorporate the 4-1BB
signaling domain in place of or in addition to the CD28
signaling domain into the TCR-SCS format. It will also be
useful to test the TCR-SCS in a system that can avoid anti-
gen-loss variants (Fig. 4d) and thus be able to more fully
address the functional correlates of TCR-SCS persistence.
The m33 full-length TCR, with an affinity of 30 nM for
SIY/K® [28, 34], responds to its target in CD4 or co-recep-
tor negative T cells [25]. Likewise, m33 TCR-SCS was
functional in CD4 or CDS8 T cells. However, while CARs
have been suggested to be co-receptor independent, there
does appear to be a slight sensitivity difference between
our m33 TCR-SCS receptor expressed in CD4 and CD8 T
cells, even when assaying the same cytokine as the activa-
tion marker (Fig. le,f). Since T2-K® cells in our assay are
murine class I MHC positive, but class I MHC negative,
they could be engaged by CDS, but not by CD4. It is pos-
sible that CD8 binding to class I MHC acted as a simple
adhesion interaction. If so, one would expect to see the
same effects with CARs, but to the best of our knowledge
this has not been reported. Alternatively, it is possible that
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ex vivo activated and transduced CD4 T cells are inher-
ently less sensitive to clustering of the TCR-SCS signaling
domains than are CD8 T cells [11, 12].

While the m33 TCR-SCS receptor was slightly less
sensitive to the agonist peptide SIY than full-length m33
TCR, the TCR-SCS unexpectedly showed a greater level of
sensitivity to exogenous self-peptide dEVS and the alanine
substituted variants YSA and L8A of SIY that represent
modifications of the peptide anchor residues (Fig. 3). The
importance of stable peptide binding to the MHC in order
to allow efficient TCR recognition is well known [51, 52].
It has been shown that dEVS binding to K® is much weaker
than SIY [39, 53]. Similarly, the SIY alanine variants Y5A
and L8A were 10- to 100-fold less capable of stabilizing K®
[40].

Thus, in the absence of CDS8, there is a distinct diver-
gence with regard to sensitivity of the conventional full-
length TCR versus the TCR-SCS format (which is analo-
gous to CARs). It appears that the former exhibited greater
sensitivity when the number of peptide/MHC complexes
was low and the TCR affinity was above a threshold (e.g.,
about 1 M, [34]), However, the TCR-SCS exhibited
greater sensitivity when the density of some peptide/MHC
complexes was high. We suggest that this apparent conun-
drum is associated with the considerably higher levels of
the TCR-SCS that can be achieved on T cells compared to
the levels of the conventional TCR/CD3. In fact, the lower
levels of TCR/CD3 may have in part evolved to maintain
exquisite selectivity.

The mechanistic basis of these findings remains to be
determined, but it is possible that the signaling domains
contained within a single polypeptide chain in the TCR-
SCS yield distinct kinetics of triggering that may be more
rapid than for a full-length TCR. Triggering through con-
ventional TCR/CD3 complexes may require more exten-
sive co-localization of co-receptors and/or co-stimulatory
molecules for productive signaling. This signaling may be
more efficient at low levels of agonist peptide/MHC as long
as the affinity of the TCR is above a particular threshold.
In contrast, the TCR-SCS stimulation was observed even
with low-affinity interactions with the ligand (e.g., m33
TCR has an affinity of about 60 pM for dEV8/KP). This
ability of the TCR-SCS to be stimulated by highly abun-
dant, but more transient or unstable targets than TCRs,
may well extend to traditional CARs. To our knowledge,
this behavior has not been reported in CARs (and, in fact,
the behavior was only observed here in a direct comparison
between full-length TCR and the related TCR-SCS specific
for the same ligands). Thus, unexpected, low-affinity cross-
reactive epitopes of some targets may be worth considering
in CAR-based therapies. In the present study, we postulate
that there were no in vitro or in vivo effects of the endog-
enous dEV8/K® complexes because the cell surface levels
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of these are well below that required to stimulate T cells
bearing the TCR-SCS (i.e., well below the levels achieved
with exogenous, synthetic dEV8 peptide at 10-100 pM;
Fig. 3c).

A primary advantage of the TCR-SCS construct, com-
pared to conventional CARs, is the ability to recognize
intracellular antigens presented as peptide-MHC com-
plexes in the same way as aff TCR on normal CD8 T cells.
This advantage could extend of course to CARs with scFv
fragments from TCR-like antibodies. Although there are
some challenges to isolating bonafide peptide-specific anti-
bodies against pepMHC ligands, recent advances, including
immunizations of MHC-transgenic mice, and phage display
techniques have improved these opportunities (reviewed in
[54]). TCR-like antibodies are not specifically evolved to
recognize peptide-MHC complexes and can dock in either
similar [55] or dissimilar [56] orientations to the canonical
diagonal docking angle of a TCR binding to an MHC [57].
It remains to be seen whether this will impact the peptide
specificity of this class of antibodies and whether this will
pose a potential problem given the enhanced sensitivity of
CAR formats [58], as well as full-length TCRs [2, 3], com-
pared to standard antibody-based drugs. In any case, isola-
tion of TCRs against many different pep/HLA complexes,
including the use of humanized TCR transgenic mice
[59], should provide a rich source of leads for engineering
improved affinities and formats of the TCR-SCS approach.
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