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Abstract
Background  The adoptive cell transfer (ACT) of T cell 
receptor (TCR)-engineered T cells targeting the HLA-A2-
restricted epitope NY-ESO-1

157-165 (A2/NY) has yielded 
important clinical responses against several cancers. A 
variety of approaches are being taken to augment tumor 
control by ACT including TCR affinity-optimization and T-
cell coengineering strategies to address the suppressive 
tumor microenvironment (TME). Most TCRs of clinical 
interest are evaluated in immunocompromised mice to 
enable human T-cell engraftment and do not recapitulate 
the dynamic interplay that occurs with endogenous 
immunity in a treated patient. A variety of humanized 
mouse models have been described but they have 
limitations in immune reconstitution and are technically 
challenging to implement. Here, we have developed a 
chimeric syngeneic tumor model in which A2Kb transgenic 
C57BL/6 mice are engrafted with B16 expressing A2Kb:NY 
as a single chain trimer (SCT) and treated by ACT with 
murine T cells expressing A2/NY TCRs comprising human 
variable fused to mouse constant regions.
Methods  We compared the function of a 
supraphysiological affinity A2/NY TCR (wtc51m), a 
computationally designed TCR in an optimal affinity range 
(DMβ), and a near non-binding TCR (V49I), engineered in 
both primary human and murine T cells by lentiviral and 
retroviral transduction, respectively. We evaluated a variety 
of strategies to stably express A2Kb:NY on the surface of 
mouse tumor cell lines including B16 melanoma, ultimately 
achieving success with an SCT comprising human β2m 
fused by GS linkers to both the NY-peptide and to α1 of 
the HLA complex. ACT studies were performed in B16-
A2Kb:NY tumor-bearing, non-preconditioned immune-
competent HLA-A*0201/H-2Kb (A2Kb) transgenic C57BL/6 
mice and tumors characterized post-transfer.
Results  We observed significantly improved function 
of DMβ-T cells as well as superior infiltration and tumor 
control upon ACT as compared to the control TCR-T cells. 
Moreover, with our chimeric syngeneic tumor model, we 
were able to track dynamic and favorable changes in the 
TME upon DMβ-T cell transfer.
Conclusions  We have developed a robust, simple, and 
inexpensive preclinical strategy for evaluating human 
TCRs in the context of a fully competent murine immune 
system that can aid in the development of coengineered 
TCR-T cells and combination treatments translated to the 
clinic.

Introduction
Tumors are frequently infiltrated by T 
lymphocytes (ie, tumor infiltrating T lympho-
cytes, TILs), and while many are nonreac-
tive bystanders,1 a proportion express T cell 
receptors (TCRs) specific for different types 
of tumor antigens, including cancer germ-
line and tissue differentiation antigens, 
antigens associated with transforming onco-
viruses, and mutation-derived neoantigens.2–4 
The adoptive transfer of ex vivo expanded 
TILs has demonstrated important clinical 
responses for a variety of cancers including 
melanoma,5–8 breast,9 lung,10 epithelial,11 
ovarian,12 and cervical,13 thus underlying a 
central role for T cells in tumor immunity. 
Notably, in February 2024, the Food and 
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Drug Administration (FDA) approved a TIL product 
for advanced melanoma, Lifileucel (Amtagvi), the first 
cellular therapy approved for a non-hematological solid 
tumor-type.14 However, TIL therapy faces important 
challenges, including that tumor-derived T cells can be 
in a highly exhausted/suppressed state and difficult to 
expand, or not present if the tumor is cold.15 Moreover, 
TCRs targeting ‘self’ tumor antigens may be of subop-
timal affinity due to thymic negative selection.16

To overcome these obstacles to TIL therapy, important 
research efforts have also been ongoing in the develop-
ment of TCR-engineered T cells17 and in August 2024 
the FDA approved a MAGE-A4-targeted TCR-T cell 
therapy for unresectable or metastatic synovial sarcoma, 
Afamitresgene Autoleucel (Tecelra), the first approved 
TCR gene therapy for a solid cancer.18 19 Nowadays, TCRs 
can be readily and stably introduced into T cells by a 
variety of viral20 and non-viral methods.21 Advantages 
are that TCRs having optimal binding properties can 
be preselected against defined targets and introduced 
into fit peripheral blood T cells, and potentially one day 
into universal donor T cells for off-the-shelf adoptive cell 
transfer (ACT).22

Briefly, TCRs are heterodimeric receptors comprising 
an α-chain and β-chain, each made up of a variable region 
and a membrane-proximal constant region. TCRs engage 
proteolytically derived antigenic peptides (p) presented 
on the target cell surface by human leucocyte antigen 
molecules (HLA), also known as the major histocompati-
bility complex (MHC). TCR contact with HLAp is largely 
mediated by the three complementary determining 
regions (CDRs 1–3) of the α-chain and β-chain variable 
regions. A productive TCR/HLAp encounter triggers a 
cascade of signaling events via the CD3 complex, culmi-
nating in different effector functions including IFN-γ 
production, proliferation, and target-cell killing by CD8+ 
T cells, for example.23 24

A variety of TCR specificities have been tested in the 
clinic for ACT of solid tumors.25 Of particular interest are 
TCRs targeting the cancer testis (CT) antigen NY-ESO-1 
which is expressed by a broad range of cancers, including 
melanoma, sarcoma, and epithelial ovarian cancer,26–28 
but in healthy adult tissues is restricted to male germ 
cells.29 HLA-A2/NY-ESO-1157-165 (A2/NY)-specific TCRs, 
including ones that have been affinity-enhanced, have 
shown important promise in the clinic, conferring a 50% 
overall response rate in metastatic synovial sarcoma, typi-
cally an immune desert.30 Previously, by structure-based 
computational design31 32 of a natural A2/NY TCR (BC1) 
near-identical in sequence to the well-characterized 1G4 
TCR,33 we developed a panel of increasing affinity TCRs. 
We observed maximum in vitro function for T cells gene-
modified to express TCR variants in the upper range of 
natural affinity (~5–1 µM).34 35 One of the TCRs, double 
mutant-β (DMβ; KD=1.91 µM) comprising amino acid 
replacements G50A and A51E in CDR2β has shown 
robust tumor control in xenograft models36 and favorable 
responses in the clinic.37

Along with receptor affinity and choice of target tumor 
antigen, it is now widely held that the immunosuppressive 
tumor microenvironment (TME) must also be addressed 
in order to improve clinical responses to T-cell therapies. 
This can be done by rational combinatorial treatments 
such as low-dose irradiation and immune checkpoint 
blockade,38 39 or T-cell coengineering like the enforced 
secretion of cytokines or decoy molecules to exploit 
endogenous immunity and support the transferred T 
cells.20 25 40 41 Robust preclinical testing of cancer immu-
notherapies is critical for advancing safe and effective 
approaches to the clinic. However, TCRs of translational 
interest are largely tested in the context of xenograft 
tumor models and an important shortcoming is the lack 
of most endogenous immune cells in immune-deficient 
mice (eg, NOD scid gamma; NSG) which can impact 
treatment outcome. For example, whereas regulatory 
T cells (Tregs) can constrain responses to ACT, endog-
enous natural killer (NK) cells, M1-like macrophages, 
and cytolytic T cells can be harnessed to augment tumor 
control.40 41

Here, with the aim of facilitating the development of 
ACT therapies with clinically relevant TCRs, we present 
a chimeric syngeneic tumor model in which murine T 
cells are retrovirally transduced40 to express hybrid TCRs 
(human variable fused to mouse constant regions) and 
adoptively transferred into non-preconditioned HLA-A2/
H2Kb transgenic C57BL/6 mice engrafted with B16 mela-
noma gene-modified to cell-surface express a chimeric 
A2Kb:NY complex in the form of a single chain trimer 
(SCT). ACT of DMβ TCR-T cells significantly controlled 
tumors and reprogrammed the TME as compared with 
the control TCR-T cells. We conclude that our chimeric 
syngeneic tumor mouse model is a valuable tool for 
exploring combination treatments and coengineered 
TCR-T cells of interest for clinical translation.

Results
Hybrid A2/NY-targeted DMβ TCR comprising murine constant 
regions is functional in engineered human T cells
Previous studies have demonstrated that hybrid TCRs, 
comprising human variable regions fused to murine 
constant regions, are functional in engineered primary 
human T cells. This strategy has been devised to reduce 
α-chain and β-chain mispairing among the introduced 
and endogenous (native) TCRs.42 With the intent to trans-
duce murine T cells with TCRs targeting A2/NY for ACT 
purposes, we built retroviral vectors encoding the variable 
regions of the affinity-optimized DMβ-TCR (KD=1.9 µM)35 
fused to murine α-chain and β-chain constant-regions 
(figure 1A). Here, we set on a hybrid TCR design to mini-
mize the potential impact on CD3 complex association 
and cellular activation of mouse T cells. As controls, we 
also built vectors to express a previously designed, near 
non-binding TCR variant V49I (amino acid replacement 
in CDR2β), and a supraphysiologic affinity TCR, wtc51m 
(G50A+A51I+G52Q+I53T in CDR2β; KD=0.015 µM), both 



3Semilietof A, et al. J Immunother Cancer 2024;12:e009504. doi:10.1136/jitc-2024-009504

Open access

Figure 1  Primary human CD8+T cells transduced to express different-affinity hybrid A2/NY-TCRs exhibit expected relative 
function both in vitro and in vivo. (A) Schematic of retroviral constructs expressing hybrid TCRs comprising the human variable-
regions α23.1 and β13.1 of the A2/NY TCRs (in orange), directly fused to murine constant regions (in yellow). (B) Primary human 
CD8+ T-cell activation, transduction, expansion, and culture conditions. (C) Transduction efficiency of CD8+ T cells with TCRs 
evaluated by flow cytometry staining with an anti-Vβ13.1 antibody (representative data of n=5 donors). (D) Frequency of Annexin 
V+ DAPI+ tumor cells in 24 hours co-cultures of TCR-T cells with either A375 or OVCAR5 tumor cells at an Effector:Target 
(E:T) ratio of 1:2. Frequency was corrected to tumor alone to account for spontaneous tumor cell death (n=5 donors). (E) 
IFNγ secretion levels by TCR-T cells on 24 hours co-culture with A375 tumor cells at E:T=1:2 (n=3 donors). (F) Schematic of 
ACT studies. (G) Control of subcutaneous A375 tumors in NSG mice post-ACT (n≥6 mice/group, data representative of 2 
independent experiments). (H) Control of subcutaneous Me275 melanoma tumors in NSG mice post-ACT (n≥6 mice/group, 
data representative of two independent experiments). Statistical analysis was performed by one-way analysis of variance 
(ANOVA) (D, E), two-way ANOVA (G, H), with correction for multiple comparisons by post hoc Tukey’s test (D, E, G,H). **p<0.01, 
***p<0.001, ****p<0.0001. ns, not significant; ACT, adoptive cell transfer; UTD, untransduced.
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in hybrid format. We previously showed little to no in 
vitro activity of V49I-T cells, and attenuated function for 
wtc51m-T cells,34 35 43 presumably in part due to impaired 
serial triggering.44

Primary human CD8+ T cells were purified and then 
retrovirally transduced and expanded (figure  1B), 
yielding similar high cell-surface expression levels of the 
3 different hybrid TCRs (figure 1C). Co-culture of hybrid 
TCR-T cells with the A2+/NY+ melanoma cell line A375 
revealed significantly higher cytotoxicity by DMβ-T cells 
than wtc51m-T cells, in line with our previous characteri-
zation of their fully human TCR counterparts.35 There was 
no killing of A375 cells by V49I-T cells (figure 1D), nor 
was there reactivity of any of the TCR-T cells against the 
A2+/NY− ovarian cancer cell line OVCAR5. In addition to 
higher cytotoxicity, DMβ-T cells also secreted significantly 
more IFN-γ 24 hours post target-cell co-culture initiation 
than the other hybrid TCR-T cells (figure 1E).

Subsequently, we performed ACT studies in NSG mice 
bearing either A375 or Me275 A2+/NY+ subcutaneous 
melanoma tumors (figure 1F). For both models, DMβ-T 
cells significantly reduced tumor burden as compared with 
wtc51m-T cells, V49I-T cells and untransduced (UTD)-T 
cells (figure 1G,H), with wtc51m-T cells enabling marginal 
deceleration of Me275 tumor growth (figure 1H). Taken 
together, these data validate the expected relative func-
tionality of the different-affinity hybrid A2/NY TCRs in 
human T cells; V49I is too weak, wtc51m too strong, and 
DMβ is in an optimal affinity range.

Hybrid DMβ-TCR-engineered mouse T cells are functional 
both in vitro and in vivo
We next sought to engineer mouse T cells derived from 
the spleens of HLA-A*0201 /H-2Kb (A2Kb) transgenic 
C57BL/6 mice with the hybrid A2/NY TCRs and evaluate 
their in vitro function (figure 2A). The A2Kb mice, previ-
ously generated by Vitiello et al,45 and validated by others,46 
express a chimeric human-mouse HLA class I complex in 
which the α1-domains and α2-domains comprising the 
peptide-binding groove are of human origin, and α3 is 
murine to enable murine CD8 coreceptor engagement.

With our optimized retrovirus transduction and T-cell 
expansion protocol (figure  2B) described in Lanitis et 
al,40 we achieved similar high cell-surface expression of 
the DMβ and wtc51m TCRs in splenic mouse A2Kb T cells 
as assessed by tetramer staining (figure 2C, lower panel). 
As expected, we did not detect tetramer binding by the 
V49I-T cells and as such anti-TCR Vβ13.1 antibody (Ab) 
was used to evaluate transduction efficiency in all subse-
quent experiments (figure 2C, upper panel). To assess the 
functionality of the hybrid TCR-T cells in vitro, by retro-
viral transduction and selection we generated a B16 mela-
noma cell line stably expressing a chimeric A2Kb complex 
(human α1-α2 peptide-binding groove and mouse α3) 
along with the full NY-ESO protein (B16-A2Kb:NYprot; 
figure  2A). IncuCyte live-cell imaging of co-cultures of 
B16-A2Kb:NYprot tumor cells revealed robust killing 
by mouse DMβ-T cells on pulsing with NY-peptide 

(SLLMWITQA; C9A avoids unwanted disulfide bridge 
formation) (figure 2D, top) but not if pulsed with a non-
specific HLA-A2 restricted MelanA26-35-peptide (ELAGIG-
ILTV; replacement E2L increases binding stability of the 
peptide)47 (figure  2D, bottom). These co-culture assays 
were performed following B16-A2Kb:NYprot exposure 
to IFN-γ which upregulated A2Kb on their cell-surface 
(figure 2E).

Murine tumor cell lines can be gene-modified to cell-surface 
express Chimeric A2Kb:NY as an SCT
In order to perform in vivo studies, we next needed to 
gene-modify murine tumor cells to stably cell-surface 
express the target HLAp complex. Indeed, we observed 
that in the absence of NY-peptide pulsing of the B16-
A2Kb:NYprot tumor cells protein described above (online 
supplemental figure 1A, left top) there was no reactivity 
of DMβ-T cells (online supplemental figure 1A, right). 
Assuming proteasome targeting/degradation to be prob-
lematic, we further fused a murine ubiquitin tag (Ubi) 
to the NY-ESO-1 protein, B16-A2Kb:UbiNYprot, (online 
supplemental figure 1A, left bottom)48–50 or the NY 
peptide directly (not shown) but DMβ-T cells remained 
non-responsive (online supplemental figure 1A, right).

We subsequently moved onto an SCT format to circum-
vent the need for peptide processing and loading onto 
A2Kb in the murine tumor cells. Briefly, murine β2m was 
fused by flexible GS linkers51 to both the NY-peptide and 
A2Kb further harboring the amino acid replacement Y84A 
(B16-A2Kb:NY-SCT-Y84A) in α1 previously described to 
stabilize peptide binding (online supplemental figure 
1B, left top). In addition, we tested a non-native disul-
fide bridge (db; L2C and Y84C; B16-A2Kb:NY-dbSCT) 
described to improve peptide stability52 53 (online 
supplemental figure 1B, left bottom) but DMβ-T cells 
were not reactive against either (online supplemental 
figure 1B, right). We questioned if β2m of murine origin 
could be destabilizing to the chimeric A2Kb complex, 
or if the introduced amino acid replacements (Y84A or 
L2C+Y84C) were problematic.54

We next came up with a plan of building an SCT 
comprising human β2m fused by GS linkers to both 
the peptide and to α1 comprising H74L described to 
stabilize peptide binding55 (figure  3A). Prior to experi-
mental testing, we performed structure-based homology 
modeling of the TCR/SCT complex using the experi-
mental structure of the 1G4 TCR bound to human A2/
NY (PDB ID 2bnr) as a base.33 We observed that the GS 
linker between human β2m and α1 is long enough to 
connect them without perturbing the overall structure of 
the HLAp complex (online supplemental figure 2A). In 
addition, the GS linker connecting the NY peptide to β2m 
is sufficiently long and flexible to avoid steric hindrance 
with HLA and allow binding of the NY peptide in the 
HLA groove, similar to the experimental structure of 
the non-covalently bound peptide (online supplemental 
figure 2B). This GS linker is also distant from the TCR 
binding interface enabling the TCR to bind to the SCT in 
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Figure 2  Hybrid DMβ-TCR redirects HLA-A2 transgenic mouse T cells against NY-peptide pulsed B16-A2Kb:NYprot 
melanoma target cells. (A) Schematic of a hybrid A2/NY TCR expressed by an HLA-A2 transgenic murine T cell engaging NY-
peptide pulsed B16 tumor cells gene-modified to express a chimeric HLA-A2 molecule comprising α3 of H-2Kb to facilitate 
mouse CD8-coreceptor engagement. These cells also express the full NY protein but it is not processed and presented. (B) 
Schematic of primary mouse CD8+ T-cell activation, transduction, and expansion. (C) Transduction efficiency of mouse CD8+ 
T cells with hybrid TCRs evaluated by an anti-Vβ13.1 antibody staining (top) and specific tetramer (bottom), (representative 
data of n>5 donors). (D) IncuCyte live-cell imaging to evaluate killing by hybrid TCR-T cells at an E:T ratio of 2:1 of the B16-
A2Kb:NYprot cell line peptide-loaded with 10 µM of either NY-peptide or MelanA-peptide. Cytotox red is added in the co-culture 
to visualize and quantify target cell death (n=3 donors). (E) Flow cytometric analysis of B16 and B16-A2Kb:NYprot cells co-
cultured or not in the presence of IFN-γ overnight and cell-surface stained for HLA-A2. Statistical analysis by two-way ANOVA 
(D), with correction for multiple comparisons by post hoc Tukey’s test. ****p<0.0001. ns, not significant; ANOVA, analysis of 
variance; E:T, Effector:Target; MHC, major histocompatibility complex; UTD, untransduced.

the same way as to the wild-type human A2/NY complex 
(online supplemental figure 2A,B).

Encouraged by the modeling, we proceeded to build 
retroviral constructs encoding this SCT (abbreviated 
A2Kb:NY; figure 3B) and transduced B16 melanoma 

cells (B16-A2Kb:NY). As a negative control, B16 
cells were engineered with the same design SCT but 
comprising the MelanA/MART-126-35 peptide (B16-
A2Kb:MelanA). By anti-human β2m antibody staining 
we detected the complexes at the surface of the 

https://dx.doi.org/10.1136/jitc-2024-009504
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Figure 3  Hybrid A2/NY TCR-T cells are reactive against B16 tumor cells gene-modified to express a single chain trimer of 
A2Kb and the NY peptide. (A) Schematic of the functional single chain trimer (SCT) in which human β2m is connected by 
GS linkers to both human α1 and the NY-peptide. The H74L amino acid substitution is depicted in pink on the α1-chain. (B) 
Schematic of the retroviral vector encoding the SCT. (C) Anti-human β2m antibody staining of STC-engineered B16 tumor 
cells. (D) Cytotoxicity of B16-A2Kb:NY cells (left) by TCR-T cells at an Effector to Target (E:T) ratio of 2:1, followed by IncuCyte 
live cell imaging using Cytotox red dye (n=3 donors). B16-A2Kb:MelanA cells were used as a control (right). (E) Cytokine and 
chemokine secretion by TCR T cells post 24 hours co-culture with B16-A2Kb:NY (left) and B16-A2Kb:MelanA (right) tumor cells 
at E:T ratio=1:1 (n=3 donors) measured with CBA. Tumor cells alone were used as a control. Statistical analysis by two-way 
ANOVA (D), with correction for multiple comparisons by post hoc Tukey’s test. ****p<0.0001. ANOVA, analysis of variance; E:T, 
Effector:Target; UTD, untransduced.

engineered B16 tumor cells (figure  3C). Moreover, 
in co-culture assays we observed significant specific 
killing of B16-A2Kb:NY cells but not B16-A2Kb:MelanA 
cells by murine DMβ-T cells (figure  3D), as well as 
cytokine secretion in the presence of the target 
tumor cells (figure 3E). We observed some reactivity 
of supraphysiological affinity wtc51m-T cells against 
B16-A2Kb:NY cells, possibly due to higher levels of 
the HLAp SCT than may be naturally present on 
tumor cells (ie, A375, Me275). This is in line with 
our previous in vitro characterization of fully human 
wtc51m-T cells showing that their activity can be 
augmented if target tumor cells are pulsed with higher 
levels of NY peptide34 which may help to compensate 

for impaired serial triggering by T cells expressing 
TCRs of too high affinity.

Lastly, we engineered MC38 cancer colon cells56 57 
to express our functional SCT presenting the NY-pep-
tide or MelanA-peptide (online supplemental figure 
3A). DMβ-T cells demonstrated significantly higher 
reactivity against MC38-A2Kb:NY than V49I-T cells 
and wtc51m-T cells, and there was no reactivity of any 
of the A2/NY TCR-T cells against MC38-A2Kb:MelanA 
cells (online supplemental figure 3B–C). Higher 
levels of reactivity by V49I-T cells and wtc51m-T cells 
against MC38-A2Kb:NY (than B16-A2Kb:NY) may be 
due to higher expression levels of A2Kb:NY per cell, 
or/and lower inhibitory mechanisms at play, or/and 
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Figure 4  Hybrid DMβ-T cells exert control of B16-A2Kb:NY tumors and exhibit a superior fitness profile to V49I- and 
wtc51m-T cells post-transfer. (A) Schematic of ACT studies to evaluate tumor control (top) and immune cell infiltration over time 
(days; D) (bottom). (B) Control of subcutaneous B16-A2Kb:NY tumors in HLA-A2/H-2Kb C57BL/6 transgenic mice, following 
ACT of mouse CD45.2+CD8+ TCR-T cells (n≥7 mice/group). (C) Mouse survival post-ACT (n≥7 mice/group). (D) Number of 
intratumoral adoptively transferred CD45.2+CD8+ TCR T cells 3 days post-ACT (timepoint 1) (n≥5 mice/ group). (E) Phenotypic 
analysis of markers for function, inhibition, and activation of adoptively transferred intratumoral CD45.2+CD8+ TCR-T cells 
(n≥5 mice/ group), shown as percentage of the T cells. (F) Number of intratumoral adoptively transferred CD45.2+CD8+ TCR-T 
cells 6 days post-ACT (time point 2) (n=6 mice/ group). (G) Percentage expression of inhibitory cell-surface receptors by 
intratumoral CD45.2+CD8+ TCR-T cells 6 days post-ACT (n=6 mice/ group). (B–G) Representative data of two independent 
experiments. Statistical analysis by two-way ANOVA (B), Mantel-Cox (C) or one-way ANOVA (D–G), with correction for multiple 
comparisons by post hoc Tukey’s test (B–G). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ns, not significant, ACT, adoptive cell 
transfer; ANOVA, analysis of variance.

higher susceptibility of MC38 to other forms of cell 
death (eg, via TNFα or FASL).

Hybrid DMβ-T cells control B16-A2Kb:NY tumors and reshape 
the immune microenvironment
We achieved engraftment as well as similar growth curves 
for B16 wild-type, B16-A2Kb:NY and B16-A2Kb:MelanA 
in A2Kb transgenic C57BL/6 mice (online supplemental 

figure 4A),46 enabling us to move forward with compara-
tive ACT studies. Briefly, we engineered CD45.2+ CD8+T 
cells from A2Kb C57Bl/6 mice with the different hybrid 
TCRs and transferred them into CD45.1+ A2Kb trans-
genic C57Bl/6 mice bearing subcutaneous B16-A2Kb:NY 
tumors (figure 4A). The mice were not preconditioned 
(ie, no full-body irradiation or chemotherapy) prior to 

https://dx.doi.org/10.1136/jitc-2024-009504
https://dx.doi.org/10.1136/jitc-2024-009504
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Figure 5  The adoptive transfer of hybrid DMβ-T cells is associated with elevated levels of endogenous tumor immune 
infiltrate. (A) Number of intratumoral endogenous immune CD45.1+ cells 3 days post-ACT (n≥5 mice/ group). (B) Number of 
intratumoral CD45.1+ macrophages, neutrophils, dendritic cells, T cells and NK cells 3 days post-ACT (n≥5 mice/ group). (C) 
Number of intratumoral endogenous immune CD45.1+ cells 6 days post-ACT (n=6 mice/ group). (D) Number of intratumoral 
CD45.1+ macrophages (CD3-CD19-Ly6C-MHC-II+CD11c+F4/80+CD64+), neutrophils (CD3-CD19-Ly6G+), dendritic cells 
(CD3−CD19−Ly6C−MHC-II+CD11c+F4/80-CD64-CD11b+), T cells (CD3+) and NK (CD3−CD19−CD161+) cells 6 days post-ACT 
(n=6 mice/ group). Statistical analysis by one-way ANOVA with correction for multiple comparisons by post hoc Tukey’s test (A–
D). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Representative data of two independent experiments. ns, not significant ACT, 
adoptive cell transfer; ANOVA, analysis of variance; MHC, major histocompatibility complex.

transfer to maintain the endogenous immune compart-
ment. The hybrid CD8+ DMβ-T cells efficiently controlled 
target tumors and prolonged survival (figure 4B,C) while 
V49I-T cells and wtc51m-T cells did not delay tumor 
outgrowth and treated mice had similar limited survival 
(figure 4B). Transfer of DMβ-T cells had no impact on 
tumors presenting A2Kb:MelanA (online supplemental 
figure 4B).

Ex vivo analysis at day-3 post-ACT (time point 1) 
revealed a significantly elevated presence in tumors 
of DMβ-T cells (figure  4D), further characterized by 
higher expression of Granzyme B and activation markers 
CD137, CD69, CD25, as compared with V49I-T cells and 
wtc51m-T cells, both in terms of percentage of T cells 
(figure 4E) and MFI (online supplemental figure 5A). We 
also observed that the supraphysiologic affinity wtc51m-T 
cells expressed significantly higher levels of the inhibi-
tory maker PD-1, in line with previous in vitro findings58 
(figure 4E and online supplemental figure 5A). At 6 days 
post-ACT (time point 2), we observed fewer infiltrated 
T lymphocytes, likely in part because the mice had not 
been pre-conditioned, but DMβ-T cells were present at 

significantly elevated levels as compared with V49I-T cells 
and wtc51m-T cells (figure 4F). At day-6 post-ACT, we also 
observed significantly higher upregulation of the inhib-
itory markers PD-1, TIGIT, and TIM-3 by the wtc51m-T 
cells, both with respect to percentage of T cells (figure 4G) 
and MFI (online supplemental figure 5B). Moreover, at 
day-6 post-ACT, wtc51m-T cells demonstrated the highest 
percentage of PD-1+TIM-3+ expression and of TIGIT+ in 
PD-1+TIM-3+ T expression (online supplemental figure 
5C), indicating that they may be in a more exhausted 
state than DMβ-T cells.

Investigation of the endogenous immune system at 
day-3 post-ACT (time point 1) revealed a significantly 
higher overall immune infiltration/presence in the 
tumors of mice treated by DMβ-T cells (figure  5A), 
including of macrophages, neutrophils, NK cells, and T 
cells (figure  5B). Similar trends were observed at day-6 
post-ACT (figure  5C, D). Notably, in mice treated by 
DMβ-T cells the endogenous T cells presented signifi-
cantly higher intracellular Granzyme B levels (ie, indi-
cating stronger effector function) and a trend for lower 
levels of inhibitory receptors PD-1 and TIM-3 (online 

https://dx.doi.org/10.1136/jitc-2024-009504
https://dx.doi.org/10.1136/jitc-2024-009504
https://dx.doi.org/10.1136/jitc-2024-009504
https://dx.doi.org/10.1136/jitc-2024-009504
https://dx.doi.org/10.1136/jitc-2024-009504
https://dx.doi.org/10.1136/jitc-2024-009504
https://dx.doi.org/10.1136/jitc-2024-009504
https://dx.doi.org/10.1136/jitc-2024-009504
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supplemental figure 5D). Taken together, these data show 
that the higher infiltration and activity levels of DMβ-T 
cells post-ACT elevates the endogenous tumor immune 
microenvironment.

Discussion
The adoptive transfer of gene-modified T-cells holds 
tremendous immunotherapeutic potential as exempli-
fied by the curative responses now documented for some 
hematological cancer patients treated by chimeric antigen 
receptor (CAR)-T cells targeting the B-cell lineage antigen 
CD19.59 While TCR-engineered T cells may not yet have 
achieved such robust clinical outcomes, TCRs offer many 
advantages over CARs, including that they are not limited 
to targeting surface antigens, they confer exquisite sensi-
tivity allowing responsiveness to very low levels of target 
HLAp,60 and they may more readily enable T-cell penetra-
tion into solid tumors. Hence, extensive research efforts 
are ongoing and warranted in the development of TCR 
therapeutics17 as well as of preclinical in vivo tools for 
comprehensively testing efficacy and safety.

Previously by computational design, we developed a 
panel of increasing-affinity TCRs targeting A2/NY and 
observed maximum in vitro function of T cells engineered 
to express ones in the upper range of natural affinity.34 35 
We also demonstrated robust control of xenograft tumors 
in immunocompromised mice with affinity-optimized 
TCR-T cells as compared with wild-type TCR-T cells.36 61 
However, binding-enhanced TCRs alone are insufficient 
to drive curative responses to ACT62–64 as the suppressive 
TME can impair their persistence and sustained func-
tion.65 Indeed, it is widely held that endogenous immu-
nity must be exploited and adaptive and innate immune 
checkpoints overcome to augment solid tumor control by 
ACT.

We have previously demonstrated, for example, the 
use of low-dose irradiation to reverse immune desertifica-
tion combined with immune checkpoint blockade, CD40 
agonist antibody, and cyclophosphamide to reprogram 
endogenous adaptive and innate immunity for improved 
control of ovarian cancer (ID8).38 In addition, we have 
tested a range of T cell coengineering strategies for 
augmenting tumor control by ACT.41 61 66 67 For example, 
we showed that the enforced secretion of IL-15 by CAR-T 
cells in ACT studies against B16 melanoma not only 
improved T-cell fitness and function but was also associ-
ated with tumor immune microenvironment reshaping 
including NK cell activation and a reduced presence of 
M2-like macrophages.40

Although humanized models in which immune-
compromised mice68 are engrafted with human fetal 
liver or adult CD34+ progenitor cells can enable testing 
of immunotherapies including autologous ACT,69–71 not 
all immune components, in particular myeloid and NK 
cells, are represented. The development of transgenic 
mice expressing various combinations of human cyto-
kines has helped improve/expand reconstitution,72–74 

but overall these strains and strategies are expensive and 
technically challenging to implement. Moreover, unless 
the progenitor cells and tumors are from the same donor, 
HLA mismatching can cause alloreactivity and influence 
tumor control.

With the ultimate goal of developing effective TCR-T 
cell therapies against solid tumors, here we set out to 
establish a simple chimeric syngeneic tumor model in 
order to test A2/NY TCRs of clinical interest in the context 
of a fully competent immune system in A2Kb transgenic 
C57BL/6 mice. We began by generating hybrid TCRs 
comprising human variable and mouse constant regions. 
We chose three A2/NY TCRs for our proof-of-principle 
study, near non-binding V49I, supraphysiological affinity 
wtc51m which attenuates T-cell function, and affinity-
optimized DMβ.35 We observed the same relative func-
tion of the different-affinity hybrid TCRs engineered into 
both human and mouse T cells.

The gene-modification of mouse tumor cell lines to 
stably cell-surface express target HLAp proved to be chal-
lenging. For the complex, we fused the α1-α2 peptide 
binding groove of human origin to mouse α3-domain 
(ie, A2Kb) to enable mouse CD8 coreceptor engage-
ment. Based on our data, we speculate that the mouse 
proteasome is incompatible with processing the human 
NY-ESO-1 protein and/or to enable NY-peptide loading 
onto chimeric A2Kb molecules. Ultimately, we developed 
a SCT including human β2m fused by GS linkers to both 
the NY-peptide and to α1 comprising H74L described 
to stabilize peptide binding.55 Future studies should 
compare DMβ-T cell reactivity against the SCT without 
the H74L replacement which may not be needed. Notably, 
structure-based homology modeling of the TCR/SCT 
complex using the experimental structure of the 1G4 
TCR bound to human A2/NY (PDB ID 2bnr) as a base33 
indicated no changes in peptide binding to the modified 
HLA groove or interference in TCR binding to the SCT 
as compared with the wild-type TCR:A2/NY complex.

Using B16 melanoma cells stably expressing the 
A2Kb:NY SCT we were able to perform ACT studies 
and showed significant tumor control and survival for 
tumor-bearing mice treated with DMβ-T cells. We also 
explored T-cell fitness post-transfer and the impact 
of ACT on endogenous immunity. At day-3 post-ACT, 
we observed significantly elevated levels of infiltrating 
DMβ-T cells characterized by higher expression of Gran-
zyme B, CD137, CD69, and CD25 as compared with 
V49I-T cells and wtc51m-T cells. Notably, the supraphys-
iological affinity wtc51m-T cells expressed significantly 
higher levels of the inhibitory maker PD-1 at day 3, and 
of PD-1, TIGIT, and TIM-3 by day 6. Moreover, a higher 
percentage of wtc51m-T cells co-upregulated PD-1 and 
TIM-3 suggesting that they are in a more exhausted state75 
than DMβ-T cells. At this second time point, there were 
also fewer transferred T cells in the tumors, likely because 
the mice were not preconditioned prior to ACT.

Future studies should explore combination therapies 
such as immune checkpoint blockade with the hybrid A2/

https://dx.doi.org/10.1136/jitc-2024-009504
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NY-T cells, as well as coengineering strategies like enforced 
proinflammatory cytokine secretion (eg, IL-12, IL-18) to 
rationally exploit endogenous immunity.25 41 Also to be 
elucidated are the molecular mechanisms behind such 
vast differences in in vitro function and tumor control 
between the different-affinity A2/NY-T cells.76 Overall, 
we have presented a robust and straight-forward in vivo 
system for optimizing adoptive TCR-T cell therapy and 
facilitating the translation of more effective approaches 
that exploit endogenous immunity to the clinic.

Materials and methods
Mice
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were 
purchased from the Jackson Laboratory and subsequently 
maintained and bred in-house under specific opportunist 
pathogen-free conditions at the Epalinges UNIL animal 
facility. CD45.1+ HLA-A2/H-2Kb and CD45.2+ HLA-A2/
H-2Kb C57BL/6 transgenic mice were generated and 
bred in-house.46 All in vivo experiments were conducted 
in accordance with approved licenses from the Service of 
Consumer and Veterinary Affairs of the Canton of Vaud 
(VD3517 and VD3517×1). Each cage housed five mice 
and provided an enriched environment with unrestricted 
access to food and water. During in vivo studies, the mice 
were monitored at least every 2 days for signs of distress, 
and they were euthanized at endpoint by carbon dioxide 
overdose.

Cell lines
Human embryonic kidney (HEK-293T), Phoenix-
Ecotropic (ECO), human melanoma A375 (HLA-
A*0201+NY-ESO-1+), mouse melanoma B16 (H-2Kb+) and 
mouse colon carcinoma MC38 (H-2Kb+) cell lines were 
purchased from the ATCC. Human melanoma Me275 
cells (HLA-A*0201+, NY-ESO-1+) were kindly provided by 
Professor Daniel Speiser (University of Lausanne) and 
human ovarian cancer OVCAR5 cells were a gift from 
Professor Coukos (formerly at the University of Penn-
sylvania). A375 and OVCAR5 cell lines were engineered 
with NucLight Red lentivirus (IncuCyte) to stably express 
nuclear-restricted mKate2 fluorescent protein to track in 
vitro activity according to the manufacturer’s instructions. 
Various B16 and MC38 variants were generated by retrovi-
rally transducing parental B16 and MC38 to stably express 
the corresponding chimeric proteins, as described below. 
Transduced cells were selected either by supplementa-
tion of the culture medium with antibiotics and/or by 
FACS sorting with antibodies against the expressed mole-
cules. Human melanoma cells were maintained in IMDM 
(Thermo Fisher Scientific) supplemented with 10% FCS 
and 1% Penicillin/Streptomycin (P/S), mouse tumor cell 
lines were cultured in DMEM (Thermo Fisher Scientific) 
supplemented with 10% FCS and 1% P/S and the rest in 
RPMI-1640 Glutamax with 10% FCS and 1% P/S.

Molecular cloning of TCRs
cDNA sequences of human near non-binding V49I, 
affinity-optimized DMβ and supraphysiological-affinity 

wtc51m TCR variants AV23.1 and BV13.1 genes, specific 
for NY-ESO-1157-165 epitope presented by HLA-A*0201, 
were derived from previous constructs in the lab.35 
Chimeric human-mouse TCR variants were generated by 
replacing the human constant regions of all TCRs with 
the corresponding mouse sequences. The sequences were 
codon-optimized and synthesized by GeneArt (Thermo 
Fisher) in a single cassette separated by a 2A sequence 
self-cleaving peptide sequence. The retroviral vector 
pMSGV (murine stem cell virus (MSCV)-based splice-gag 
vector) comprising the MSCV LTR was used as the back-
bone for all TCR cassettes, which were subcloned into it 
using standard molecular biology techniques.

Molecular cloning of A2Kb/peptide complexes
To generate B16-A2Kb:NY, B16-A2Kb:MelanA, MC38-
A2Kb:NY and MC38-A2Kb:MelanA tumor cells, SCT 
constructs were built, comprising a human β2m leader 
sequence immediately fused to the NY-ESO-1157-165 or 
MelanA26-35 peptide, respectively, immediately connected 
to a GS-linker (G4S)3, immediately fused to mature human 
β2m and then linked by (G4S)4 to chimeric A2Kb (α1-α2 
of human origin and α3 of mouse origin). A single amino 
acid substitution (H74L) was included in the α1-domain of 
the peptide docking groove to stabilize peptide binding.55 
The SCT constructs were synthesized as a single cassette 
(GeneArt-ThermoFisher Scientific) and cloned into a 
blasticidin-resistant pMSGV retroviral vector. To generate 
B16-A2Kb:NYprot cells, the chimeric A2Kb sequence, and 
the full human NY-ESO-1 protein were synthesized in a 
single cassette, separated by a 2A sequence, and cloned 
in a blasticidin-resistant pMSGV retroviral vector. For 
B16-A2Kb:UbiNYprot, a mouse ubiquitin tag was added 
before the NY-ESO-1 sequence. The other 2 SCTs tested 
(that were not functional) included a mouse β2m leader 
sequence and mouse β2m along with a different stabi-
lizing mutation in the peptide-binding groove (Y84A),52 
or comprising a non-native disulfide bridge (L2C, Y84C) 
reported to increase peptide binding.53 77 All constructs 
were synthesized using GeneArt and cloned in a 
blasticidin-resistant pMSGV vector using standard molec-
ular cloning techniques.

Modeling the three-dimensional structure of the HLAp SCT 
and A2/NY TCR
The 3D structural model of the HLAp SCT and A2/
NY (1G4) TCR complex was obtained by homology 
modeling using the Modeller program V.9.78 The HLAp 
SCT present in this model comprises human α1 and α2, 
murine α3, and human β2m. In addition, GS linkers were 
introduced between the NY-peptide and human β2m, as 
well as between β2m and α1. The experimental structure 
of the 1G4 TCR bound to the human A2/NY complex 
(PDB ID 2bnr33) was retrieved from the Protein Data 
Bank (PDB)79 and used as a template for the homology 
modeling. The sequence alignment between the TCR 
and the HLAp complex under investigation and the 
template was performed using MUSCLE.80 One thousand 
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models were generated and scored according to the 
Modeller objective function. The best-rated model was 
finally selected and analyzed. Molecular graphics were 
produced using the UCSF Chimera software.81

Production of retroviral particles
High-titer, replication-defective retrovirus was generated 
as previously described.40 61 Briefly, for the transfection 
of human cells with retroviral particles, HEK293T cells 
were co-transfected with 21 µg pMSGV transfer plasmid 
and 18 µg pMD22.-Gag/Pol and 7 µg pMD RD114 (feline 
endogenous virus envelope glycoprotein) retroviral pack-
aging vectors, using a mix of OptiMEM medium (Thermo 
Fisher Scientific) and Turbofect (Thermo Fisher Scien-
tific). To produce mouse ecotropic retroviral particles, 
Phoenix-ECO cells were co-transfected with 21 µg pMSGV 
transfer plasmid and 14 µg pCL-ECO retroviral packaging 
plasmid in the presence of OptiMEM and Turbofect. 
Culture supernatants were collected 48 hours or/and 
72 hours post-transfection and concentrated by ultracen-
trifugation at 24,000×g for 2 hours. Concentrated virus 
was stored at −80°C until use.

Human T-cell isolation, stimulation, viral transduction, and 
expansion
Healthy donor buffy coat products were purchased from 
the Transfusion Interrégionale CRS (Epalinges, Switzer-
land). PBMCs were isolated on day 0 using Lymphoprep 
(Axis-Shield) density gradient centrifugation and CD8+ 
T cells were purified using a CD8 negative selection kit 
(StemCell Technologies), following the manufacturer’s 
instructions. Isolated CD8+ T cells were cultured in RPMI-
1640 Glutamax, supplemented with 10% FBS, 1% P/S 
and stimulated with anti-CD3/CD28-coated microbeads 
(Thermo Fisher Scientific) at a 2:1 bead: T cells ratio, 
in the presence of 50 IU/mL of human recombinant 
interleukin-2 (h-IL2; GlaxoSmithKline). Retroviral 
transduction of T cells was performed 48 hours postac-
tivation. T cells were transferred in retronectin-coated 
plates (Takara) previously spinoculated with predeter-
mined concentrations of retroviral particles at 2000×g 
for 1.5 hours. T cells were removed from retronectin the 
following day, and medium was refreshed every other day. 
CD3/CD28 beads were removed 5 days postactivation, 
and the T cells were subsequently maintained in medium 
supplemented with 10 ng/mL human IL-7 (Miltenyi) 
and 10 ng/mL IL-15 (Miltenyi) at 0.5–1×106 T cells/mL 
until use. Phenotypic analysis was performed after day 7 
to determine transduction efficiency and cells were used 
after day 9 for all assays.

Murine T-cell isolation, stimulation, viral transduction, and 
expansion
Primary mouse T cells were isolated from the spleens of 
CD45.2+ HLA-A2+ mice, using a mouse CD8+ T cell isola-
tion kit (StemCell Technologies) following the manu-
facturer’s instructions. Isolated T cells were stimulated 
with anti-CD3/CD28 beads (Thermo Fisher Scientific) 

at a 2:1 bead: T cells ratio in the presence of 50 IU/mL 
human IL-2 (GlaxoSmithKline). Retroviral transduction 
of T cells was performed 24 hours postactivation as previ-
ously described.40 Briefly, murine T cells were transferred 
to retronectin-coated (Takara) plates previously spinoc-
ulated with predetermined amounts of retroviral parti-
cles at 2000×g for 1.5 hours. T cells were removed from 
retronectin-coated plates the next day and maintained 
thereafter in complete medium supplemented with 10% 
heat-inactivated FCS, 1% P/S, 1 mM sodium pyruvate, 
50 µM β-mercaptoethanol, 10 mM nonessential amino 
acids, 10 ng/mL human IL-7 (Miltenyi) and 10 ng/
mL IL-15 (Miltenyi). CD3/CD28 beads were removed 
7 days postactivation, and the T cells were cultured at 
0.5–1×106 T cells/mL until use. Phenotypic analysis of the 
cells for transduction efficiency was performed after day 
7 of culture and cells were used after day 9 for all in vitro 
and in vivo assays.

Flow cytometry
For flow cytometric analysis, single cell suspensions 
were stained with antibodies against human CD8 
(RPA-T8) and β2m (2M2), and against mouse, CD11c 
(N418), Ly6G (1A8), Ly6C (HK1.4), F4-80 (ΒΜ8), 
MHC-II (M5/114.15.2), CD45.1 (A20), CD45.2 (104), 
CD11b (M1/70), CD64 (X54-5/7.1), CD19 (1D3), 
CD3 (17A2, 145-2 C11), CD4 (GK1.5), CD8 (5H10, 
53.6.7), CD161 (PK136), CD69 (H1.2F3), CD137 
(17B5), PD-1 (29F-1A12), CD25 (PC61.5), TIGIT 
(1G9), TIM-3 (RMT3-23). Antibodies were purchased 
from BD Biosciences, Biolegend, Thermo Fisher Scien-
tific, and Beckman Coulter, or produced in-house 
from hybridomas at the flow cytometry platform of 
the University of Lausanne. A detailed list of differ-
ently labeled antibodies used in this study is found in 
online supplemental table 1. Expression of TCRs on 
the surface of transduced T-cells was detected either 
by specific phycoerythrin conjugated multimers from 
the Tetramer Core Facility at the University of Laus-
anne, or by staining with an anti-human TCR mAb, 
specific for the Vβ13.1 chain of the NY-ESO-1 TCR 
(IMMU 222, Beckman Coulter). Cell staining was 
performed at 4°C for 30 min, with prior blocking of 
mouse Fc receptors (Biolegend), when necessary. 
For detection of intracellular granzyme B, cells were 
fixed and permeabilized with the FoxP3 transcription 
factor staining buffer set (Thermo Fisher Scientific) 
at RT for 1 hour, and subsequently stained with anti-
human/mouse Granzyme B at RT for 1 hour (GB11, 
Biolegend). DAPI (Sigma) or Live/Dead fixable Aqua 
Dead (Thermo Fisher Scientific) cell staining was 
used to exclude dead cells, according to the manufac-
turer’s instructions. Apoptotic cells were excluded by 
staining with Annexin V (BD Biosciences) at 4°C in 
the dark for 15 min. Cell acquisition was performed 
on an LSRII, LSR-SORP, or LSR-Fortessa flow cytom-
eter (BD Biosciences) using DIVA software and data 
were analyzed using FlowJo (TreeStar).

https://dx.doi.org/10.1136/jitc-2024-009504
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Cytokine production and T cell cytotoxicity assay by flow 
cytometry for human cells
In experiments with human T cells/tumor cells, 5×104 
rested NY-TCR+ T cells were co-cultured with 105 NucLight 
Red+ tumor cells in complete RPMI-Glutamax medium for 
24 hours. T cell numbers were normalized based on trans-
duction efficiency and UTD cells were added as needed 
to ensure similar cell densities among the different condi-
tions. Interferon-gamma (INF-γ) levels in collected cell-
free supernatants were determined by Cytokine Bead 
Array (CBA; BD Biosciences) following the manufactur-
er’s protocol. T cell cytotoxicity was determined by flow 
cytometry analysis of the cells and was defined as the 
percentage of Annexin V+/DAPI+ tumor cells. Results 
were normalized to the percentage of AnnexinV+/DAPI+ 
in cultures of tumor cells alone.

IncuCyte assay for imaging target cell killing
For cytotoxicity assays involving mouse cells, 1.5×104 or 
3×104 rested NY-TCR+ T cells were co-cultured with 1.5×104 
tumor cells (pulsed or not with the NY peptide SLLM-
WITQA; C9A is to avoid disulfide bridge formation) in 
complete T cell medium for up to 96 hours, as indicated 
in figure legends. IncuCyte Cytotox Red reagent (Essen 
Biosciences) was added to assess cell death according to 
the manufacturer’s instructions. Internal experimental 
negative controls were included in all assays, including T 
cells alone and tumor cells alone to monitor spontaneous 
cell death over time. As an internal positive control, tumor 
cells alone were treated with 1% triton-X in PBS to eval-
uate maximal killing in the assay. Phase and red fluores-
cence images were acquired every 2 hours using IncuCyte 
S3 (Essen Biosciences). Tumor cell death was determined 
by following total red object area/mm2 over time.

Cytokine production measurement assay in mouse T cells
For cytokine production assessment, 5×104 rested 
NY-TCR+ mouse T cells were co-cultured with 5×104 
B16-A2Kb:NY or B16-A2Kb:MelanA cells in mouse T 
cell medium for 24 hours. T cell numbers were normal-
ized based on transduction efficiency and UTD cells 
were added as needed to ensure similar cell densi-
ties among the different conditions. Cytokine and 
chemokine levels in collected cell-free supernatants 
were determined by CBA (BD Biosciences) following 
manufacturer’s instructions. Data were acquired on 
a CytoFLEX S cytometer (Beckman-Coulter) and 
analyzed with FCAP Array software (BD Bioscience).

Adoptive TCR-T cell transfer
For xenograft studies, female NSG mice aged 
8–12 weeks were subcutaneously inoculated on the 
flank with 106 A375 melanoma cells. Male NSG mice 
8–12 weekd were subcutaneously inoculated on the 
flank with 5×106 Me275 cells. Concurrently, human 
T cells were activated, transduced, and expanded as 
described above. T cells were adoptively transferred 
to mice when tumors reached 50–100 mm3. Mice 

were treated twice with 107 TCR-expressing T cells 
or equivalent number of UTD cells, with the second 
ACT performed 2–3 days after the first one. In synge-
neic mouse studies, female CD45.1+ A2Kb transgenic 
C57BL/6 mice aged 6–12 weeks were subcutaneously 
inoculated on the flank with 2×105 B16-A2Kb:NY or 
B16-A2Kb:MelanA melanoma cells. Concurrently, 
mouse T cells were activated, transduced, and 
expanded as described above. T cells were intrave-
nously transferred to mice when tumors reached 
50–100 mm3. Mice were treated twice with 107 TCR-T 
cells, or equivalent number of UTD with the second 
ACT performed 2–3 days after the first one. Tumor 
growth was monitored by caliper measurements 2–3 
times/week and tumor volume was calculated using 
the formula volume=½ (length×width2). Mice were 
sacrificed when tumors reached 1000 mm3, lost >20% 
of original weight, or became weak and moribund. 
Each group consisted of ≥5 mice.

Ex vivo studies
To characterize in vivo responses to treatment, mouse 
tissues were collected at endpoint as indicated. Tumors 
were excised, weighed before dissociation, minced 
using a scalpel, and enzymatically dissociated in Liberase 
(Roche) and DNAseI (Roche) at 37°C for 1 hour. 
Single-cell suspensions were prepared by mechanical 
dissociation over a 70 mm strainer (Greiner). For char-
acterizing murine immune infiltrate, including macro-
phages (CD3−CD19−Ly6C−MHC-II+CD11c+F4/80+CD64+), 
neutrophils (CD3-CD19-Ly6G+), dendritic cells 
(CD3−CD19−Ly6C−MHC-II+CD11c+F4/80−CD64−CD11b+), 
T cells (CD3+) and NK cells (CD3−CD19−CD161+) we used 
markers described by Lai et al.82

Statistics
All statistical analyses were performed on GraphPad 
Prism V.6 software. Statistical tests used for each figure 
are described in the corresponding figure legend. P 
values <0.05 were considered statistically significant. 
Mean±SD was used to summarize the data, unless 
noted otherwise. Statistical differences in means of 
two groups were calculated by two-tailed parametric 
Student’s t-tests for unpaired data. Statistical compari-
sons in means of three groups or more were performed 
by one-way analysis of variance (ANOVA) or two-way 
ANOVA with correction for multiple comparisons 
using Tukey’s test (all groups compared) or Sidak’s 
test (two select groups compared). The Kaplan-Meier 
method was used to generate median survival, which 
was statistically analyzed by log-rank test. No statis-
tical tests were used to predetermine sample sizes. 
Experiments in mice were performed with 5–10 mice 
per group as indicated in the figure legends based 
on previous experiments showing that this size could 
guarantee reproducibility and statistically signifi-
cant differences. Tumor-bearing mice were assigned 
into treatment groups before T-cell infusion having 
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similar mean tumor volumes and SD. To prevent cage 
effect in tumor growth, mice assigned the same treat-
ment group were not rehoused together. Mice were 
treated by an operator who was blinded to treatment 
groups. All in vitro experiments were performed with 
T cells from a minimum of three independent healthy 
donors. The number of repetitions is indicated in the 
figure legends. All analyses of in vitro and in vivo data 
were based on objectively measurable data.
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