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While cancer immunotherapy has primarily focused on CD8T cells, CD4 T cells are increasingly recognized for their
role in antitumor immunity. The HLA-DRB3%#02:02 allele is found in 50% of Caucasians. In this study, we screened
HLA-DRB3%*02:02 patients with melanoma for tumor-specific CD4 T cells and identified robust New York esopha-
geal squamous cell carcinoma 1 (NY-ESO-1)123_137/HLA-DRB3%02:02 CD4 T cell activity in both peripheral blood
and tumor tissue. By analyzing NY-ESO-1133-137/HLA-DRB3%#02:02-restricted CD4 T cell clones, we uncovered an
unexpectedly high cytotoxicity, strong T helper 1 polarization, and recurrent aff T cell receptor (TCRaf}) usage
across patients and anatomical sites. These responses were also present in other NY-ESO-1-expressing cancers.
TCRs from these clones, when transduced into primary CD4 T cells, showed direct antitumor efficacy both in vitro
and in vivo. Our findings suggest that these TCRs are promising for adoptive T cell transfer therapy, enabling
broader targeting of NY-ESO-1-expressing adult and pediatric cancers in clinical settings.

INTRODUCTION

Adoptive T cell transfer (ACT) represents a promising, personalized
immunotherapy of cancer (I). While effector CD8 T lymphocytes
are favored for targeting and eliminating malignant cells, emerging
evidence suggests that the polyfunctional and cytotoxic subsets of
CD4 T cells may be equally crucial in the immune response against
cancer (2, 3). In addition, the formation of the cluster of CD8 T
cells-CD4 T cells—dendritic cells was shown to be indispensable to
overcome CD8 T cell dysfunction upon ACT or immune check-
point blockade (4). Further, case reports have demonstrated that
ACT of autologous CD4 T cells enables durable clinical responses in
patients with refractory melanoma (5) and metastatic epithelial can-
cer (6). Moreover, T cell receptor (TCR)-engineered CD4 T cells
targeting tumor antigens, such as MAGE-A3 (melanoma-associated
antigen-A3), have shown encouraging tumor regressions following
infusion (7). The contributions of CD4 in the context of adoptive
cell therapy can be multiple, from catalyzing the increased homing
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of CD8 cytotoxic lymphocytes in tumors to providing critical sup-
port to their effector functions. Furthermore, CD4 effector cells may
control tumors through stromal targets or direct antitumor cyto-
toxic function. Nonetheless, several hurdles must be addressed for
CD4 T cells to be fully exploited for immunotherapy.

Challenges for CD4 T cell therapies include the high degree of
human leukocyte antigen (HLA) polymorphism and diversity of
major histocompatibility complex (MHC) class II molecules. This
challenge may be limited by focusing on common alleles, such as the
HLA-DRB3%02:02 gene present in half of the Caucasian popula-
tion (8). This would offer a means to identify and target CD4 T cell-
defined tumor antigens with a broad coverage of patients with cancer.
In addition, the limited cancer specificity of some tumor antigens
may result in on-target, off-tumor toxicities [e.g., for TCR T cell tar-
geting of nonmutated antigens such as Melan-A/MART1 (melano-
ma antigen recognized by T cells), carcinoembryonic antigen, and
MAGE-A3] (9-11). The New York esophageal squamous cell carci-
noma 1 (NY-ESO-1) antigen, also known as cancer-testis antigen 1B
(12), exhibits high mRNA levels in a large number of epithelial can-
cer types (13) but very low levels in normal tissue aside from the
testis and ovaries, making it a promising therapeutic target (12). Its
suitability as a therapeutic target has been confirmed in recent clini-
cal trials, including ACT using NY-ESO-1-specific CD8 T cells and
vaccination trials, which have shown promising results, with no ob-
served toxicity (14-17).

It has further been reported that the NY-ESO-1,,3_;37, presented
by HLA-DRB3%02:02, exhibits high immunogenicity and is im-
munodominant upon vaccination (18). On the basis of these find-
ings, here, we screened HLA-DRB3*02:02-positive patients bearing
NY-ESO-1-expressing cancers for NY-ESO-1-specific CD4 T cell
responses. We observed robust NY-ESO-1,,3_137/DRB3%02:02
CD4 T cell responses in both peripheral blood and tumor tissue
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as compared to other HLA-DRB3*02:02-restricted responses in-
cluding hTERT916_930 (human telomerase reverse transcriptase)
and Melan-Ag,_10s. These naturally occurring NY-ESO-1133_137/
DRB3#*02:02 CD4 T cells display phenotypic characteristics and
functional features within the tumor microenvironment of potent
cytotoxic cells that also maintain type 1 cytokine secretion. In addi-
tion, the TCR variable chain usage across NY-ESO-1-positive tu-
mor types was highly conserved. On the basis of these intriguing
findings, we engineered CD4 T cells with these conserved TCR
chain pairs for adoptive therapy. We confirm their antigen specific-
ity and show their strong tumor reactivity, direct cytotoxicity, and
ability to control in vivo xenograft tumors upon ACT. Overall, this
unique TCR offers promise as a “quasi-universal” TCR and encour-
ages prospects for the treatment of HLA-DRB3*02:02-positive adult
and pediatric patients with cancer expressing NY-ESO-1.

RESULTS

Several TAA-derived epitopes are immunogenicin an
HLA-DRB3%02:02-restricted manner

Targeting CD4 T cell-defined antigens presented by HLA-DRB3*02:02
could address 40% of the population of patients with cancer, a con-
siderable advantage in the face of the extreme polymorphism of
HLA-II in humans. To identify novel epitopes restricted by the
HLA-DRB3*02:02 allele, we used the MixMHC2pred algorithm (19).
Briefly, we searched a panel of clinically relevant tumor associ-
ated antigens (TAAs), including MAGE-A1, MAGE-A3, MAGE-
A12, hTERT, Melan-A, and mesothelin. Following the initial selection,
15-nucleotide oligomer peptides were scored by MixMHC2pred,

PMHCII multimer staining B

generating percent rank scores between 0 and 100, where the lowest
values indicated the highest predicted binding to HLA-DRB3%02:02.
Following initial selection, peptides with a binding score below 3.5
were synthesized alongside NY-ESO-1,3_137 (18) (as detailed in ta-
ble S1) and tested in vitro to evaluate their immunogenic potential
using peripheral blood mononuclear cells (PBMCs) and tumor-
infiltrating lymphocytes (TILs)/tumor-infiltrating lymph nodes
(TILNs) from multiple HLA-DRB3*02:02-positive patients with
melanoma and PBMCs from healthy donors (HDs; refer to table S2
for patients’ characteristics). The expansion of tumor-specific CD4 T
cells was assessed using fluorescent peptide MHCII (pMHCII) multi-
mers (Fig. 1A). As expected, no multimer staining was detected on
CD4 T cells derived from HLA-DRB3*02:02-negative individuals
(Fig. 1B). In contrast, NY-ESO-1;53_137, Melan-Ags 103, and
hTERT916-930/ DRB3#02:02 multimer-positive T cells were readily
detected in both PBMCs and TILs/TILNs from HLA-DRB3*02:02-
positive patients with melanoma, with a trend for higher percentages
in TILs/TILNS, albeit at varying frequency depending on the patient
(Fig. 1C). Together, these results suggest that the frequently present
HLA-DRB3%*02:02 allele efficiently presents immunogenic tumor-de-
rived peptides in both patients with cancer and HDs. In addition, we
found two previously unidentified epitopes restricted to the HLA-
DRB3%02:02, inducing CD4 T cell responses in patients with melanoma.

High cytotoxicity of HLA-DRB3*02:02-restricted
NY-ESO-1-specific CD4 T cells

To determine the phenotypic and functional attributes of CD4 T cells
specific for these epitopes, clones were generated by limiting dilution
of sorted pMHCII multimer-positive cells (Fig. 2A). Their cytotoxicity
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Fig. 1. Detection of antigen-specific CD4 T cells using the pMHCII multimer technology. (A) Schematic of the experimental strategy to detect antigen-specific CD4 T
cells by pMHCII multimer staining. (B) Representative dot plots of pMHCII multimer staining of CD4 T cells specific for NY-ESO-1123-137, h\TERTg16-930, and Melan-Ags_10g in
PBMCs and TILs/TILNs of HLA-DRB3*02:02*'~ patients' and HDs' samples. (C) Summarizing graph of antigen-specific CD4 T cell frequencies in PBMCs and TILs/TILNs from
patients with melanoma (n = 8) and HDs (n = 3).
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Fig. 2. Cytotoxic potency of diverse tumor antigen-specific CD4 T cells. (A) Schematic of the experimental strategy to generate tumor antigen-specific CD4 T cell
clones and representative dot plots of NY-ESO-1133-137—, hTERT916-930—, and Melan-Ags_10s—specific CD4 T cell clones using the pMHCII multimer technology. (B) Represen-
tative example of the specific lysis using lactate dehydrogenase (LDH) cytotoxic assay conducted with the CIITA-transduced HLA-DRB3%02:02* T333A tumor cell line (in
blue), HLA-DRB3*02:02* Me252 tumor cell line (in brown), or HLA-DRB3*02:02~ GEFI tumor cell line (in gray) and NY-ESO-1123_137~, hTERT916_930—, and Melan-Ags_10s—
specific CD4T cell clones. (C) Left: Cumulative analysis of LDH cytotoxic assays conducted with tumor cell lines transduced with CIITA and cocultured with NY-ESO-11,3-137—
specific (n = 33), hTERTg16-930—specific (n = 11), and Melan-Ags_10s-specific (n = 14) CD4 T cell clones (E:T ratio, 30:1). Right: Cumulative analysis of LDH cytotoxic assays
conducted with tumor cell lines transduced with CIITA and cocultured with NY-ESO-1153_137-specific CD4 T cell clones from PBMCs (n = 22), TILs (n = 7), and TILNs (n = 4)
(E:T ratio, 30:1). Statistical power was assessed using one-way analysis of variance (ANOVA). (D) Cumulative analysis of LDH cytotoxic assays conducted with tumor cell
lines, transduced or not with CIITA, and cocultured with NY-ESO-1133-137-specific CD4 T cell clones (n = 16) (E:T ratio, 30:1). Statistical power was assessed using t test.
(E) Cumulative data of the maximum values of IFN-y, TNF-q, IL-4, IL-5, IL-6, IL-9, IL-17A, IL-17F, IL-10, IL-22, and IL-13 secretion obtained in peptide titration experiments
using NY-ESO-1123-137/DRB3*02:02 CD4 T cell clones isolated from PBMCs/TILs/TILNs and analyzed by LEGENDplex. (F) Cumulative data of the maximum values of IFN-y,
TNF-o, and IL-13 secretion obtained in peptide titration experiment using Melan-Ags_10s-specific CD4 T cell clones (n = 3) and hTERTg16-930-specific CD4 T cell clones (n = 3)
(right) isolated from PBMCs and analyzed by LEGENDplex.
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was assessed against HLA-matched and HLA-mismatched tumor
cell lines. To achieve robust and stable MHCII expression on tumor
cells, two different HLA-DRB3*02:02-positive (T333A and Me252)
and one HLA-DRB3*02:02-negative (GEFI) melanoma cell line were
transduced with the human CIITA (Class II Major Histocompatibil-
ity Complex Transactivator) isoform 3 gene (20). While the Me252
tumor cell line already constitutively expressed MHCII, the T333A
and GEFI tumor cell lines displayed very low basal MHCII expres-
sion, which was substantially increased by CIITA transduction (fig. S1).
As expected, no specific lysis occurred against HLA-DRB3*#02:02-
negative target cells (Fig. 2B). Unexpectedly, NY-ESO-1,,3137-specific
CD4 T cell clones were highly lytic, achieving up to 72% tumor cell
lysis at an effector:target (E:T) ratio of 30:1, whereas Melan- A-specific
and hTERT-specific CD4 T cells exhibited low cytotoxic activity.
Clones derived from PBMCs of patients demonstrated the highest kill-
ing capacity, as compared to clones from tumor-infiltrated tissues.
PBMCs of HDs displayed the lowest activity (Fig. 2C). The endoge-
nous expression of MHCI], as in the case of the Me252 cell line, was
sufficient to mediate high target cell lysis, while the T333A cell line
transduced with CIITA was significantly better killed than the T333A
wild-type (WT) cell line, confirming that killing was MHCII depen-
dent (Fig. 2D). Last, we profiled the capacity of the clones to secrete
type 1 [interferon-y (IFN-y) and tumor necrosis factor-o (TNF-a)],
type 2 [interleukin-4 (IL-4), IL-5, and IL-13], type 9 (IL-9), type 17 (IL-
17A and IL-17F), and type 22 (IL-6 and IL-22) cytokines and cytotoxic
molecules. The maximum effective concentration was determined for
each clone (Fig. 2E). NY-ESO-1,23-137/DRB3%02:02 CD4 T cell clones
secreted high levels of IFN-y and TNF-a and intermediate levels of IL-
13, while prototypic type 9 and type 17/22 cytokines were not signifi-
cantly produced (Fig. 2E). In addition, TNF-a and IFN-y secretion was
significantly higher in NY-ESO-1,3-137/DRB3%02:02 CD4 T cell clones
from the PBMC:s of patients compared to tumor compartment, argu-
ing for a heightened type 1 polarization of the clones from blood. In
contrast, hTERT916_930 and Melan-Agy_19s/ DRB3*02:02 CD4 T cell
clones did not secrete high levels of IFN-y, TNF-a, or IL-13, confirm-
ing the poor polyfunctional potency of these clones in comparison to
the NY-ESO-1,3-137/DRB3%02:02 CD4 T cell clones (Fig. 2F). These
findings suggest a distinct differentiation path for NY-ESO-1133_137-
specific clones compared to the other TAA. Melan-A and hTERT/
DRB3%02:02 CD4 T cell clones might be altered in the tumor bed
toward a less polyfunctional/effector profile.

To gain insight into the distinctive characteristics of polyfunc-
tional, highly cytotoxic NY-ESO-1,,3-137—-specific CD4 T cell clones,
we analyzed phenotypic markers and cytotoxic-related molecules
released or expressed by NY-ESO-1123-137, hTERT916-930, and
Melan-Agy_108/ DRB3*%02:02 CD4 T cell clones isolated from blood
(PBMCs) and tumor (TILs/TILNs) by flow cytometry. Compared to
Melan-A-specific and hTERT-specific CD4 T cell clones, patients’
clone specific for NY-ESO-1;,3_137 stood out, being 100% positive
for PD-1, VISTA, and TIGIT while exhibiting low CD57 expression,
regardless of whether they were isolated from blood or tumor tis-
sues (Fig. 3A). In the context of cancer, a higher expression of PD-1,
TIGIT, and VISTA in T cells, coupled with low expression of CD57,
may suggest an immunosuppressive or exhausted T cell phenotype
from chronic antigen exposure. Further, when comparing clones
from blood and tumor, we observed a reduction in granzyme B and
SLAMF7 expression concomitant to an increase in CTLA-4, OX40,
and 41BB expression in TILN/TIL-derived versus PBMC-derived
clones, indicating functional exhaustion (Fig. 3B), while the expression
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of other markers was comparable in both compartments (fig. S2).
The increased expression of the last three markers was inversely cor-
related with the effector capacity of the clones to lyse targets in vitro
(Fig. 3C). A similar phenotype was observed on ex vivo multimer-
positive CD4 T cells (data not shown).

Strong TCRap bias of HLA-DRB3%02:02-restricted
NY-ESO-1-specific CD4 T cells

To determine whether the TCR repertoire in NY-ESO-11,3_137-specific
cells is oligo/polyclonal and whether it is shared across different
compartments (i.e., indicating potential cell migration from the cir-
culation to the tumor bed), we performed TCR sequencing of sorted
NY—ESO-1123_137—, Melan—A94_1og—, and hTERT916_930—speciﬁc CD4
T cell clones. Notably, NY-ESO-1;23_137-specific CD4 T cell clones
derived from three patients PBMCs (n = 20 clones), TILs/TILNs
(n = 19 clones), or HD PBMCs (n = 7 clones) shared a recurrent
TCR a variable chain (TRAV), TRAVS-4 (Fig. 4A). In addition, a
TCR P variable chain (TRBV), TRBV20-1, was preferentially associ-
ated with this TCRa chain across patients. A more diverse set of
TCRs was apparent in antigen-specific CD4 T cells from HD, al-
though TRAVS-4 and TRBV20-1 were also observed in two of seven
HD clones (Fig. 4A). In contrast, Melan-Ags_19s— and hTERT916-930—
specific CD4 T cell clones restricted by the same HLA-DRB3*02:02
exhibited diverse TCR usage (Fig. 4A, bottom). In addition, distri-
bution of these recurrent TCR Va and VP chains across individual
patients is also highly conserved (fig. S3). Together, these data sug-
gest a potential association between the highly conserved TCR vari-
able chain usage and the observed polyfunctionality traits and high
cytotoxicity in HLA-DRB3#02:02-restricted NY-ESO-1-specific CD4
T cells. Moreover, Fig. 4A shows that both TRAVS-4 and TRBV20-1 are
very important for the recognition of the NY-ESO-1 epitope. We deter-
mined whether these further preferentially occurred together in the
NY-ESO-1;53-137-specific CD4 T cell clones from patients. For this, we
compared the joint probability of these two genes occurring together
to the probability in case these were independent {i.e., P(TRAV8-4 and
TRBV20-1) + [P(TRAVS-4) X P(TRBV20-1)] = 1.014}. This value was
not significantly higher than when compared to a null model built by
randomly pairing the observed TRAV and TRBV (P = 0.106), indicat-
ing that, despite the high frequency of both TRAV8-4 and TRBV20-1
in TCRs recognizing NY-ESO-1, these two genes are selected indepen-
dently of each other and are not jointly needed for the recognition of
NY-ESO-1 (as can be seen by the NY-ESO-1-specific TCRs formed by
TRBV8-4/TRBV11-2 or TRBV19/TRBV20-1, for example). To assess
whether the dominance of these TCRa and TCRp chains resulted from
antigen-independent activation upon in vitro culture, NY-ESO-1;23_137
multimer-positive and multimer-negative cells were sorted from in vi-
tro—expanded PBMCs and TILs/TILNs from HLA-DRB3*02:02-posi-
tive patients (Fig. 4B), and TCR usage was analyzed on these bulk
cultures. Across nine patients with melanoma, we observed this highly
conserved TCR variable chain, TRAV8-4, within the multimer-positive
T cells, representing more than 50% of all the TCR chains observed but
not in the multimer-negative T cells (Fig. 4B). In addition, TRBV20-1
was only preferentially used in the multimer-positive cells (Fig. 4B).
Last, to definitively rule out a preexisting, natural selection-derived
bias toward TRAV8-4 and TRBV20-1 in human CD4 T cells in gener-
al, we sequenced TCRs from cord blood-derived naive CD4 T cells
and compared them to bulk memory CD4 T cells from adult individu-
als (Fig. 4C). Neither TRAV8-4 nor TRBV20-1 was identified among
the most frequently expressed TCRs in CD4 T cell from three cord
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Fig. 3. Phenotypic characterization of diverse tumor antigen-specific CD4 T cells. (A) Graphs summarizing PD-1, TIGIT, CD57, and VISTA expression in NY-ESO-1123-137
PBMC-specific (n = 16), TIL/TILN-specific (n = 11), hTERT916-930 PBMC-specific (n = 8), and Melan-Ags_10s PBMC-specific (n = 4) CD4 T cell clones. Statistical power was
assessed using one-way ANOVA. (B) Graphs summarizing GZMB, SLAMF7, OX40, 41BB, and CTLA-4 expression in NY-ESO-11,3_137 PBMC-specific (n = 16), TIL/TILN-specific
(n=11), hTERT916-930 PBMC-specific (n = 8), and Melan-Ags_10s PBMC-specific (n = 4) CD4 T cell clones. Statistical power was assessed using one-way ANOVA. (C) Graphs
summarizing the correlation between the percentage of specific lysis of NY-ESO-11,3_137-specific CD4 T cell clones and GZMB, SLAMF7, 41BB, OX40, and CTLA-4 (n = 27).

Statistical power was assessed using simple linear regression.

blood samples and four adult memory cells (Fig. 4D). The overall usage
of TRAV8-4 and TRBV20-1 was similar in human multimer-negative
CD4 T cells of patients, PBMCs of healthy individuals, and fetal cord
blood. These results support a selective usage of TCR variable chains:
TRAVS8-4/TRBV20-1 in highly cytotoxic DRB3*02:02-restricted
NY-ESO-1-specific CD4 T cells.

To determine the possible origin of the TCR preference in the
NY-ESO-1/HLA-DRB3*02:02 response, we generated, by homology

Saillard et al., Sci. Adv. 11, eadu5754 (2025) 27 June 2025

modeling, three-dimensional (3D) structural models of HLA-
DRA + HLA-DRB3*02:02 in complex with the NY-ESO-1, hTERT,
or Melan-A peptide of interest, as well as these three pMHCs in
complex with three distinct NY-ESO-1-specific CD4 TCRs with a
TCR alpha chain bias (i.e., TCR1, TCR2, and TCR3) (table S3). Fol-
lowing a previously described approach using the Modeller and
TCRmodel2 programs (21, 22), we identified and enumerated mo-
lecular interactions existing in these 3D structural models between
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Fig. 4. Highly conserved TCR Vo and TCRVf usage in NY-ESO-1123-137/DRB3%02:02-specific CD4 T cells. (A) Pies illustrating the relative abundance of each clonotype
among all NY-ESO-1123-137/DRB3#02:02 CD4T cell clones in the PMBCs (n = 20) and TILs/TILNs (n = 19) of patients with melanoma and HDs' PBMCs (n = 7), Melan-Ags_10s
(n =9), and hTERTg16-930/DRB3*02:02 (n = 9) CD4 T cell clones. (B) Pies summarizing TCR sequencing of the alpha and beta chains of multimer-positive (left pies) or
multimer-negative (right pies) CD4 T cells sorted from in vitro—expanded PBMCs and TILs/TILNs from patients (n = 9). (C) Pies summarizing TCR sequencing of the alpha
and beta chains of memory CD4T cells isolated from adult blood (n = 4). (D) Pies summarizing TCR sequencing of the alpha and beta chains of naive CD4 T cells isolated
from cord blood (n = 3).
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each peptide and the MHC and between each NY-ESO-1 TCR and
the different pMHC:s. Results are summarized in Table 1. The nature
of the molecular interactions existing between the peptide, MHC,
and TCR residues is listed in tables S4 to S15.

NY-ESO-1 was predicted to make substantially more interactions
with HLA-DRA and HLA-DRB3%*02:02 (a total of 43) than hTERT (37)
or Melan-A (35) and, hence, may have a stronger affinity for this MHC
than hTERT and Melan-A. Furthermore, TCR1, TCR2, and TCR3 were
predicted to make a similar number of favorable molecular interactions
with the NY-ESO-1 peptide, as well as to make more favorable interac-
tions with the NY-ESO-1 than with hTERT or Melan-A. Notably, TCR1
makes a higher number of favorable molecular interactions with HLA-
DRB3%*02:02 than TCR2 or TCR3. Overall, the TCR1/NY-ESO-1/HLA-
DRA + HLA-DRB3%02:02 complex (Fig. 5) was predicted to exhibit the
largest number of favorable molecular interactions between all part-
ners. These findings suggest a potential specificity or affinity difference
in the recognition of these pMHC complexes by the analyzed TCRs,
which might drive their preferential expansion and effector functions.

Enriched NY-ESO-1-specific TCR-biased CD4 T cells across
human tumor types

NY-ESO-1 is a TAA expressed by a broad range of tumor types. Hence,
we questioned whether NY-ESO-1153_137-specific CD4 T cells with the
described TCR bias can also be detected in cancers other than melano-
ma, such as lung cancer, ovarian cancer, and neuroblastoma. Targeting
a broad spectrum of pediatric and adult tumor types by the same strat-
egy would be therapeutically highly relevant. TCR analysis was per-
formed after one round of stimulation with the NY-ESO-1 peptide. As
shown in Fig. 6 (A to C), we detected NY-ESO-11,3_137/DRB3*02:02
CD4 T cells in samples from patients with lung, ovarian, and neuroblas-
toma cancer (see table S2 for patients’ characteristics). In patients with
lung cancer, we also observed highly conserved TRAV8-4 usage. In
contrast, in patients with ovarian and neuroblastoma cancer, TRBV20-
1 but not TRAV8-1 was highly conserved, suggesting that the usage of
this TCR by NY-ESO-1,,3-137/DRB3*02:02 CD4 T cells is a partially
generalized feature, not restricted to patients with melanoma (Fig. 6).

Expression of NY-ESO-1-specific TCRs reprograms antitumor
activity in primary human CD4 T cells in vitro and in vivo

Next, to evaluate a possible therapeutic application of this highly
conserved TCR variable chain usage, we transduced different TCRs

in human primary CD4 T cells using a lentiviral vector in combina-
tion with CRISPR-Cas9 genetic deletion of the endogenous TCR
(Fig. 7A). Strong transduction efficiency (Fig. 7B) and cell survival
(Fig. 7C) were better in primary CD4 T cells. Lower levels of tetra-
mer staining were observed for transduced CD8 T cells, indicating
that these TCRs may be CD4 dependent. Transduced CD4 T cells
exerted strong HLA-DRB3*02:02-positive tumor cell lysis, while, as
expected, no cytotoxicity was measured against HLA-DRB3*02:02-
negative ones (Fig. 7D). NY-ESO-1;,3_137-specific CD4 T cells ex-
hibited a bias toward a T helper type 1 and 2 phenotype, producing
IL-2, IFN-y, TNF-a, IL-5, and IL-13 upon recognition of HLA-
DRB3*02:02-positive tumors (Fig. 7E). No cytokine secretion was
observed when cocultured with HLA-DRB3*02:02-negative tumors.

We next sought to evaluate CD4 T cells engineered to express
NY-ESO-1/TCRs having the best predictive pMHC/TCR affinity

A\

Fig. 5. 3D structural model obtained using TCRmodel2 for the complex TCR1/
NY-ESO-1/HLA-DRA + HLA-DRB3%02:02. TCR1 is colored gray (TCRa) and blue
(TCRB), HLA-DRA and HLA-DRB3%*02:02 are colored brown, and NY-ESO-1 is colored
orange. Residues of the peptide are displayed in ball-and-stick representation,
while those of the MHC and TCR are shown in stick representation. Hydrogen
bonds are shown as thin green lines. Nonpolar hydrogens are hidden for clarity.

Table 1. Number of favorable molecular interactions between the peptide and the MHC, as well as between the TCRs and the peptide or the MHC,
determined from the nine structural models of the pMHC and TCR-pMHC complexes.

Complex No. of interactions, Pep/MHC No. of interactions, TCR/Pep No. of interactions, TCR/MHC Total
TCR1-NY-ESO-1-HLA-DRB3*02:02 10 30 83
TCR2-NY-ESO-1-HLA-DRB3*02:02 1 ” 2% ' 80
TCR3-NY-ESO-1-HLA-DRB3#02:02 11 ” a ' 78
TCR1-hTERT-HLA-DRB3#02:02 9 “ 29 ' 75
TCR2-hTERT-HLA-DRB3*02:02 7 28 ' 72
TCR3-hTERT-HLA-DRB3*02:02 8 2 ' 67
TCR1-MelanA-HLA-DRB3#02:02 9 ” 28 ' 72
TCR2-Melan-A-HLA-DRB3%02:02 8 ” 26 ' 69
TCR3-Melan-A-HLA-DRB3%02:02 9 25 ' 69

27 June 2025

Saillard et al., Sci. Adv. 11, eadu5754 (2025)

7 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

A NY-ESO-1,,. . -—specific CD4 T cells from lung cancer patients

mﬁ_
C| B3 TRAVS-4 = TRBV5-6
o I TRAV9-2 = TRBV20-1
gl N = TRAV27 =8 TRBV19
5| o yr B TRAV10 = TRBV28
EI F B TRAV9-1 = TRBV7-7
IS X = TRAV2 = TRBV5-1
—| ol = TRAV12-3 = TRBVO
Sl s I TRAV26-1 = TRBV29
T - &= TRAV27 =3 TRBV3-1
S| Total = 261,015 o TRAVA Total = 264,962 I TRBV6-2
o L] B TRAV26-2 = TRBV24

04 =1 TRAV35 = TRBV4-3

CD4
B NY-ESO-1, . -—specific CD4 T cells from ovarian cancer patients
= m TRAV2
Q| = TRAV26-2 =1 TRBV20-1
£ \\‘ B TRAV26-1 =2 TRBVS-1
E [ = TRAV17 == TRBVG-1
S| e B TRAV30 Em TRBV2§
£ = TRAV19 = TRBVI2-3
= 0= TRAV23 = IRV,
)] = TRAV12-3 = TRBV5.5
I| = TRAV4
=| Total = 337,432 = TRAV1-2 Total = 230216 £ TRBVIE
o = TRAV25 " 3 TRBVEA
s ot =iVt = TRBV18
= TRAVS-4
CD4
¢ NY-ESO-1,,. . —specific CD4 T cells from neuroblastoma cancer patients
< = v = Tavrs
Sl =1 TRAV12-1 . TRBVS-1
'] = TRAVZ: == TRBV6-1
= N = = e
=] e — = TRAve-2 = TRBV6-6
I 1 ‘ = TRAVA7 = TRBV5-4
= =1 TRAV8-3 = TRBVS-3
O o = TRAVS-4 == TRBV3-1
= - B3 TRAVO-1 Total = 286,706 ™= TRBVO
S| 03 - Total = 438,735 mm TRAV19 == TRBV2
sl ., = TRAVS =1 TRBV20-1
- : B TRAVIA B TRBV4-1
o e = TRAV2 B TRBV4-2
=1 TRBV12-3
CD4
p NY-ESO-1, . -—specific CD4 T cells from healthy donors
@
€l 4]
£
=
E 3
S|
I.q
S|
[S1CE
CD4

Fig. 6. NY-ESO-11,3_137-specific CD4 T cells in other tumor types. Representative dot plots and pies summarizing TCR alpha and beta chains of multimer-positive CD4
T cells after in vitro stimulation with the NY-ESO-14,3_137 peptide in (A) samples from patients with lung cancer (n = 5), (B) samples from patients with ovarian cancer
(n = 3), (€) samples from patients with neuroblastoma pediatric cancer (n = 3), and (D) healthy donor samples.
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Fig.7. TCR transduction in human primary CD4T cells. (A) Schematic of experimental strategy to generate NY-ESO-1/TCR-transduced human CD4T cells. KO, knockout.
(B) Cumulative analysis of TCR transduction in CD4 (n = 12) and CD8 (n = 4) T cells, with or without CRISPR editing. Statistical power was assessed using one-way ANOVA.
(C) Cumulative analysis of percentage of live cells in TCR-transduced CD4 (n = 12) or CD8 (n = 4) T cells, with or without CRISPR editing. Statistical power was assessed
using one-way ANOVA. (D) Cytotoxic capacity of TCR-transduced CD4 T cells against different HLA-matched and HLA-mismatched tumor cell lines (E:T ratio, 30:1) (n = 4).
(E) Cytokine secretion analysis (TNF-a, IFN-y, IL-2, IL-5, and IL-13) by LEGENDplex in supernatants of NY-ESO-14,3-137/TCR-transduced CD4 T cells for the higher ratio E:T

(30:1) (n=6).

(Table 1) in vivo. Briefly, after tumor engraftment in immunode-
ficient IL-2-NOG (NOD/Shi-scid/IL-2Rynull) mice (23), ACT was
performed with TCR-transduced NY-ESO-1,,3_13/DRB3*02:02-
specific CD4 T cells or with TCR-transduced NY-ESO-1;57_1¢5/ HLA-
A2%02:01-specific CD8 T cells (Fig. 8A). As shown in Fig. 8B,
NY—ESO-1123,137/DRB3 *02:02-TCR-transduced primary CDh4 T
cells could control tumor growth as efficiently as NY-ESO-1,57_165/
HLA-A*02:01-TCR-transduced CD8 T cells, in comparison to the
untreated group where the tumors grew uncontrolled. To assess the
persistence of transferred T cells, we monitored the number of circulat-
ing human CD3* T cells by flow cytometry in three different groups
(Fig. 8, Cand D). As expected, no human CD3 cells were observed in

Saillard et al., Sci. Adv. 11, eadu5754 (2025) 27 June 2025

untreated mice. In contrast, we obtained similar CD3™ cell counts for
both treated groups, demonstrating the persistence (tested up to 33
days post-ACT) of both NY-ESO-1/TCR-CD4 T cells and CD8 T
cells upon ACT. Collectively, the in vitro and in vivo results show that
NY-ESO-1;33-137/DRB3%02:02-TCR-engineered CD4 T cells are
highly potent in controlling NY-ESO-1-expressing tumors.

DISCUSSION

In this study, we have identified a highly conserved NY-ESO-1 TCRaf3
variable chain usage that confers potent antigen-specific effector
functions against various tumor types. Moreover, gene transfer of
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Fig. 8. Adoptive transfer of NY-ESO-1/TCR T cells in tumor-bearing IL-2-NOG mice. (A) Schematic of experimental strategy. (B) In vivo efficacy of adoptively trans-
ferred NY-ESO-1/TCR-transduced T cells against HLA-matched tumor xenografts (six mice per group). Statistical power was assessed using Kruskal-Wallis test. (C) Repre-
sentative dot plots of human CD3 staining of the PBMCs of untreated mice and mice receiving NY-ESO-1/TCR-transduced CD4 T cells or NY-ESO-1/TCR-transduced CD8 T
cells. (D) Monitoring of the frequency of persisting human T cells by flow cytometry (six mice per group).
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such TCR in CD4 T cells confers robust cytotoxic capacity both in vi-
tro and in vivo. Together, our data indicate strong potential for the
clinical application of our TCR-engineered CD4 T cells targeting
NY-ESO-1-expressing tumors in HLA-DRB3*02:02-positive patients,
representing more than half of the Caucasian population. The discov-
ery of a strong TCRaf} preferentially used in NY-ESO-1,53_137—specific
CD4 T cells, particularly the recurrent TRAV8-4 and TRBV20-1 pair,
raises intriguing questions about their origins and implications.

Previous vaccination studies in HLA-DRB3*02:02-positive patients
with cancer using the NY-ESO-1 recombinant protein reported the
induction of an immunodominant response characterized by the
preferential expansion of proinflammatory type-1 NY-ESO-1153_137—
specific CD4 T cells (18). These findings also revealed marked differ-
ences between natural- and therapy-induced NY-ESO-1-specific
CD8 T cell responses, where conserved but distinct TCRp usage was
reported (24) in the two settings. We extend these postimmunother-
apy findings by reporting the expansion of NY-ESO-1,,3_;37-specific
CD4 T cells in patients with advanced cancer exhibiting naturally
occurring responses to NY-ESO-1, both in the peripheral blood and
in tumor-infiltrated tissues. Biases in TCRa or TCRp usage have been
found in different diseases, spanning from autoimmunity to infec-
tion and cancer. These analyses were primarily performed in CD8 T
cells (25), with only few examples in CD4 T cells relating to
HLA-DRBI -restricted epitopes. In the well-known contexts of HLA-
A*02:01-restricted Melan-A-specific (26) or yellow fever-specific
(27) CD8 T cells, a strong TCR bias was already present in the naive
T cell population. However, in our case, it appears that a more lim-
ited TCRap skewing is observed in HLA-DRB3*02:02-positive
HD’s peripheral blood than in patients and not at all observed in
CD4 T cells from the cord blood of HLA-DRB3*02:02-positive do-
nors, strongly suggesting an antigen-driven expansion of the pref-
erential TCR pair.

The presence of this TCR bias might be directly linked to the
unusually strong cytotoxicity of these CD4 T cells. We hypothesized
that pMHC/TCR affinity could partially explain this heightened cy-
totoxic potency, as reported for CD8 T cells, where the affinity and
binding strength of a TCR to its cognate pMHC correlate with T cell
effector functions (28). In line with this idea, our in silico analysis in-
dicated that the HLA-DRB3%*02:02 molecule with the NY-ESO-1 pep-
tide is predicted to foster more favorable contacts compared to
Melan-A and hTERT peptides. Furthermore, we observed increased
contacts of the TCR isolated from highly cytotoxic clones, both with
the MHC-peptide complex and with the MHC molecule itself. This
suggests that these T cells could engage in more favorable interactions
between TCR, peptide, and MHC molecules, driving their preferen-
tial differentiation, polyfunctionality, and cytotoxic capacity, thereby
explaining the TCR bias of the NY-ESO-1,,3-137-specific CD4 T cell
population. This heightened effector profile might be key to support
the functional fitness of other immune cell types, e.g., CD8 T cells,
and prevent their exhaustion, as recently reported (4).

In addition to the TCR variable chain usage bias, the high cytotoxic
potency of our NY-ESO-1 clones might also be associated with a dis-
tinct differentiation state of the cells. When comparing clones with the
same HLA restriction (i.e., HLA-DRB3*02:02) but different specificities
(i.e., NY-ESO-1, hTERT, and Melan-A), we observed higher expression
of PD-1, TIGIT, and VISTA alongside lower expression of CD57 in the
cytotoxic NY-ESO-1-specific cells, as compared to the helper hTERT-
and Melan-A-specific cells. While PD-1, TIGIT, and VISTA have been
mainly associated with the suppression of effector T cell functions in
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cancer (29), the increased TIGIT expression in cytotoxic CD4 T cells
might be related to a senescent phenotype with superior polyfunction-
ality, as reported for CD4 T cells in the transplantation setting (30).
Similarly, reduced CD57 expression in natural killer cells (NK cells) was
found to enhance cytotoxicity in patients, suggesting a compensatory
mechanism to maintain immune function during disease (31).

Regarding cytotoxic molecules, we observed higher GZMB ex-
pression levels in NY-ESO-1-specific CD4 T clones, as compared to
the Melan-A- and hTERT-specific ones, suggesting a greater killing
potential. Of interest, although NY-ESO-1-reactive cells were gen-
erally highly cytotoxic, those originated from TILs/TILNs exhibited
reduced target cell killing. The reduced presence of SLAMF7, previ-
ously identified as crucial in the cytotoxic process of CD4 T cells
(2, 3, 32), along with increased expression of CTLA-4, 4-1BB, and
0X40 in cells from TILs/TILNs, inversely correlated with cytotoxic-
ity. This suggests that intracellular signaling from these receptors
might directly affect target lysis. Further work should address how
cytotoxicity might be optimally sustained in the tumor bed.

Together, TCR-engineered CD4 T cells targeting NY-ESO-11,3_137/
HLA-DRB3*02:02 offer a promising, novel, and presumably safe im-
munotherapeutic approach due to limited antigen expression on
healthy tissues, which can be used to treat a relatively large proportion
of patients with cancer. Our therapy could be used either alone or in
combination with CD8 T cell based on immunotherapy or vacci-
nation to further expand the immunodominant NY-ESO-1123_137-
specific CD4 T cell population. Future efforts should focus on
editing these TCRs in other cell types. Alternatively, harnessing TCR-
engineered NK cells may combine the innate properties of NK cells
with the antigen specificity of the T cells, without the need of autolo-
gous cellular product preparation (33).

One potential limitation of our study is the use of in vitro expan-
sion of T cell clones before TCR analysis. While direct ex vivo analy-
sis is challenging, we acknowledge that the expansion process may
influence the observed prevalence of specific clones, particularly
high-affinity ones. This could introduce some bias in the assessment
of clone prevalence. Despite this, we believe that the controls used in
our study, which definitively demonstrate that the TRAV8-4 and
TRBV20-1 biases are antigen associated, provide compelling evi-
dence supporting the selective expansion of these clones. These con-
trols effectively rule out alternative explanations and reinforce the
antigen-driven nature of the observed biases.

MATERIALS AND METHODS

Lymphocyte isolation from cord blood, peripheral blood,
tumor samples, and tumor-infiltrated lymph node samples
PBMC:s from patients with stage III/IV melanoma and ovarian can-
cer and PBMCs from healthy donors (34) were obtained from the
Department of Oncology, Centre Hospitalier Universitaire Vaudois
(CHUYV), Lausanne, Switzerland (NCT00112229, NCT00002669,
and NCT00002763), and the Blood Transfusion Center, Lausanne,
Switzerland, respectively. Blood was diluted with phosphate-buffered
saline (PBS), and PBMCs were purified by density gradient centrifu-
gation using Lymphoprep (STEMCELL). Mononuclear cells from
cord blood and PBMC:s from patients with lung cancer were obtained
from O. Adotevi, University Hospital of Besancon (NCT02846103).
TILs and TILNs were obtained after surgery from patients with mela-
noma from the Department of Oncology, University Hospital (CHUV),
Lausanne, Switzerland (EC 2023-00186). Resected tumors were
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enzymatically digested and were used as starting material for TIL/
TILN generation, as previously reported (35).

Tumor cell lines

Melanoma cell lines (Me252, T333A, T672E, and NA8) were estab-
lished from metastatic surgery specimens from patients with mela-
noma at the Department of Oncology, University Hospital (CHUV),
Lausanne, Switzerland. The GEFI melanoma cell line was provided
by M. P. Protti, San Raffaele Scientific Institute, Milan. Melanoma
tumor cell lines were cultured in RPMI 1640 (Gibco) containing
10% fetal bovine serum (FBS; Gibco), 100 mM Hepes buffer (Gibco),
penicillin (50 U/ml), and streptomycin (50 pg/ml; Thermo Fisher
Scientific). Neuroblastoma cell lines (SH-EP and SKNSH) and a sarcoma
cell line (U20S) were obtained from the Department of Oncology,
University Hospital (CHUV), Lausanne, Switzerland. Neuroblasto-
ma tumor cell lines were cultured in Dulbeccos modified Eagle’s
medium (Gibco) containing 10% FBS, penicillin (50 U/ml), and
streptomycin (50 pg/ml). The sarcoma tumor cell line was cultured
in McCoy’s 5a (Gibco) containing 15% FBS, penicillin (50 U/ml),
and streptomycin (50 pg/ml).

Peptide synthesis

Peptides (table S1) were synthesized by the Peptide and Tetramer
Core Facility, UNIL-CHUYV, Epalinges, Switzerland, using INTAVIS
synthesizers. All peptides were >90% pure as indicated by analytic
mass spectrometry and high-performance liquid chromatography.
The lyophilized peptides were diluted in pure dimethyl sulfoxide at
10 mM and stored at —20°C. This methodology was previously
reported in (2).

HLA genotyping

Genomic DNA was extracted from cell samples using the DNeasy
kit from QIAGEN. HLA typing was performed with the TruSight
HLA v.2 Sequencing Panel from CareDx. Then, genomic DNA was
used to amplify HLA genes by polymerase chain reaction (PCR).
Nextera adapters were added by tagmentation, and the resulting li-
braries were sequenced on the MiniSeq instrument (Illumina). Se-
quencing data were analyzed with the Assign TruSight HLA v.2.1
Software. This methodology was previously reported in (36).

Identification of antigen-specific CD4 T cells and generation
of T cell clones

PBMCs, TILs, and TILNs from HLA-DRB3*02:02-positive patients
were thawed, and CD4 T cells were purified by positive selection us-
ing magnetic-activated cell sorter (MACS) isolation microbeads
(Miltenyi Biotec). These cells were then stimulated with the indicat-
ed peptides (2 pM) and with the irradiated [30 Gy (gray)] autolo-
gous CD4-negative cell fraction in RPMI 1640 containing 8% of
human serum (HS), 2 mM glutamine (Thermo Fisher Scientific),
1% (v/v) nonessential amino acids (Gibco), 50 pM 2p-mercaptoethanol
(Gibco), penicillin (50 U/ml), and streptomycin (50 pg/ml) (8% HS
RPMI 1640 medium). After 2 days of culture, 100 pl of 8% HS RPMI
1640 medium containing a final concentration of 100 U/ml of hu-
man recombinant IL-2 (Proleukine) was added. After 10 days of
in vitro expansion, antigen-specific CD4 T cells were stained with
fluorescent pMHCII multimers with an optimized protocol devel-
oped in-house (37). Cells were first resuspended in RPMI 1640 8% HS
with 5 mM LacNac (Sigma-Aldrich) for 2 hours at 37°C and then
resuspended in PBS containing 50 nM dasatinib (Sigma-Aldrich)
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for 30 min at 37°C. Multimer staining was performed using phyco-
erythrin (PE)-HLA-DRB3*02:02 multimers, loaded with the indi-
cated peptide (produced by the Peptide and Tetramer Core Facility,
UNIL-CHUY, Epalinges, Switzerland), for 25 min at room tempera-
ture (RT). Surface staining was performed with anti-CD3 antibody
(BV605, SP34-2, BD), anti-CD4 antibody (BV650, OKT4, BioLeg-
end), and LIVE/DEAD Fixable Near-IR Dead Cell Stain (Thermo
Fisher Scientific) for 20 min at RT. Last, a mouse anti-PE antibody
(BioLegend) was added for 20 min at 4°C. Positive cells were sorted
using a FACSAria II (BD Biosciences). Individual, sorted, and
epitope-specific T cells were stimulated with phytohemagglutinin
(1 pg/ml; Thermo Fisher Scientific) in the presence of irradiated
(30 Gy) allogeneic PBMC feeder cells and IL-2 (100 U/ml) and plated
in Terasaki plates for clone generation.

Generation of ClITA-transduced melanoma cell lines

Six hours before transfection, 293T cells (American Type Culture
Collection) were seeded at 1.25 x 10° in 2 ml of 10% FBS RPMI
1640 medium per well in a six-well plate. 293T cells were trans-
fected with 2.5 pg of total DNA (divided as 0.282 pg of pVSVG
(vesicular stomatitis virus G glycoprotein), 0.846 pg of R874, and
1.125 pg of plasmid containing the human CIITA isoform 3 gene)
using a mix of Lipofectamine 2000 (Invitrogen) and OptiMEM me-
dia (Invitrogen, Life Technologies, according to the manufacturer’s
instructions). The viral supernatant was harvested 48 hours post-
transfection, and the supernatant was used directly on melanoma,
lung, sarcoma, and neuroblastoma cell lines. MHCII positive cells
were sorted using a FACSAria II (BD Biosciences) after staining
with anti-HLA-DR/-DQ/-DP antibody [fluorescein isothiocyanate
(FITC), Bu26, Abcam].

Lactate dehydrogenase cytotoxicity assay

The cytotoxic potential of the tumor-associated, antigen-specific
(38), and HLA-DRB3*02:02-restricted CD4 T cell clones or TCR-
transduced T cells was assessed against HLA-matched and HLA-
mismatched tumor cell lines, as indicated. Target cells were incubated
with effectors at different ratio (30:1, 15:1, 7.5:1, 3.8:1, and 1.7:1) for
24 hours at 37°C, in the presence or absence of the specific or irrel-
evant peptides (1 pM). Following the manufacturer’s instructions,
supernatants were collected and mixed with reaction mixture (Cy-
QUANT LDH Cytotoxicity Assay Kit, Thermo Fisher Scientific)
30 min at RT in the dark. Stop solution was added, and the absor-
bances at 490 and 680 nm were measured to determine lactate dehy-
drogenase (LDH) activity. The percentage of specific lysis was
calculated as follows: (experimental — effector spontaneous release —
target spontaneous release) + (target maximal release — target spon-
taneous release) x 100.

Cytokine secretion profiling by LEGENDplex analysis

Cytokine production by TAA-specific CD4 T cell clones was as-
sessed after 24 hours of stimulation by the specific peptide at differ-
ent concentrations (from 0 to 10 pM) to determine the half-maximal
effective concentration. Supernatants were harvested, and the con-
centration of 12 cytokines (IL-5, IL-13, IL-2, IL-6, IL-9, IL-10,
IFN-y, TNF-a, IL-17A, IL-17F IL-4, and IL-22) was measured using
the LEGENDplex Human Th Panel (BioLegend). The beads were
mixed with the supernatants, incubated for 2 hours at RT, washed,
and incubated for 1 hour with detection antibodies. Streptavidin-PE
was added and incubated for 30 min, and the beads were washed
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and acquired using Attune NxT instrument (Thermo Fisher Scien-
tific). Results were analyzed using the LEGENDplex Software Anal-
ysis Suite.

Multiparametric flow cytometry analysis of TAA-specific CD4
T cells and CD4 T cell clones

PBMCs, TILs, and TILNs or TAA-specific CD4 T cell clones were
stained with a combination of antibodies: anti-CD3 (BV605, SP34-2,
BD), anti-CD4 (BV650, OKT4, BioLegend), antiperforin (FITC, B-
D48, BioLegend), anti-granzyme K (PerCP-efluor710, G3H69,
eBioscience), anti-granzyme A (Alexa Fluor 700, CB9, BioLegend), anti-
SLAMF7 (PE-Cy7, 162.1, BioLegend), anti-PD-1 (BV421, EH12.2H7,
BioLegend), anti-CD57 (BV510, QA17A04, BioLegend), anti-VISTA
(FITC, B7H5DS8, Invitrogen), anti-OX40 (PerCP-Cy5.5, Ber-ACT35,
BioLegend), anti-41BB (Alexa Fluor 700, 4B4-1, BioLegend), anti-
TIGIT (PE-Dazzle, A15153G, BioLegend), anti-CTLA-4 (PE-Cys5,
BN13, BD), and LIVE/DEAD Fixable Near-IR Dead Cell Stain (Thermo
Fisher Scientific). Data were acquired on Cytek Aurora and analyzed
using FlowJo 10.8.1.

TCR sequencing

Following the procedures previously described in (39), mRNA was
isolated from naive cord blood CD4 T cells, memory CD4 T cells,
TAA-specific CD4 T cells, and TAA-specific CD4 T cell clones using
the Dynabeads mRNA DIRECT Purification Kit (Life Technologies)
and was amplified using the MessageAmp II aRNA Amplification
Kit (Ambion). First, strand cDNA was synthesized using Super-
Script III (Thermo Fisher Scientific) and a collection of TRAV/
TRBV-specific primers. TCRs were amplified by PCR (20 cycles
with the Phusion from New England Biolabs), with a single primer
pair binding to the constant region. MiniSeq instrument (Illumina)
was lastly used for deep sequencing of the TCRa/TCRf chains.

TCR/pMHC 3D structure modeling

The full sequence of the constant and variable domains of TCRax and
TCRp was reconstituted from V and J segment identifiers and from
the CDR3 sequences using the IMGT/GENE-DB reference se-
quences (40) for TCR1, TCR2, and TCR3. Homology models of the
three pMHC complexes (HLA-DRB3*02:02 with the NY-ESO-1,
hTERT, and Melan-A peptides) were generated using the Modeller
program version 9 (41). On the basis of their sequence identity to
HLA-DRA and HLA-DRB3*02:02 and their resolution, the follow-
ing experimental structures were retrieved from the Protein Data
Bank (PDB) (42) and selected as templates for the homology model-
ing: 2q6w, 4h1l, 3¢5j, and laqd. The sequence alignment between
the MHC molecule and the templates was performed using MUS-
CLE (43). Because several positioning of the NY-ESO-1, hTERT,
and Melan-A peptides in the MHC groove could be envisioned, the
corresponding sequence alignments with the peptides present in the
templates were generated and used as input to start the Modeller
calculations. A total of 2000 models were generated for each pMHC
complex and each possible peptide positioning. Models were scored
according to the Discrete Optimized Potential Energy (DOPE) of
Modeller (41) summed over all peptide residues and MHC residues
in contact with them. For each peptide, the final pMHC model was
selected as the one with the most favorable DOPE score. Homology
models of the nine TCR-pMHC complexes (i.e., the three pMHC
mentioned above in complex with TCR1, TCR2, or TCR3) were
generated with the TCRmodel2 program (44) using default options,
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letting the approach automatically select the most appropriate tem-
plates. TCRmodel2 selected the following templates from the PDB:

1) TCR1: 4gkz, 6¢eh6, 6fra, and 3tf7 for TCRa and 304l, lymm,
2wbj, and 4dzb for TCRp

2) TCR2: 4gkz, 6€h6, 6fra, and 3tf7 for TCRa and 1bd2, 4ftv, 6jxr,
and 6rpb for TCRf

3) TCR3: 4gkz, 6€eh6, 6fra, and 3tf7 for TCRa and 6ovo, 6vmx,
6vxm, and 6ovn for TCRp

Five models were generated for each of the nine TCR-pMHC
complexes. In each case, it was verified that the positioning of the
peptide in the MHC groove is identical between the models gener-
ated by Modeller and TCRmodel2. All models, for the three
pMHC and nine TCR-pMHC complexes, were analyzed using the
UCSF Chimera package (45) to determine the favorable molecular
interactions between the peptide and the MHC and between the
TCR and the pMHC residues. To account for protein flexibility,
the five models generated by TCRmodel2 for each TCR-pMHC
were used for this analysis. Residue numbering was generated by
TCRmodel2. Molecular graphics was performed with the UCSF
Chimera package.

TCR cloning and TCR transduction in primary human

CDAT cells

TCRa and TCRf sequences were modified by replacing the human
TCR constant regions with murine TCR constant regions and were
cloned separately into pRRL vector under the control of an human
phosphoglycerate kinase (hPGK) promoter, with the reporter gene
green fluorescent protein. Then, TCRs were transduced into prima-
ry CD4 T cells previously isolated from HD PBMCs using MACS
isolation microbeads (Miltenyi Biotec). On day 1, 293T cells were
seeded at 1.25 x 10° in 2 ml of 10% FBS RPMI 1640 medium per
well in a six-well plate. 293T cells were transfected with 2.5 pg of
total DNA (divided as 0.282 pg of pVSVG, 0.846 pg of R874, and
1.125 pg of plasmid containing TCR sequences) using a mix of Lipo-
fectamine 2000 (Invitrogen) and OptiMEM media (Invitrogen, Life
Technologies, according to the manufacturer’s instructions). The
cells were incubated 48 hours at 37°C. On day 2, primary CD4 T
cells were seeded at 1.5 x 10° in 2 ml of 8% HS RPMI 1640 medium +
IL-2 (50 U/ml) in a 24-well plate. CD4 T cells were then activated 18
to 22 hours with anti-CD3 and anti-CD28 monoclonal antibody-
coated beads (Invitrogen, Life Technologies) in a ratio of 1:2 of T
cells to beads. On day 3, CD4 T cells were harvested, and beads were
magnetically removed. T cells were then seeded at 1 x 10°in 2 ml of
8% HS RPMI 1640 medium + IL-2 (50 U/ml) in a six-well plate. The
supernatant of the 293T cells containing the viral particles was har-
vested and was directly used on CD4 T cells. Cells were incubated
for 3 days at 37°C. On day 4, transduced CD4 T cells were harvested
and resuspended at 1 x 10° in 90 pl of OptiMEM (Invitrogen). En-
dogenous TCRs were knocked out by CRISPR-Cas9 technology.
Two CRISPR mixes were prepared, one to knock out the TCRa
chain [10 pg of Cas9 and 5 pug of TRAC (T Cell Receptor Alpha Con-
stant) single guide RNA (sgRNA)] and one for the TCRf chain
(10 pg of Cas9 and 5 pg of TRBC (T Cell Receptor Beta Constant)
sgRNA). Both were mixed and added to the cells, and electroporation
was performed (Super Electroporator NEPA21 Type II). Transduced
cells were sorted by multimer staining using a PE-HLA-DRB3%02:02/
TAA multimer, as described above. Transduced CD4 T cells were
cultured in 8% HS RPMI 1640 medium + IL-2 (50 U/ml) and IL-7
and IL-15 (10 ng/ml) (PeproTech).
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ACT in immunodeficient IL-2-NOG mice

Following the procedures previously described in (46), IL-2-NOG
mice from Taconic Biosciences were maintained in the animal facility
at the University of Lausanne under specific pathogen-free status.
Ten-week-old female mice were anesthetized with isoflurane and sub-
cutaneously injected with 1 x 10° tumor cells (T333A). After 1 week,
once the tumors became palpable, 5 X 10® human NY-ESO-1123.137/
TCR-transduced CD4 T cells were injected intravenously in the tail
vein. To compare the efficacy of this treatment, one control group was
injected with RPMI 1640 only (untreated group), and one group
was injected with HLA-A2/NY-ESO-1,5;-165/TCR-transduced CD8
T cells (47), provided by A. Harari. Tumor volumes were measured by
caliper three times a week and calculated as follows: length X width.
Blood was collected in the tail vein once a week. Blood was diluted
with PBS, and PBMCs were purified by density gradient centrifuga-
tion using Lymphoprep (STEMCELL). Mice were euthanized by CO,
inhalation before the tumor volume exceeded 1 cm® or when the state
of the mice was affected over a certain threshold, defined by a
scoresheet considering physical and behavioral parameters. After sac-
rifice, spleens, tumors, and blood were harvested and processed to
isolate PBMCs. This study was approved by the Veterinary Authority
of the Canton Vaud under the license 3746b and performed in accor-
dance with Swiss ethical guidelines.

Statistical analysis

Statistical analyses were performed as indicated in the figure leg-
ends. For all analyses, P value less than 0.05 was considered as statis-
tically significant and labeled with *, P value less than 0.01 was
labeled with **, P value less than 0.001 was labeled with ***, and P
value less than 0.0001 was labeled with *#**. No significant differ-
ences were labeled with ns or left blank. Statistical analyses were
performed using GraphPad Prism v.8.3.0.

Supplementary Materials
This PDF file includes:

Figs.S1to S3

Tables S1to S15
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