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Autologous Peripheral V𝜸9V𝜹2 T Cell Synergizes with 𝜶𝜷 T
Cell Through Antigen Presentation and BTN3A1 Blockade in
Immunotherapy of Cervical Cancer

Min Wu, Jian Liu, Liting Liu, Yifan Yang, Hong Liu, Long Yu, Haihong Zeng, Shuo Yuan,
Ruiyi Xu, Hangyu Liu, Han Jiang, Shen Qu, Liming Wang, Ying Chen, Jingyu Wang,
Yuwei Zhang, Shan He, Ling Feng, Junyan Han, Wanjiang Zeng,* Hui Wang,*
and Yafei Huang*

New treatment strategies are urgently needed for patients with advanced
cervical cancer (CC). Here, a synergistic anti-CC effect of a novel
combinatorial immunotherapy with adoptively transferred autologous V𝜸9V𝜹2
T cells and 𝜶𝜷 T cells is shown. The pivotal role of both circulating and
tumor-infiltrating V𝜸9V𝜹2 T cells in anti-CC immunity is uncovered.
Importantly, autologous V𝜸9V𝜹2 T cells show a synergistic anti-CC effect with
𝜶𝜷 T cells not only through killing tumor directly, but also by promoting the
activation and tumoricidal activity of syngeneic 𝜶𝜷 T cells through antigen
presentation, which can be further boosted by conventional chemotherapy.
Moreover, V𝜸9V𝜹2 T cells can restore the tumoricidal function of 𝜶𝜷 T cell
through competitively binding to BTN3A1, a TCR-V𝜸9V𝜹2 ligand on CC cells
upregulated by IFN-𝜸 derived from activated 𝜶𝜷 T cell. These findings
uncover a critical synergistic effect of autologous V𝜸9V𝜹2 T cells and 𝜶𝜷 T
cells in immunotherapy of CC and reveal the underlying mechanisms.
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1. Introduction

Cervical cancer (CC) is the fourth most
common cancer in women, with 604127
new cases and 341831 deaths registered
worldwide in 2020.[1] Although early-stage
CC is mostly curable, advanced CC has a
poor prognosis due to the lack of effective
treatments, with the overall survival (OS)
and 5-year survival rates of only 7 months
and 17%, respectively.[2] Therefore, devel-
opment of novel effective therapies is of
utmost importance for treating this malig-
nancy. Recently, immunotherapy has been
increasingly recognized as an effective treat-
ment modality in an array of cancers,[3–5]

and encouragingly, several immunotherapy
strategies including immune checkpoint in-
hibitor (ICI),[6,7] therapeutic vaccines,[8–10]
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and adoptive T cell therapy (ACT) with T cell receptor gene engi-
neered T cells (TCR-T)[11,12] and tumor infiltrating lymphocytes
(TILs)[13–15] have been applied and even approved in treating
patients suffered from advanced CC. Despite these progresses,
limited clinical success has been made as exemplified by the
approved ICI therapy, the objective response rate of which as
monotherapy in CCwas 14.6%–27.8%, and was only improved to
22%–46% when the PD-1 and CTLA-4 bispecific antibody drugs
or the combination of PD-1 and CTLA-4 monoclonal antibodies
was used.[5,10]

Most of the current immunotherapy strategies are aiming to
improve the quality and quantity of 𝛼𝛽 T cells,[16,17] which could
specifically recognize and destroy tumors bearing target antigen.
On the other hand, the optimal priming, maintenance and tu-
moricidal effects of antitumor 𝛼𝛽 T cells are critically dependent
on the functionality of antigen-presenting cells (APCs) which
present tumor-derived peptide antigen in the context of major
histocompatibility complex (MHC) molecule to tumor-specific
𝛼𝛽 T cells.[18–20] Unfortunately, immune escape mechanisms
such as decreased expression or heterozygosity loss of human
leukocyte antigen (HLA) in tumor cell, and functional impair-
ment in APC, are often developed in advanced CC patients,[21]

thereby leading to the defect in activating andmaintaining the an-
titumor function of 𝛼𝛽 T cell after immunotherapy.[10] In contrast
to 𝛼𝛽 T cell, 𝛾𝛿 T cell, another T lymphocyte subset that utilizes
𝛾 and 𝛿 chains to assemble its TCR heterodimer, could recognize
stress/infection/cancer-induced molecules such as MICA/B and
phosphoantigens (PAg) independent of MHC molecules.[22–24]

This characteristic makes 𝛾𝛿 T cell a potent anti-tumor effector
cell. This notion is supported by the finding that intratumoral
𝛾𝛿 T cell is the most predictive immune signature of improved
outcomes across 25 cancers.[25] Furthermore, V𝛾9V𝛿2 subset, the
predominant human circulating 𝛾𝛿 T cell subpopulation that can
be activated by PAg overproduced by tumor cells in a butyrophilin
3A1 (BTN3A1) dependent manner, has been frequently selected
for ACT in a variety of cancers.[22–24,26] Additionally, V𝛾9V𝛿2 T
cells can interact with 𝛼𝛽 T cells, and thereby modulate immune
responses through multiple mechanisms. V𝛾9V𝛿2 T cells have
been reported to secrete cytokines such as IFN-𝛾 and IL-17, which
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can activate or modulate 𝛼𝛽 T cell functions. Furthermore, in the
tumor microenvironment, V𝛾9V𝛿2 T cells are capable of syner-
gizing with 𝛼𝛽 T cells to enhance anti-tumor immunity through
direct cytotoxicity and immunomodulation.[23,24] Another note-
worthy interaction is that V𝛾9V𝛿2 T cell can promote the activa-
tion and anti-tumor function of 𝛼𝛽 T cell through antigen presen-
tation and cross-presentation.[24,27–29] Therefore, understanding
the interaction between V𝛾9V𝛿2 T cells and 𝛼𝛽 T cells is critical
for developing novel immunotherapies targeting both innate and
adaptive immune pathways. However, although proposed in as
early as 2014,[30] to date, clinical trials aiming to use the antigen-
presenting capacity of V𝛾9V𝛿2 cells have not been explored. In
addition, the role of these cells in anti-CC immunity and the un-
derlying mechanism are still not clear.
In the present study, we investigated the potential role of

V𝛾9V𝛿2 T cells in anti-CC immunity using clinical data, ex-
amined the synergistic anti-CC effect of expanded autologous
V𝛾9V𝛿2 T cells with cognate 𝛼𝛽 T cells and chemotherapy by in
vitro and in vivo experiments, and explored the underlyingmech-
anisms. Our data establish V𝛾9V𝛿2 T cell as a potent anti-CC im-
mune cell that can synergize with 𝛼𝛽 T cell through direct tumor-
killing, antigen presentation and relieving BTN3A1-mediated 𝛼𝛽
T cell inhibition. These findings shed new light on the combina-
torial immunotherapy of CC with two distinct T lymphocytes.

2. Results

2.1. The Abundance of 𝜸𝜹 TILs is Associated with Better
Prognosis and Antitumor Immunity in CC

Previous investigations have found that high frequency of intra-
tumoral 𝛾𝛿 T cells is themost significant immune signature asso-
ciated with improved outcomes across 25 cancers.[25] We sought
to re-examine this issue in CC in the current study. For this pur-
pose, the abundance of intratumoral 𝛾𝛿 T cells and the major
two 𝛾𝛿 T cell subsets, V𝛿1 and V𝛾9V𝛿2 cells, were determined
by the expression levels of their signature genes, TRDC, TRDV1,
and TRGV9, respectively, through analyzing the RNA sequenc-
ing data of CC patients in TCGA database. Our analysis indi-
cated that the abundance of intratumoral 𝛾𝛿 T cells was signif-
icantly associated with increased OS of CC patients (Figure 1a).
Similarly, markedly better progression-free survival (PFS) was ev-
ident in CC patients with higher infiltration of both V𝛿1 cells (HR
= 0.54, 95% CI 0.34–0.87, p = 0.011) and V𝛾9V𝛿2 cells (HR =
0.58, 95% CI 0.36-0.93, p = 0.023) (Figure 1b; Figure S1a, Sup-
porting Information), suggesting the antitumor effect of 𝛾𝛿 T
cells in CC. Next, we examined the relationship between tumor-
infiltrating 𝛾𝛿 T cells (𝛾𝛿 TILs) and other antitumor immune
cells, the latter of which was evaluated by calculating the indexes
of ImmunoScore, StromalScore and ESTIMATEScore,[31] as well
as the frequencies of individual antitumor immune cell popula-
tions in tumor tissues.[32] Our results demonstrated that the fre-
quencies of both V𝛾9V𝛿2 (Figure 1c–f; Figure S1b,c, Supporting
Information) and V𝛿1 TILs (Figure S1d,e, Supporting Informa-
tion) are highly correlated with the infiltration of several other
antitumor immune cells in CC tissues. Moreover, cytolytic activ-
ity (CYT) score, an index of cancer immunity that has been used
for reflecting the status of antitumor immune response and as a
prognostic marker,[33] was found to be positively correlated with
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both TRGV9 and TRDV2 in CC tissue (Figure 1g). Furthermore,
the expression of antitumor T cell activation markers, such as
PDCD1, EOMES, BATF, IRF4, T-bet, IFNG, and chemokines in-
cluding CXCL9, CXCL10, CXCL11, CXCL13, and CXCL16, were
much higher in TRGV9high group than that in TRGV9low group
(Figure 1h). These results collectively indicate that V𝛾9V𝛿2 T
cells are positively correlated with the activation, recruitment and
killing capacity of antitumor T cells. Interestingly, TRDV1 also
showed a similar correlation with the expression of T cell acti-
vation markers and chemokines (Figure S1f, Supporting Infor-
mation). However, only the expression level of TRGV9, but not
TRDV1, was correlated with TCF7, a stem-like T cell marker in
tumor tissues[34,35] (Figure 1h; Figure S1f, Supporting Informa-
tion).
To verify these results, we examined 𝛾𝛿 TILs in CC patients by

flow cytometry. In healthy adults, V𝛾9V𝛿2 T cells are the most
abundant 𝛾𝛿 T cell subset in periphery, and in contrast are the
minority in tissue where V𝛿1 T cells predominant.[24,36] Interest-
ingly, we found a high infiltration of V𝛾9V𝛿2 T cells in some CC
tissues (Figure 1i,j). Indeed, the proportion of V𝛾9V𝛿2 T cells in
all 𝛾𝛿 TILs and the ratio of V𝛾9V𝛿2 to V𝛿1 in tumor tissue can be
as high as 60% and 4:1, respectively (Figure 1j,k). Importantly,
when the association between the infiltration of 𝛾𝛿 TIL subsets
and 𝛼𝛽 TILs was determined, only the frequency of V𝛾9V𝛿2 TILs
(Figure 1l, p = 0.0362) but not V𝛿1 TILs (Figure S1g, Supporting
Information, p = 0.07) was found to be significantly associated
with 𝛼𝛽 T cell abundance.
Taken together, these results suggest that V𝛾9V𝛿2 TILs, and to

a lesser extent, V𝛿1 TILs, are associated with the better prognosis
of patients as well as the infiltration and activation of antitumor
𝛼𝛽 T cells in CC.

2.2. Peripheral V𝜸9V𝜹2 T Cells from CC Patients are Higher in
Proportion and Antitumor Potential than those from Healthy
Controls (HC)

Next, we sought to determine whether peripheral V𝛾9V𝛿2
(pV𝛾9V𝛿2) T cell, which has been frequently expanded for tu-
mor immunotherapy,[24] is also equipped with antitumor poten-
tial in CC patients. Indeed, the V𝛿2: V𝛿1 ratio in peripheral was
positively correlated with that in tumor tissue in CC patients
(Figure 1k), indicating that pV𝛾9V𝛿2 T cell is partially reflective of
its tumor-infiltrating counterpart. Furthermore, CC patients had
significantly more total 𝛾𝛿 T cells and V𝛾9V𝛿2 T cells, but not
V𝛿1 T cells in peripheral blood, than HC subjects (Figure 2a).

Moreover, pV𝛾9V𝛿2 T cell from CC patients skewed more into a
memory phenotype compared to that from HC subjects (Figure
S2a, Supporting Information), suggesting that pV𝛾9V𝛿2 T cell
might play a role in CC.
To further explore the difference between CC- and HC-derived

pV𝛾9V𝛿2 T cell, the transcriptional profiles of purified pV𝛾9V𝛿2
T cell from these two groups were analyzed after RNA sequenc-
ing. Differentially expressed genes (DEGs) were subjected to
KEGG and GO enrichment analyses, which revealed that the
up-regulated genes of pV𝛾9V𝛿2 T cell from CC patients, when
compared with those from HC, were enriched in pathways
including immune response, lysosome, phagosome, phagocy-
tosis, endocytosis, chemotaxis, cytokine secretion, and antigen
processing and presentation (Figure 2b,c; Figure S2b,c, Support-
ing Information). This finding was further supported by direct
comparison of individual DEGs between the two groups, which
showed that compared to HC-derived pV𝛾9V𝛿2 cell, CC-derived
counterpart had increased potential of activation and differenti-
ation levels (blue circles labeled genes), cytokine and chemokine
production, chemotaxis (yellow circles labeled genes), and anti-
gen presentation and cross-presentation capacity (purple circles
labeled genes) (Figure 2d). V𝛾9V𝛿2 T cells have been reported
to have a high antigen-presenting capacity comparable to den-
dritic cells (DC),[27] the most potent professional APC. Thus, to
further explore the antigen-presentation potential of CC-derived
pV𝛾9V𝛿2 T cell, we took DC as a reference. By using GSE
database (GSE3982), DEGs enriched in DC compared to other
immune cells were identified and were therefore called DC-
specific DEGs, which were used to reflect the antigen-presenting
capacity of a certain cell population, in this case, pV𝛾9V𝛿2 T
cell. This analysis revealed that these DC-specific DEGs were
mainly enriched in CC-derived, but not HC-derived pV𝛾9V𝛿2
T cell (Figure S2d, Supporting Information), further elaborat-
ing the notion that CC-derived pV𝛾9V𝛿2 T cell has superior
antigen-presenting potential to HC-derived counterparts.
We next verified the antitumor and antigen-presentation po-

tential of pV𝛾9V𝛿2 T cell at the protein level. Again, compared
with HC-derived counterpart, CC-derived pV𝛾9V𝛿2 T cell ex-
pressed higher levels of HLA-DR, CXCR3, PD-1, CD16, CD86,
CD107a, IFN-𝛾 , TNF-𝛼, and granzyme B (Figure 2e; Figure S2e,
Supporting Information).
Together, these results indicate that pV𝛾9V𝛿2 T cells of CC pa-

tients display a higher proportion, and increased potential of ac-
tivation, chemotaxis, killing and antigen presentation than that
of HC subjects.

Figure 1. Intratumoral V𝛾9V𝛿2 T cell correlates with better prognosis and antitumor immunity in CC. a) Relationship of 𝛾𝛿 T cell abundance (determined
by CIBERSORT) in tumor with CC patient survival (Kaplan-Meier survival) in TCGA dataset (n = 306, analyzed in TIMER 2.0 database; Results are shown
as individual cancer survival curves with top 50% high and low 𝛾𝛿 T cell abundance). b) Relationship of TRGV9 expression level in tumor with CC patient
survival in TCGA dataset (n = 306, Cox regression was used). c, d) The correlations of TRGV9 (c) and TRDV2 (d) expression levels with the indexes of
ImmunoScore, ESTIMATEScore and StromalScore in CC from TCGA dataset (n = 306). Estimate algorithm [1.0.13] and spearman statistics were used.
e, f) The correlations of TRGV9 (e) and TRDV2 (f) expression levels with the infiltration of various immune cell subsets in CC from TCGA dataset (n =
306). ssGSEA algorithm and spearman statistics were used. g) The correlations of TRGV9 and TRDV2 expression levels with the index of Cytolytic activity
(CYT) score in CC from TCGA dataset (n = 306). Spearman statistics were used. h) The correlation of TRGV9 expression level with the expression of
molecules related to T cell activation, differentiation, chemotaxis and exhaustion in CC from TCGA dataset (n = 306). Spearman statistics were used. i)
Representative immunofluorescence image showed the presence of V𝛿2 𝛾𝛿 T subset (red fluorescence labeled cells) within CC. Scale bar: 50 μm. j) V𝛿1
and V𝛿2 𝛾𝛿 T subsets in the tumor tissues of CC patients were determined by flow cytometry. The flow cytometry plot (left) and the percentages of V𝛿1
and V𝛿2 𝛾𝛿 T subsets matched in each patient (right) were shown (n = 20). k) The correlation of frequency ratio of V𝛿2 to V𝛿1 subsets between tumor
tissues and peripheral blood of CC patients (n = 20). Pearson correlation and two-tailed p value were used. l) The correlation analysis between V𝛿2 𝛾𝛿

T subset frequency and 𝛼𝛽 T cell frequency in tumor tissues of CC patients (n = 20). Pearson correlation and two-tailed p value were used.
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2.3. Expanded CC Derived pV𝜸9V𝜹2 T Cells Show a Strong
Antitumor Phenotype

The high antitumor and antigen-presentation potential of CC-
derived pV𝛾9V𝛿2 T cell make it an attractive candidate for CC
immunotherapy. However, previous investigations have shown
that patient-derived pV𝛾9V𝛿2 T cells are relatively hard to be ex-
panded in some advanced cancers.[37] We therefore examined
this issue in CC using the classical IL-2 and zoledronate expan-
sion protocol.[26,38] In fact, all CC-derived pV𝛾9V𝛿2 T cells (n =
20) can be successfully expanded about several thousand folds af-
ter 14 days of expansion. Furthermore, the expansion kinetics, as
assessed by counting the number of expanded cells at day 0, 8,
11, and 14 after stimulation, were comparable between CC- and
HC-derived pV𝛾9V𝛿2 T cells (n = 20 and 10, respectively, Figure
3a; Figure S3a, Supporting Information). Of note, after 11 and 14
days of expansion, cell products from both groups were mainly
V𝛾9V𝛿2 T cells with over 90% purity (Figure 3a; Figure S3b, Sup-
porting Information). The only difference we noted was that the
expansion products from HC were mainly composed of central
memory and effector memory T cells, while those from CC were
primarily effector memory T cells (Figure S3c, Supporting Infor-
mation).
Next, we sought to examine the functional potential of our ex-

pansion products through analyzing the transcriptomic profiles
of V𝛾9V𝛿2 T cells before (day 0, D0) and after (D8, D11, and
D14) expansion by RNA sequencing. Enhanced activation and
killing potential (blue circles labeled genes), and elevated anti-
gen presenting potential (purple circles labeled genes) were al-
ready observed in expansion products at D8 compared to those
before expansion, and were further increased at D11 and D14
(Figure 3b). In addition, the D11 and D14 cell products expressed
higher levels of TNF, CCL3, CCL4, CXCR3 and other cytokines,
chemokines and chemokine receptors (yellow circles labeled)
than the D8 counterpart (Figure S3d, Supporting Information).
However, the expression levels of exhaustion-related molecules
such as LAG3, TIM3, TIGIT, and TOX (red circles labeled) were
higher in D14 than that in D8 and D11 cell products (Figure 3b),
suggesting the functional impairment of the 14-day expanded cell
products. Interestingly, there was no significant difference be-
tween the HC and CC groups in aforementioned transcriptional
profiles of the amplified V𝛾9V𝛿2 T cells examined at the same
time points, indicating that the transcriptional convergence of
pV𝛾9V𝛿2 T cells from different sources after expansion.
We next verify the above transcriptional features at the protein

level, and found that the amplified pV𝛾9V𝛿2 T cells showed high
expression of molecules related to activation, antigen presenta-
tion and killing, such as IFN-𝛾 , TNF-𝛼, CD54, CD86, HLA-DR,
NKG2D, CXCR3, FasL, perforin, granzyme B, and CD107a, and

the expression levels of most of these molecules were higher in
D8 and D11 than that in D14 cell products (Figure 3c,d; Figure
S3e, Supporting Information). Of note, the protein expression
levels of TIM-3, LAG-3, TIGIT, and TOX in V𝛾9V𝛿2 T cells were
largely consistent with transcriptomic data: the expression lev-
els of these inhibitory receptors gradually increased with pro-
longed expansion time. Again, the expression patterns of these
molecules were almost the same between the HC and CC groups
(Figure 3d). Interestingly, the expression levels of Ki-67 in ampli-
fied pV𝛾9V𝛿2 T cells exhibited dynamic changes. In pV𝛾9V𝛿2 T
cells derived from HC, Ki-67 expression increased with the days
of expansion, peaking on D11, and subsequently decreased, with
lower expression on D14 compared to D11. In pV𝛾9V𝛿2 T cells
derived from CC patients, Ki-67 expression peaked on D8 and
gradually declined thereafter, with significantly lower levels on
D14 compared to D8 and D11 (Figure 3d).
Taken together, these results indicate that CC- and HC-derived

pV𝛾9V𝛿2 T cells can both be expanded up to several thousand
folds in vitro while maintaining and even enhancing their anti-
tumor potential after at least 11 days of amplification with IL-2
and zoledronate stimulation. Importantly, the 11-day-expanded
V𝛾9V𝛿2 T cells (D11 pV𝛾9V𝛿2 T cells), except for their strong
antitumor potential, also displayed a less exhaustion-like pheno-
type, and were therefore selected for further validation.

2.4. D11 pV𝜸9V𝜹2 T Cells Exhibit Strong Tumor Antigen
Presenting Capacity

Next, we went on to directly examine the anti-CC activity of D11
pV𝛾9V𝛿2 T cells. Expanded V𝛾9V𝛿2 T cells have been reported
to be capable of directly killing a variety of tumor cells.[23,39] Con-
sistent with these findings, we also found that our D11 pV𝛾9V𝛿2
T cells can effectively kill CC cell lines in vitro (Figure S4a, Sup-
porting Information). Subsequently, we verified the antigen up-
take and processing capacity of amplified V𝛾9V𝛿2 T cells toward
DQ-OVA, an antigen complex that can release fluorescence upon
ingested and processed by APCs. After 6 hours of incubation,
the proportion of DQ fluorescence positive cells and the inten-
sity of DQ fluorescence were significantly increased, which can
be reversed by the addition of chloroquine, a function inhibitor
of lysosome (Figure 4a; Figure S4b, Supporting Information).
These results were supported by confocalmicroscopic imaging of
pV𝛾9V𝛿2 T cell, which showed that DQ fluorescence was mainly
localized in the lysosomes after uptake, and chloroquine could
significantly reduce the intensity of this colocalization fluores-
cence (Figure 4b), indicating the capacity of expanded pV𝛾9V𝛿2 T
cell to uptake and process antigen in a lysosome-dependent way.
Of note, pV𝛾9V𝛿2 T cells still maintained the high expression lev-
els of antigen presentation-related molecules such as HLA-DR,

Figure 2. Peripheral V𝛾9V𝛿2 T cells from CC patients show higher proportion, activation and antigen presentation potential than those from HC. a)
Peripheral 𝛾𝛿 T cells, V𝛿1, V𝛿2 and V𝛾9 𝛾𝛿 T subsets in CC patients were determined by flow cytometry. The flow cytometry plot (left) and the percentages
and numbers of each subset (right) were shown. HC, n= 10. CC, n= 20. b) KEGG enrichment analysis of the up-regulated genes in pV𝛾9V𝛿2 T cells from
CC patients compared with those from HC subjects. n = 2 per group. c) GO enrichment analysis of the up-regulated genes in pV𝛾9V𝛿2 T cells from CC
patients compared with those from healthy people. n = 2 per group. d) The transcription levels of molecules related to T cell activation, differentiation,
killing, antigen presentation, exhaustion and cytokines, chemokines and chemokine receptors in pV𝛾9V𝛿2 T cells from CC patients and HC subjects.
n = 2 per group. e) The protein expression levels (percentages) of the molecules related to T cell activation, killing, antigen presentation, exhaustion
and cytokines in pV𝛾9V𝛿2 T cells from CC and HC. n = 10 per group. Error bars represent mean with SD in (a) and (e). p values were calculated using
two-tailed Student’s t test in (a) and (e). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. NS, Not Significant.
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CD80, and CD86 after antigen uptake (Figure S4c, Supporting
Information).
To further explore the ability of D11 pV𝛾9V𝛿2 T cells to stim-

ulate syngeneic 𝛼𝛽 T cell activation through antigen presenta-
tion, pV𝛾9V𝛿2 T cells were loaded with either Mart-127-35 pep-
tide or a control peptide, and then co-cultured with Mart-127-35-
specific CD8+ TCR-T (DMF5 TCR-T) cells. The results indicated
that DMF5 TCR-T cells can only be activated by pV𝛾9V𝛿2 T cells
loaded with Mart-127-35 peptide, but not the control peptide, as
measured by the increased expression of 4-1BB and OX40 on
the surface of TCR-T cells (Figure 4c; Figure S4d, Supporting
Information). In contrast, control T (pan-T) cells were not acti-
vated by V𝛾9V𝛿2 T cells loaded with either peptide, probably due
to the low frequency of Mart-127-35-specific T cells in periphery.
These results together indicate the antigen-presenting ability of
expanded pV𝛾9V𝛿2 T cells. Interestingly, the TCR-T-activating ef-
fect of pV𝛾9V𝛿2 T cells was also evident when these cells were
overexpressed withMart-1 (Figure 4d; Figure S4e, Supporting In-
formation), in which peptide-MHC complex is generated endoge-
nously, further emphasizing the antigen-presentation capacity of
pV𝛾9V𝛿2 T cells. In another set of experiment, pV𝛾9V𝛿2 T cells
were loaded with a more relevant tumor antigen, mixed tumor
lysates prepared froma variety of CC cell lines (CCLs). The results
also showed that CCLs-loaded but not unloaded V𝛾9V𝛿2 T cells,
can activate CD4+ and CD8+ T cells (Figure 4e; Figure S4f, Sup-
porting Information). In addition, naïve CD4+ and CD8+ T cells
were both induced to produce high levels of antitumormolecules,
such as IFN-𝛾 , TNF-𝛼, and granzyme B by CCLs-loaded pV𝛾9V𝛿2
T cells, which themselves maintained high expression levels of
these molecules after coculture (Figure 4f; Figure S5a, Support-
ing Information).
Tumor neoantigens that are derived from the expression prod-

ucts of mutated genes in tumor cells are increasingly recognized
as a promising target in antitumor immunity.[40,41] However,
the optimal priming and maintenance of neoantigen-specific T
cells rely heavily on the antigen presentation by professional
APCs.[40–42] Therefore, we next ask if our expanded pV𝛾9V𝛿2 T
cells can also present this type of antigen to 𝛼𝛽 T cells. To this end,
whole exon sequencing and RNA sequencing were performed on
the tumor and/or peripheral blood from a patient with advanced
CC,[41,43] based on which tumor neoantigens were predicted by
TruNeo algorithm[44] (Figure S6a and Table S2, Supporting In-
formation). The predicted neoantigens were then synthesized as
12 peptides that are 29 amino acids (aa) in length with the aa
residue generated by nonsynonymous mutation put in the mid-
dle, which included both MHC I and II epitopes. The immuno-
genicity of these candidate neoantigens was then determined by
co-incubating with either autologous EBV-LCL cells, the most
frequently used cells for validating neoantigens,[41] or expanded
pV𝛾9V𝛿2 T cells, followed by inducing the activation of autolo-
gous 𝛼𝛽 TILs. Two peptides (P2 and P8) were unanimously deter-

mined as immunogenic using either EBV-LCL or V𝛾9V𝛿2 T cells
as APC, whereas higher signals were observed with V𝛾9V𝛿2 T
cells, as revealed by the number of IFN-𝛾 spots. Interestingly, one
peptide (P9), which only generated a weak signal with EBV-LCL,
was potent in activating 𝛼𝛽 TILs when presented by pV𝛾9V𝛿2
T cells (Figure 4g; Figure S6b,c, Supporting Information). Thus,
these results indicated that our expanded pV𝛾9V𝛿2 T cells are po-
tent APCs that might outcompete EBV-LCL in both neoantigen
presenting spectrum and strength.
Taken together, these results demonstrate that our 11-day-

expanded V𝛾9V𝛿2 T cells are not only potent tumor killers, but
also capable of processing and presenting a variety of antigens,
thereby inducing the activation of antitumor 𝛼𝛽 T cells.

2.5. Combinatorial Immunotherapy with pV𝜸9V𝜹2 T Cell and 𝜶𝜷

T Cell Effectively Inhibits CC Cell Growth In Vitro and In Vivo

To verify the capacity of our expanded pV𝛾9V𝛿2 T cells to in-
duce the tumor cell-killing capacity of 𝛼𝛽 T cells through antigen
presentation, autologous naïve 𝛼𝛽 T cells that are matched with
CC cell lines (SiHa or HeLa) for at least two HLA loci were co-
cultured with control or CCLs-loaded pV𝛾9V𝛿2 T cells for 5 days,
and were then purified (called control 𝛼𝛽 T cell or activated 𝛼𝛽

T cell) and tested for killing ability in vitro (Figure S5b, Support-
ing Information). Compared with the control, 𝛼𝛽 T cell activated
by CCLs-loaded pV𝛾9V𝛿2 T cells showed a significantly higher
tumoricidal capacity (Figure 4h).
We next examined if pV𝛾9V𝛿2 T cells could be combined with

𝛼𝛽 T cells to treat CC in vivo. To this end, a SiHa cell line-
derived xenograft (SiHa-CDX)model was used. As demonstrated
in Figure 5a–c, SiHa-CDX mice were adoptively transferred with
pV𝛾9V𝛿2 T cells (1st i.v.) followed by the 2nd i.v. injection of
𝛼𝛽 T cell (were prepared as detailed in Figure S5b, Support-
ing Information) and pV𝛾9V𝛿2 T cell mixtures either in the ab-
sence of CCLs loading (𝛾𝛿/Mix-unload group), or in the presence
of CCLs loading (𝛾𝛿/Mix-load group). Compared to the control
group (medium injected at both injections), the 𝛾𝛿/Mix-unload
group showed a delayed tumor growth. Interestingly, the 𝛾𝛿/Mix-
load group showed significantly delayed tumor growth and im-
proved mice survival when compared to the control and 𝛾𝛿/Mix-
unload groups (Figure 5a–c). Similar results were obtained in the
HeLa-CDX model (Figure 5d–f), with 𝛾𝛿/Mix-load group show-
ing the best anti-CC efficiency, suggesting the synergistic effect
of pV𝛾9V𝛿2 and 𝛼𝛽 T cells (Figure 5a–f). Of note, there were no
significant histological changes in major organs of all the recipi-
ent mice, as determined by H&E staining (Figure S7a, Support-
ing Information), indicating that mice are overall tolerant to our
combinatorial T cell therapy.
Furthermore, tumor-infiltrating immune cells were ana-

lyzed at day 10 after the second injection in SiHa-CDX mice
(Figure 5g–j). Consistent with previous results, inhibited tumor

Figure 3. Peripheral V𝛾9V𝛿2 T cells of CC patients maintain antitumor phenotype after in vitro expansion. a) The percentages and expansion folds
of peripheral 𝛾𝛿 T cells and V𝛾9V𝛿2 subset from CC patients and HC subjects before and after in vitro expansion. HC, n = 10. CC, n = 20. b) The
transcriptional levels of molecules related to T cell activation, differentiation, killing, exhaustion and antigen presentation in CC- andHC-derived pV𝛾9V𝛿2
T cells before and after expansion for indicated days. n = 2 per group. c) The protein expression levels of IFN-𝛾 and TNF-𝛼 in CC- and HC-derived
pV𝛾9V𝛿2 T cells before and after expansion for indicated days. n = 5 per group. d) The protein expression levels of molecules related to T cell activation,
differentiation, killing, antigen presentation and exhaustion in CC and HC derived pV𝛾9V𝛿2 T cells before and after expansion for indicated days. n = 5
per group.
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growth was observed in both groups with combinatorial therapy,
especially in the 𝛾𝛿/Mix-load group (Figure S7b,c, Supporting
Information), accompanied by more post-killing cavities formed
in tumors (Figure 5g), and higher intensities of HLA-DR, hCD4
and hCD107a staining (Figure 5h), as revealed by H&E and im-
munofluorescence microscopy, respectively. We next confirmed
these findings using flow cytometry. As expected, hCD45+ hu-
man cells were undetectable in the tumor, blood, and spleen from
control mice. In contrast, these cells were clearly observed in
the tumor, and to a lesser extent, in blood and spleen from both
groups with combinatorial therapy. Importantly, hCD45+ human
cell infiltrationwasmore frequently presented in the 𝛾𝛿/Mix-load
group compared to the 𝛾𝛿/Mix-unload group (Figure 5i; Figure
S7d,e, Supporting Information). With regard to T cell popula-
tions, the two treatment groups were comparable in CD8+ T
cell infiltration, whereas the 𝛾𝛿/Mix-load tumors tended to have
more CD4+ T cells and less 𝛾𝛿 T cells than the 𝛾𝛿/Mix-unload
tumors. More interestingly, tumor-infiltrating T cells from the
𝛾𝛿/Mix-load group exhibited a more differentiated phenotype, as
indicated by more effector memory (TEM) and less central mem-
ory (TCM) cells in CD4+ T compartment, less naive (TN) cells in
CD8+ T compartment, and more CD45RA+ TEM (TEMRA) in 𝛾𝛿 T
compartment, than those from the 𝛾𝛿/Mix-unload group (Figure
S7f, Supporting Information), suggesting that T cells from the
𝛾𝛿/Mix-load group might be more prone to differentiate into im-
mediate killers. This notion was supported by intracellular stain-
ing of T cells, which revealed the higher frequencies of CD4+IFN-
𝛾+, CD4+TNF-𝛼+, and CD8+TNF-𝛼+ T cells in the 𝛾𝛿/Mix-load
group than the 𝛾𝛿/Mix-unload group (Figure 5j; Figure S7g, Sup-
porting Information).
To eliminate the possible alloreactivity of adoptively trans-

ferred T cells toward CC cell lines in the CDX models, in which
effector cells and target cells are only partially HLA-matched, we
utilized PDX model to circumvent this problem. In this regard,
NCG mice were divided into four groups upon implanted PDX
tumors (from CC patient CAT039 described in Figure 4g) were
palpable. Tumor-bearing mice subsequently treated by medium
only was served as the negative control, while those adoptively
transferred with autologous 𝛼𝛽 TILs were designated as the
𝛼𝛽 TIL monotherapy group, and mice received autologous 𝛼𝛽

TILs together with pV𝛾9V𝛿2 T cells loaded with control antigens
(i.e., wildtype peptide pools) or neoantigens (i.e., mutant pep-
tide pools, Figure 4g) were designated as the two combinatorial
therapy groups, respectively (Figure 5k). Compared with nega-
tive control, significantly delayed tumor growth and prolonged
mouse survival were observed in all the treatment groups. Im-
portantly, when 𝛼𝛽 TILs and neoantigen-loaded pV𝛾9V𝛿2 T cells
were used for combinatorial therapy, the therapeutic efficacy was
higher than the other two treatment groups (Figure 5l,m). The
anti-CC activity observed in the three treatment groups is clearly
resulted from adoptively transferred T cells, which is supported
by the infiltration and activation of CD4+ and CD8+ T cells in
the 𝛼𝛽 TIL monotherapy group, and the presence of activated
V𝛿2, CD4+, and CD8+ T cells in the two combinatorial treat-
ment groups (Figure S7h, Supporting Information), as deter-
mined by immunofluorescence staining of TCR V𝛿2, CD4, CD8,
and CD107a.
Taken together, our in vitro and in vivo findings suggest that

combinatorial therapies with V𝛾9V𝛿2 and 𝛼𝛽 T cell, especially
when loaded with tumor-specific antigens, are effective in treat-
ing CC.

2.6. Chemotherapy Potentiates 𝜸𝜹/𝜶𝜷 T Cell Combinatorial
Immunotherapy in the Treatment of CC

Chemotherapy is a standard first-line treatment regimen for
CC, we therefore asked whether our combinatorial therapy
can be applied after chemotherapy. It has been reported that
certain chemotherapeutics could boost antitumor immunity
directly through sensitizing cancer cells to T cell killing,[45,46] or
indirectly by enhancing antigen presentation and counteracting
immunosuppressive mechanisms.[46,47] In this study, higher
expression levels of HLA-DR, CXCR3 and PD-1 on tumor-
infiltrating V𝛾9V𝛿2 T cells were observed in CC patients with
neoadjuvant chemotherapy than those without (Figure S8a,
Supporting Information). The effect of chemotherapy on 𝛾𝛿 T
cells in CC seems to be systemic, since the proportion of total
𝛾𝛿 T, V𝛿1, and V𝛿2 T cells as well as the expression levels of
HLA-DR, CXCR3 and PD-1 on the surface of peripheral V𝛿2
T cell of patients with neoadjuvant chemotherapy, were higher

Figure 4. Expanded autologous pV𝛾9V𝛿2 T cells induce the activation and tumoricidal activity of CD4+ and CD8+ 𝛼𝛽 T cell through antigen presentation.
a) Expanded pV𝛾9V𝛿2 T cells from CC patients were cocultured with DQ-OVA in the presence or absence of chloroquine (CQ) for 6 h. The proportion of
DQ fluorescence positive cells and the intensity of DQ fluorescence were determined by flow cytometry. n = 3 independent patients. CQ, chloroquine.
MFI, median fluorescence intensity. b) Expanded pV𝛾9V𝛿2 T cells from CC patients were cocultured with DQ-OVA in the presence or absence of CQ
for 6 h. Confocal microscopy was used to observe the colocalization of intracellular DQ fluorescence and lysosomes (stained by Lysotracker). Scale bar:
20 μm. c) Mart-127-35 specific TCR-T cells or control T cells (Pan-T) were cocultured with PHA, control pV𝛾9V𝛿2 T cells, or Mart-127-35 peptide-loaded
pV𝛾9V𝛿2 T cells for 24 h, the proportions of 4-1BB+ and OX40+ T cells were determined by flow cytometry. n = 3 independent patients. Pan-T, T cells
transduced with the control vector. TCR-T, T cells transduced with Mart-127-35 TCR vector. d) Mart-127-35 specific TCR-T cells or control T cells (Pan-T)
were cocultured with PHA, pV𝛾9V𝛿2 T cells transduced with control vector or Mart-127-35 overexpression vector for 24 h, the proportions of 4-1BB

+ and
OX40+ T cells were determined by flow cytometry. n = 3 independent patients. e) Naïve 𝛼𝛽 T cells were cocultured with control pV𝛾9V𝛿2 T cells or CCLs-
loaded pV𝛾9V𝛿2 T cells for 72 h, the proportions of 4-1BB+ and OX40+ T cells were determined by flow cytometry. n = 3 independent patients. f) Naïve
𝛼𝛽 T cells were cocultured with control pV𝛾9V𝛿2 T cells or CCLs loaded-pV𝛾9V𝛿2 T cells for 120 h, the proportions of IFN-𝛾+, TNF+ and Granzyme
B+ T cells were determined by flow cytometry. n = 3 independent patients. g) 𝛼𝛽 TILs were expanded from CC patient CAT039 and cocultured with
control pV𝛾9V𝛿2 T cells or pV𝛾9V𝛿2 T cells loaded with predicted neoantigen single peptide (P1-P12) for 24 h, and the abundance of released IFN-𝛾 was
determined by ELISPOT assay. V𝛾9V𝛿2 T cells were irradiated (40 Gy) before coculture. P, peptide. h) Control 𝛼𝛽 T cells or pV𝛾9V𝛿2 T-stimulated 𝛼𝛽 T
cells were cocultured with CaSki, HeLa or SiHa cells for 6 h, the cytotoxicity of T cells was determined by LDH assays. pV𝛾9V𝛿2 T-stimulated 𝛼𝛽 T cells
were prepared by coculturing naïve 𝛼𝛽 T cells with control pV𝛾9V𝛿2 T cells or CCLs-loaded pV𝛾9V𝛿2 T cells for 120 h, followed by 𝛼𝛽 T cell purification.
n = 5 independent patients. Error bars represent mean with SD. p values were calculated using two-tailed Student’s t test. *p < 0.05; **p < 0.01;
***p < 0.001. NS, Not Significant. Ctl, control. CCLs, cervical cancer cell lysates.
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than those of patients without chemotherapy (Figure 6a; Figure
S8b,c, Supporting Information). Moreover, transcriptomics anal-
yses showed that compared to patients without chemotherapy,
the up-regulated genes in pV𝛾9V𝛿2 T cell from patients with
chemotherapy were mainly enriched in TNF signaling as well
as antigen processing and presentation pathways (Figure 6b).
Correspondingly, the transcriptional levels of some antitumor-
related cytokines, chemokines and antigen cross-presentation
molecules (purple circles labeled) were also higher in V𝛾9V𝛿2
T cells derived from patients with chemotherapy than those
without (Figure S8d, Supporting Information).
Based on these results, we asked whether our 𝛾𝛿/𝛼𝛽 T cell im-

munotherapy could exert a synergistic effect with chemotherapy
in treating CC. To test this premise, 𝛾𝛿/𝛼𝛽 T cell immunothera-
pies described in Figure 5 were applied after cDDP treatment in
SiHa-CDX mice (Figure 6c–e). Compared with cDDP treatment
alone, cDDP followed by 𝛾𝛿/𝛼𝛽 T immunotherapies significantly
inhibited tumor growth and prolongedmouse survival, especially
when cells were loaded with tumor antigen (𝛾𝛿/Mix-load), which
showed the best antitumor effect (Figure 6d,e). We next repeated
the above experiments with the purpose of examining tumor-
infiltrating cells, similar results were obtained, with smaller and
hollowed tumors, and a tendency of more tumor-infiltrating im-
mune cells in mice treated with cDDP followed by 𝛾𝛿/𝛼𝛽 T cell
immunotherapies (Figure 6f,g; Figure S8e,f, Supporting Infor-
mation). Interestingly, combination of cDDP and immunother-
apy appeared to result in more infiltration of total leukocytes and
CD8+ T cells in tumors than immunotherapy alone (Figure 5i;
Figure 6g; Figure S8g–i, Supporting Information). More impor-
tantly, compared with those without antigen loading (𝛾𝛿/Mix-
unload), when loaded with antigens (𝛾𝛿/Mix-load), 𝛾𝛿/𝛼𝛽 T cell
immunotherapy applied after chemotherapy resulted in signifi-
cantly more CD8+ T cell infiltration (Figure 6g). These results
were echoed in the immunofluorescence assays, which showed
a very impressive infiltration and activation of CD8+ T cells in
tumor tissues of mice with chemotherapy and 𝛾𝛿/Mix-load se-
quential treatments (Figure 6h). In addition, although tumor-
infiltrating CD4+, CD8+, and 𝛾𝛿 T cells all showed high expres-

sion of IFN-𝛾 and TNF-𝛼 in both groups with immunotherapy,
the frequency of TNF-𝛼+ 𝛾𝛿 T cells was markedly higher when
transferred cells were loaded with antigen (Figure 6i; Figure S8j,
Supporting Information). Of note, no significant side effects were
observed in major organs of all the recipient mice in above exper-
iments (Figure S8k, Supporting Information).
Taken together, these results suggest that V𝛾9V𝛿2/𝛼𝛽 T cell

combinatorial immunotherapy could play a synergistic effect
with chemotherapy in the treatment of CC.

2.7. V𝜸9V𝜹2 T Cell Counteracts BTN3A1-Mediated Inhibition of
𝜶𝜷 T Cell Response by Competitively Binding to BTN3A1

Given the highest therapeutic efficacy of combinatorial im-
munotherapy with neoantigen-loaded pV𝛾9V𝛿2 T cells and 𝛼𝛽

TIL among all groups compared (Figure 5k–m), and the strong
antigen-presenting capacity of our expanded V𝛾9V𝛿2 T cells
(Figure 4), it is reasonable to attribute the synergistic anti-CC ef-
fect of V𝛾9V𝛿2 T cells and 𝛼𝛽 TILs to V𝛾9V𝛿2 T cell-mediated
antigen presentation. Nevertheless, pV𝛾9V𝛿2/𝛼𝛽 TIL combinato-
rial immunotherapy already outcompeted 𝛼𝛽 TIL monotherapy
even without the presence of tumor neoantigen (Figure 5l,m),
suggesting that pV𝛾9V𝛿2 T cells might also function through
antigen presentation-independent mechanisms such as direct
killing. However, irradiated V𝛾9V𝛿2 T cells, which clearly lack the
killing ability (Figure S9a, Supporting Information), were still ca-
pable of promoting the tumoricidal capacity of DMF5 TCR-T cells
even without the presence of Mart-127-35 peptides (Figure S9b,c,
Supporting Information), indicating that pV𝛾9V𝛿2 T cells might
promote 𝛼𝛽 T cell activation through a novel mechanism inde-
pendent of antigen presentation and direct killing. Interestingly,
the synergistic effect can be reversed by the addition of anti-TCR
𝛾𝛿 neutralizing antibody (Figure S9b, Supporting Information),
suggesting that TCR 𝛾𝛿 is required for 𝛼𝛽 T cell-promoting effect
of irradiated V𝛾9V𝛿2 T cells.
As a key ligand of TCR V𝛾9V𝛿2, BTN3A1 has been

well-established for its critical role in inducing V𝛾9V𝛿2 T
cell activation.[26] However, BTN3A1-mediated pV𝛾9V𝛿2 T cell

Figure 5. V𝛾9V𝛿2/𝛼𝛽 T cell combinatorial therapy effectively inhibits CC cell growth in vivo. a-c) V𝛾9V𝛿2/𝛼𝛽 T cell combinatorial therapy effectively
inhibits CC cell growth in a SiHa-CDX model. SiHa cells (2 × 106 cells per mouse) were inoculated subcutaneously into severely immunocompromised
NCG mice. Upon tumor grew to clearly palpable (22 days after inoculation), freshly expanded pV𝛾9V𝛿2 T cells (1 × 107 cells per mouse) were injected
into the tumor-bearing mice through tail vein (1st i.v.). At the same time, primary 𝛼𝛽 T cells were stimulated with equal number of autologous control or
CCLs-loaded pV𝛾9V𝛿2 T cells to generate the control or activated 𝛼𝛽 T cells, which were then mixed with equal number of fresh control or CCLs-loaded
pV𝛾9V𝛿2 T cells (Mix-unload and Mix-load respectively), and then these cell mixtures were i.v. injected (27 days after inoculation) at 1 × 107 cells per
mouse (2nd i.v.). Mice that injected with medium at both injections were served as control (a). Tumor volume b) and mice survival c) were analyzed (n
= 5 mice per group). The statistics in the tumor volume were calculated with the day 44 data. S.C., Subcutaneous. i.v., intravenously. d-f) V𝛾9V𝛿2/𝛼𝛽
T cell combinatorial therapy effectively inhibits CC cell growth in a HeLa-CDX model. Similar to that in SiHa-CDX model (a), but 1st i.v. and 2nd i.v.
were performed at day 18 and 23 after HeLa cell inoculation, respectively (d). Tumor volume (e) and mice survival f) were analyzed (n = 5 mice per
group). The statistics in the tumor volume were calculated with the day 40 data. g-j) In another set of experiments similar to a-c, tumor-infiltrating cells
were determined at day 37 after SiHa cell inoculation. g, HE staining of tumor sections (n = 4 mice per group). h, Activated T cells (HLA-DR+), CD4+

T cell, CD8+ T cell and CD107a+ cells in the tumor tissues were analyzed by fluorescence microscopy. Scale bar: 100 μm. i, j, Single cell suspensions of
tumor tissues were prepared. Infiltration of CD45+ cells, CD4+, CD8+, and 𝛾𝛿 T cells in the tumor tissues (i), and the frequencies of IFN-𝛾- and TNF-𝛼-
producing CD4+, CD8+ and 𝛾𝛿 T cells (j) were analyzed by flow cytometry (n = 4 mice per group). k-m, V𝛾9V𝛿2/𝛼𝛽 TILs combinatorial therapy effectively
inhibits syngeneic CC tumor growth in a patient-derived xenograft (PDX) model. k) Tumor extracted from CC patient CAT039 was used for establishing
a PDX tumor in NCG mice and 𝛼𝛽 TIL expansion, while peripheral blood derived from the same patient was used for V𝛾9V𝛿2 T cell expansion. Three i.v.
injections were performed for each group with indicated medium or cells. Ctl, control culture medium. n = 4 mice per group. TIL, tumor-infiltrating 𝛼𝛽
T lymphocytes (1 × 107 cells per mouse). 𝛾𝛿T-wt pep or 𝛾𝛿T-mu pep, pV𝛾9V𝛿2 T cell (1 × 107 cells per mouse) loaded with wildtype peptide pools or
mutant peptide pools (neoantigens). 𝛾𝛿T-wt pep + TIL or 𝛾𝛿T-mu pep + TIL, 5 × 106 pV𝛾9V𝛿2 T cells + 5 × 106 TIL per mouse. Tumor volume l) and
mice survival m) were analyzed (n = 4 mice per group). Error bars represent mean with SD. p values were calculated using two-tailed Student’s t test.
Survival curves were calculated with Log-rank (Mantel-Cox) test. *p < 0.05; **p < 0.01. NS, Not Significant.
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activation is unlikely responsible for the synergistic effect de-
scribed in the above coculture system due to the use of irradiated
pV𝛾9V𝛿2 T cells (Figure S9b,d, Supporting Information). Inter-
estingly, knocking out BTN3A1 in CaSki cells (CaSki-BTN3A1KO)
by CRISPR-Cas9 eliminated the 𝛼𝛽 T cell-promoting effect of
pV𝛾9V𝛿2 T cells, which was not affected by blocking TCR 𝛾𝛿

(Figure S9c,d, Supporting Information). These results suggest
that BTN3A1-TCR 𝛾𝛿 interaction is necessary for pV𝛾9V𝛿2 T
cells to exert synergistic function with 𝛼𝛽 T cells through mech-
anisms independent of activating V𝛾9V𝛿2 T cells. A recent study
reported that BTN3A1 could inhibit 𝛼𝛽 T cell activation through
binding to CD45.[48] Indeed, a variety of CC cell lines including
HeLa, SiHa, C33A, ME-180, and MS751 expressed high level of
BTN3A1 (Figure 7a; Figure S9e,f, Supporting Information). Fur-
thermore, BTN3A1 was highly expressed in tumor tissues of CC,
as revealed by transcriptomics and immunohistochemistry anal-
yses (Figure 7b,c). Importantly, the TCGA data showed that the
expression level of BTN3A1 in CC tissues was negatively corre-
lated with the prognosis of patients[49] (Figure 7d). Therefore, we
hypothesized that BTN3A1 on the surface of CC cells may inhibit
the antitumor effects of 𝛼𝛽 T cells as previously reported,[48,50,51]

while V𝛾9V𝛿2 T cells likely relieve this inhibition by competitively
binding to BTN3A1 through TCR 𝛾𝛿. Indeed, BTN3A1-Fc fusion
protein but not control protein could bind to the surface of CD4+

and CD8+ T cells, whereas this binding was down-regulated by
the addition of irradiated pV𝛾9V𝛿2 T cell to the culture system,
accompanied by increased binding of BTN3A1 to pV𝛾9V𝛿2 T
cells (Figure 7e). In contrast, the above effects were abolished
when the TCR 𝛾𝛿-blocking antibody was added simultaneously.
Remarkably, pV𝛾9V𝛿2 T cells were still able to inhibit the binding
of BTN3A1 to the surface of CD4+ and CD8+ T cells even when
the pV𝛾9V𝛿2 T cell to 𝛼𝛽 T cell ratio was as low as 1:10 (Figure 7f).
These results suggest that pV𝛾9V𝛿2 T cells could bind to BTN3A1
through their TCR with greater affinity than 𝛼𝛽 T cells, thereby
competitively inhibiting the interaction between BTN3A1 and 𝛼𝛽
T cells.
To further explore whether V𝛾9V𝛿2 T cell can reverse BTN3A1-

mediated suppression of 𝛼𝛽 T cell response, we added BTN3A1-
Fc fusion protein to an in vitro system of 𝛼𝛽 T cell prolifera-
tion with or without the addition of irradiated pV𝛾9V𝛿2 T cells.
Consistent with the results of the binding assay, BTN3A1 inhib-
ited the capacity of CD4+ and CD8+ T cells activated by anti-
CD3/CD28 antibodies to proliferate and secrete IFN-𝛾 , whereas
pV𝛾9V𝛿2 T cells can reverse this inhibitory effect of BTN3A1
in a TCR 𝛾𝛿-dependent manner (Figure 7g; Figure S9g, Sup-

porting Information). To better simulate the in vivo effects of
BTN3A1, which is expressed on the cell membrane of tumor
cells,[52] we transfected BTN3A1 into K562 cells, which showed
very low baseline BTN3A1 expression, to establish BTN3A1-
overexpressed K562 cells (K562-BTN3A1OE) (Figure S9i, Support-
ing Information), and used it (Mitomycin C pretreated) to replace
BTN3A1-Fc fusion protein used in above experiments. Consis-
tent with that obtained with BTN3A1-Fc, K562-BTN3A1OE was
also effective in inhibiting the proliferation and differentiation
of CD4+ and CD8+ T cells, which can be similarly reversed by
the addition of irradiated pV𝛾9V𝛿2 T cells. (Figure 7g,h; Figure
S9g,h, Supporting Information). Furthermore, DMF5 TCR-T cell
could effectively kill Mart-127-35 peptide-pulsed HLA-A2+ CaSki
cells, which express a low level of BTN3A1 (Figure S9e, Support-
ing Information), but this killing effect was markedly reduced
when CaSki cells were overexpressed with BTN3A1 (Figure 7i;
Figure S9d, Supporting Information). Importantly, the addition
of irradiated pV𝛾9V𝛿2 T cells could restore the killing effect of
TCR-T cells by counteracting BTN3A1 in a TCR 𝛾𝛿-dependent
manner (Figure 7i).
Taken together, these results suggest that pV𝛾9V𝛿2 T cell could

counteract BTN3A1-mediated suppression of antitumor 𝛼𝛽 T cell
response by competitively binding to BTN3A1, and this mecha-
nism may be partially responsible for the effects of these cells in
promoting the antitumor function of 𝛼𝛽 T cells or TILs as de-
scribed in Figure 5k–m.

2.8. Activated T Cell Induces the Expression of BTN3A1 in CC
Cells in an IFN-𝜸-Dependent Manner

Although the inhibitory effect of BTN3A1 on the activation and
killing capacities of 𝛼𝛽 T cell has been reported,[48,50,51] the regu-
latory mechanism of BTN3A1 expression in tumor cells remains
unclear. By analyzing the database,[53] we found thatBTN3A1was
positively correlated and co-expressed with an array of previously
described IFN-𝛾-induced molecules[54,55] in CC tissues, but not
in tumor adjacent tissues or normal cervical tissues (Table S3,
Supporting Information). Furthermore, the TCGA data showed
that although the expression levels of BTN3A1, BTN2A1, and
PD-L1 were all positively correlated with CD8A and CD8B in CC,
those of BTN3A1 and PD-L1, but not BTN2A1 were correlated
with CD4 and IFNG, as well as the abundance of CD4+ Th1 and
CD8+ T cells in CC (Figure 8a–c). It has been well-established
that IFN-𝛾 secreted by activated T cells could induce tumor cells
to express PD-L1.[56] Therefore, we speculated that the expres-

Figure 6. V𝛾9V𝛿2/𝛼𝛽 T cell combinatorial strategy plays a synergistic effect with chemotherapy in the treatment of CC. a) The proportion of peripheral
total 𝛾𝛿 T cell and V𝛿2 T cell in CC patients with or without neoadjuvant chemotherapy was determined by flow cytometry. Chemo, chemotherapy. w/o,
without. CC w/o chemo, n = 20. CC with chemo, n = 17. b) KEGG enrichment analysis of the up-regulated genes in pV𝛾9V𝛿2 T cells from CC patients
with chemotherapy compared with those without chemotherapy. n = 2 per group. c-e) 𝛾𝛿/𝛼𝛽 T cell combinatorial immunotherapy synergizes with DDP
chemotherapy in a SiHa-CDX model. c, Two i.p. injections with DDP (day 16 and 19 after SiHa cell inoculation) and two i.v. injections with indicated
medium or cells were performed for three different treatment regimens. i.p., intraperitoneally. DDP, cis-platin, 5 mg kg−1 body weight per mouse per
day. 𝛾𝛿T, V𝛾9V𝛿2 T cell (1 × 107 cells per mouse). Mix-unload and Mix-load, 1 × 107 cell mixtures that were described in Figure 5a. Tumor volume (d)
and mice survival (e) were analyzed (n = 5 mice per group). The statistics in the tumor volume were calculated with the day 44 data. f-i) In another set
of experiments similar to c-e, tumor-infiltrating cells were determined at day 37 after SiHa cell inoculation (n = 4 mice per group). f) HE staining of
tumor sections was analyzed. g, Single cell suspensions of tumor tissues were prepared, tumor infiltration of CD45+ cells, CD4+, CD8+ and 𝛾𝛿 T cells
were analyzed by flow cytometry. h, Activated T cells (HLA-DR+), CD4+ T cell, CD8+ T cell and CD107a+ cells in the tumor tissues were analyzed by
fluorescence microscopy. Scale bar: 100 μm. i, Single cell suspensions of tumor tissues were prepared, IFN-𝛾- and TNF-𝛼-producing CD4+, CD8+ and
𝛾𝛿 T cells in tumor tissues were analyzed by flow cytometry. Error bars represent mean with SD. p values were calculated using two-tailed Student’s t
test. Survival curves were calculated with Log-rank (Mantel-Cox) test. *p < 0.05; **p < 0.01; ***p < 0.001. NS, Not Significant.
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sion of BTN3A1 in CC cells might be regulated through similar
mechanism. Consistent with this premise, IFN-𝛾 stimulation
could increase the expression of BTN3A1 in various CC cells in
a dose-dependent manner (Figure 8d; Figure S10a, Supporting
Information). In addition, we found that IFN-𝛾-induced BTN3A1
expression in CC cells was dependent on JAK-STAT1 signaling
pathway, which is reminiscent of the mechanism of IFN-𝛾-
induced PD-L1 expression in tumor cells[57] (Figure 8e; Figure
S10b, Supporting Information). More interestingly, activated T
cells could promote the expression of BTN3A1 on the surface
of CC cells, while the addition of IFN-𝛾 neutralizing antibody to
the co-culture system significantly inhibited the expression of
BTN3A1 (Figure 8f). Thus, these results suggest that activated T
cells in CC can induce the expression of BTN3A1 in tumor cells
in an IFN-𝛾-dependent manner.

3. Discussion

Patients with advanced/metastatic CC are suffered from lacking
effective treatments, and therefore have a poor prognosis. In this
study, we report a synergistic effect of autologous pV𝛾9V𝛿2 T cell
and 𝛼𝛽 T cell in immunotherapy of CC. By using both in vitro
and in vivo models, we found that expanded pV𝛾9V𝛿2 T cell is
not only a strong tumor killer, but also capable of potentiating the
antitumor effect of 𝛼𝛽 T cell by antigen presentation and coun-
teracting BTN3A1-mediated 𝛼𝛽 T cell inhibition.
The antitumor effect of 𝛾𝛿 T cell has been recognized dating

back to 1980s shortly after this cell was discovered,[58–62] and has
received more attentions since 𝛾𝛿 T cell was reported to be the
most significant signature associated with the favorable prog-
nosis across a variety of cancers.[25,39,63–65] However, to date, the
role of 𝛾𝛿 T cell in CC is still not well-understood. By analyzing
the database and our clinical data (Figure 1; Figure S1, Support-
ing Information), we were able to show that the frequency of 𝛾𝛿
TILs was closely correlated with the better prognosis of CC as
well as the infiltration and activation of various antitumor im-
mune cells. Interestingly, V𝛾9V𝛿2 T cell, a 𝛾𝛿 T cell subset pre-
dominantly found in the periphery,[24,36] was detected in CC tis-
sue at a frequency comparable to and even higher in some pa-
tients than V𝛿1 T cell (Figure 1j), the well-known tissue-resident
𝛾𝛿 T cell subset.[36] Importantly, the frequency of V𝛾9V𝛿2 TILs
(Figure 1l) but not V𝛿1 TILs, was found to be significantly asso-
ciated with 𝛼𝛽 T cell abundance, indicating the connection be-
tween V𝛾9V𝛿2 T cell and 𝛼𝛽 T cell in CC. Indeed, V𝛾9V𝛿2 T cell

has been reported to present and cross-present antigen to 𝛼𝛽 T
cell with a high efficiency comparable to DC.[27–29] In this study,
we verified the strong antigen-processing and -presenting abili-
ties of pV𝛾9V𝛿2 T cell toward model antigens (i.e., DQ-OVA and
Mart-1). More importantly, pV𝛾9V𝛿2 T cell is also able to present
and cross-present CC-derived antigens (i.e., CCLs and neoanti-
gens) to CD4+ and CD8+ 𝛼𝛽 T cells in both in vitro experiments
(Figure 4), and in vivo models with CDX and PDX (Figure 5).
Therefore, the synergistic anti-CC effect of autologous pV𝛾9V𝛿2
T cells and 𝛼𝛽 T cells observed in our animal models can be at-
tributable to the direct tumor-killing and antigen presentation ca-
pacities of pV𝛾9V𝛿2 T cells. In this scenario, through killing of
CC cells, pV𝛾9V𝛿2 T cells may not only result in tumor regres-
sion directly (the first hit), but also indirectly by causing the re-
lease of tumor antigens, which are subsequently processed and
presented to tumor-specific 𝛼𝛽 T cells, and thereby confer “the
second hit”. The latter mechanism is dependent on the cognate
interaction between these two cell types. Thus, it is not surpris-
ing that pV𝛾9V𝛿2/𝛼𝛽 T cell combinatorial therapies are more ef-
fective when CC antigens are loaded (Figure 5), in which more
cognate interactions are expected.
In addition to direct tumor-killing and antigen presentation,

we also uncover another synergistic mechanism of pV𝛾9V𝛿2/𝛼𝛽
T cell combinatorial therapy, through which pV𝛾9V𝛿2 T cells
reverse BTN3A1-mediated 𝛼𝛽 T cell inhibition by competitively
binding to BTN3A1 expressed by CC cells (Figure 7). BTN3A1 is
widely expressed in a variety of cells including immune cells and
tumor cells.[66,67] BTN3A1 expressed by APC is crucial for pAg-
induced activation of V𝛾9V𝛿2 T cells by forming a heterodimer
with BTN2A1.[68,69] In this study, we found that BTN3A1 is
also expressed on various CC cells. However, BTN3A1-mediated
pV𝛾9V𝛿2 T cell activation is dispensable, at least in vitro, for the
synergistic effect of pV𝛾9V𝛿2 T cell and 𝛼𝛽 T cell, since irradi-
ated pV𝛾9V𝛿2 T cell, which clearly cannot respond to any stim-
ulation, could also synergize with 𝛼𝛽 T cell in killing BTN3A1-
overexpressed but not BTN3A1-deficient CC cells in a TCR 𝛾𝛿-
dependent manner. These results, together with a recent finding
that BTN3A1 can significantly inhibit the antitumor effect of 𝛼𝛽 T
cell by abrogating TCR activation in ovarian cancer,[48] are sugges-
tive of BTN3A1 as a novel checkpoint molecule and an alternative
function of V𝛾9V𝛿2 T cell as a “cellular ICI”.
Except for CC cell lines, CC tissues also express high level

of BTN3A1, but the mechanism by which BTN3A1 expres-
sion is regulated in CC cells remains unknown. Earlier studies

Figure 7. V𝛾9V𝛿2 T cell restores BTN3A1-mediated inhibition of 𝛼𝛽 T cell response by competitively binding to BTN3A1. a) BTN3A1 expression levels
on CC cell lines HeLa and SiHa were determined by flow cytometry. b) BTN3A1 expression level in normal and tumor tissues of CC was determined by
RNA sequencing (normal, n = 32; tumor, n = 127). c) Representative images showing BTN3A1 expression level in tumor and adjacent tissues of CC
determined by immunohistochemistry. Scale bar: 200 μm. d) The correlation of BTN3A1 expression level with the prognosis of CC patients (Relapse
Free Survival, RFS) from TCGA dataset was analyzed (n = 306, graphed in Kaplan-Meier Plotter database, Log-rank test was used). e) The binding of
BTN3A1-Fc fusion protein to the surface of CD4+ and CD8+ T cells in the presence or absence of irradiated pV𝛾9V𝛿2 T cell ± TCR 𝛾𝛿-blocking antibody
was determined by flow cytometry (n = 3 per group). IgG-FC (10702-HNAH, Sino Biologic) was used as control. f) The binding of BTN3A1-Fc fusion
protein to the surface of CD4+ and CD8+ T cells in the presence or absence of the indicated ratios of irradiated pV𝛾9V𝛿2 T cell was determined by
flow cytometry (n = 3 per group). g, h) Naïve 𝛼𝛽 T cells were cultured and stimulated by CD3 and CD28 mAbs. BTN3A1-Fc (g) or K562-BTN3A1OE (h),
irradiated pV𝛾9V𝛿2 T cell and TCR 𝛾𝛿-blocking antibody were added to the cultures in the indicated conditions. CD4+ and CD8+ T cells proliferation and
the concentration of IFN-𝛾 in the culture supernatants were determined by flow cytometry and ELISA respectively (n = 3 per group). i) CaSki-vector or
CaSki-BTN3A1OE cells were cultured with Mart-127-35 specific TCR-T cells for 12 h. Irradiated pV𝛾9V𝛿2 T cell and TCR 𝛾𝛿-blocking antibody were added
to the cultures in the indicated conditions. The percentage of CaSki cell death was determined by flow cytometry (n = 3 per group). Error bars represent
mean with SD. p values were calculated using two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. OE, overexpression. mAb,
anti-CD3 and anti-CD28 monoclonal antibodies.
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Figure 8. IFN-𝛾 derived from activated 𝛼𝛽 T cell induces the expression of BTN3A1 in CC cells. a) The correlation of CD274, BTN3A1 and BTN2A1
expression levels with CD4, CD8A and CD8B expression levels in CC from TCGA dataset were analyzed (n = 306). b) The correlation of BTN3A1
expression level with the abundance of tumor-infiltrating Th1 and CD8+ T cells in CC from TCGA dataset was analyzed (n = 306). c) The correlation of
CD274, BTN3A1, and BTN2A1 expression levels with IFNG expression level in CC from TCGA dataset were analyzed (n = 306). d) CaSki, HeLa and SiHa
cells were cultured and stimulated by the indicated concentrations of IFN-𝛾 (ng mL−1) for 24 h. The percentage of BTN3A1+ cells was determined by
flow cytometry (n = 3 per group). e) CaSki, HeLa and SiHa cells were cultured and stimulated by the indicated concentrations of IFN-𝛾 (ng mL−1), in the
absence or presence of STAT1, NF-𝜅B, or ERK1/2 inhibitor, for 24 h. The percentage of BTN3A1+ cells and BTN3A1 intensity were determined by flow
cytometry (n = 3 per group). f) CaSki cell was cultured with activated 𝛼𝛽 T cells, in the absence or presence of IFN-𝛾 blocking antibody, for 48 h. The
intensity of BTN3A1 on CaSki cells was determined by flow cytometry (n = 3 per group). Error bars represent mean with SD. p values were calculated
using Spearman statistics and two-tailed Student’s t test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. NS, Not Significant.

reported that IFN-𝛾 or TNF-𝛼 could promote the expression
of BTN3 molecules in endothelial cells.[70] Recent study also
showed that IFN-𝛾 can promote V𝛾9V𝛿2 T cell activation by in-
ducing monocytes to express BTN3A1.[71] This study provides
several lines of evidence supporting that BTN3A1 expression
is primarily regulated by IFN-𝛾 in CC cells (Figure 8). First,
the expression of BTN3A1 in CC tissues was significantly cor-

related and co-expressed with IFN-𝛾 and a variety of IFN-𝛾 in-
ducible molecules.[54,55] Second, IFN-𝛾 could induce the expres-
sion of BTN3A1 in CC cells in a JAK1- and STAT1-dependent
manner. Third, activated 𝛼𝛽 T cells could promote the expres-
sion of BTN3A1 on the surface of CC cells, while blocking IFN-
𝛾 with a neutralizing antibody reversed 𝛼𝛽 T cell-induced ex-
pression of BTN3A1. More interestingly, the infiltration levels
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of CD4+ and CD8+ T cells and the expression level of IFN-𝛾
in CC tissues were correlated with the expression of BTN3A1
and PD-L1, but not BTN2A1. Thus, the expression pattern, reg-
ulatory mechanism, and 𝛼𝛽 T cell inhibiting effect of BTN3A1
make it highly similar to PD-L1,[57] further elaborating the notion
that BTN3A1 expressed by tumor cells may be another immune
checkpoint molecule rather than merely activate V𝛾9V𝛿2 T cells
with BTN2A1 in CC.
Although chemotherapy has been reported to be capable of im-

proving the tumoricidal activity of T cells including 𝛾𝛿 T cells in
a variety of cancers ranging from colon cancer, ovarian cancer,
glioblastoma, and chronic lymphocytic leukemia,[45,46,72–74] this
study is the first to reveal the boosting effect of chemotherapy on
pV𝛾9V𝛿2/𝛼𝛽 T cell combinatorial therapies in CC. Chemother-
apy may potentiate antitumor response through increasing
the sensitivity of tumor cells to T cell-mediated killing,[45,46]

and/or recruiting and activating tumoricidal T cells.[75–77] In this
study, we found that the abundance and antitumor potential of
V𝛾9V𝛿2 T cells in peripheral and tumor tissues of CC patients
experienced chemotherapy were higher than that of without
chemotherapy experience. Importantly, elevated infiltration and
increased activation of transferred T cells, especially CD8+ T cells,
were observed in CC tissue of mice treated with pV𝛾9V𝛿2/𝛼𝛽 T
cells and chemotherapy than those with pV𝛾9V𝛿2/𝛼𝛽 T cell ther-
apy alone (Figure 6g,h). This effect was partially consistent with a
previous report that chemotherapeutic drugs could promote the
infiltration of CAR-T cells in lung tumor through inducing the
production of T cell-recruiting chemokines.[78] Nevertheless, the
specificmechanism underlying the boosting effect of chemother-
apy on pV𝛾9V𝛿2/𝛼𝛽 T cell combinatorial therapies observed in
our study needs to be further explored.
The expansion efficiency and purity of 𝛾𝛿 T cells are criti-

cal factors influencing their application in tumor immunother-
apy. High expansion efficiency ensures a sufficient number of
𝛾𝛿 T cells for therapeutic use, which is essential given the typ-
ically low frequency of 𝛾𝛿 T cells in peripheral blood. Previous
studies have shown that the amplification efficiency of autolo-
gous pV𝛾9V𝛿2 T cells in some patients with advanced cancer
may be poor.[37] Therefore, therapeutic strategies with allogeneic
pV𝛾9V𝛿2 T cells were explored alternatively.[39,74,79–83] However,
our results demonstrated that pV𝛾9V𝛿2 T cells from advanced
CC patients have similar amplification potential to that from HC
(Figure 3a; Figure S3a, Supporting Information). How the func-
tionality of peripheral V𝛾9V𝛿2 T cells is regulated in CC remains
unclear. Nevertheless, CC-derived pV𝛾9V𝛿2 T cells exhibit higher
antitumor potential than HC-derived counterparts (Figure 2b–e).
Importantly, after expansion, pV𝛾9V𝛿2 T cells from CC and HC
are highly similar in expression profiles at both transcriptional
and protein levels (Figure 3b–d), indicating the functional conver-
gence of pV𝛾9V𝛿2 T cells from different sources after expansion.
Therefore, from the manufacturing point of view, expanded au-
tologous pV𝛾9V𝛿2 T cells is a reasonable option for ACT therapy
of CC. Of note, most of the functional experiments conducted in
this study used pV𝛾9V𝛿2 T cells expanded for 11 days instead of
14 days, with the classical protocol of IL-2 plus zoledronate.[38,84]

Here, pV𝛾9V𝛿2 T cells can be expanded to several thousand
folds in D11 cell products, which is sufficient for ACT. Impor-
tantly, compared to the D14 counterparts, D11 pV𝛾9V𝛿2 T cells
have higher expression of activation and effector molecules (e.g.,

CD86, HLA-DR, NKG2D, perforin and granzyme B) and less in-
hibitory molecules (e.g., LAG3, TIM3, TIGIT and TOX), suggest-
ing that shortened amplification protocolmight not only expedite
themanufacture process, but also preserve antitumor potential of
pV𝛾9V𝛿2 T cells (Figure 3; Figure S3, Supporting Information).
Notably, the expansion of 𝛾𝛿 T cells for clinical immunotherapy
still faces significant challenges. On the one hand, there is a high
demand for the number of cells required; on the other hand,
contamination with other cell types must be minimized. Lower
purity or suboptimal expansion conditions may lead to reduced
anti-tumor efficacy and an increased risk of off-target effects. This
highlights the need for stringent quality control during the prepa-
ration of 𝛾𝛿 T cells for adoptive cell therapies. Several recent stud-
ies have reported that various modified protocols (e.g., with the
addition of TGF-𝛽, vitamin-C and rapamycin, etc)[63,85,86] can en-
hance the amplification efficiency, purity, functionality and stem-
ness of pV𝛾9V𝛿2 T cells after 14-day’s expansion. Thus, future ex-
periments are required to test these recipes and novel protocols
using our 11-day expansion regimen.
Of note, given the versatile antitumor capacity of V𝛾9V𝛿2 T

cell,[23–25] this cell could be potentially combined with other im-
munotherapeutic strategies other than ACT of 𝛼𝛽 T cell, such as
ICI and therapeutic vaccines, which have been often restrained
by the lack of tumor-specific T cells, impairment of antigen pre-
sentation, and emergence of additional checkpointmolecules, for
treating CC patients.[10,21,87] Thus, future investigations are en-
couraged to test these possibilities.
In summary, the findings of this study highlight a critical

synergistic effect of autologous pV𝛾9V𝛿2 T cells and 𝛼𝛽 T cells
that can be further boosted by chemotherapy for immunotherapy
of CC and elucidate the potential underlying mechanisms. Our
study provides the first proof-of-concept evidence for utilizing au-
tologous V𝛾9V𝛿2/𝛼𝛽 T cell combinatorial therapy for treating CC
patients. Future studies are anticipated to test these results in
the clinical setting, and to explore the possibility of applying this
strategy to a wide range of tumors.

4. Experimental Section
Human Samples: The study was approved by theMedical Ethics Com-

mittee of the Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China (Approval No. [2021] S034). Thirty-seven CC
patients participated in this study (Table S1, Supporting Information), in-
cluding 20 CCpatients without chemotherapy (peripheral blood and tumor
tissues were all collected) and 17 CC patients with chemotherapy (periph-
eral blood and tumor tissues were collected in 9 cases, and peripheral
blood was collected in the other 8 cases). HC-derived peripheral blood
samples were obtained from 10 subjects. Written informed consents were
obtained from all participants before study entry.

Cell Lines and Cell/Tissue Cultures: The CC cell lines SiHa, HeLa, C-
33A, and MS751, and the human umbilical vein endothelial cell line HU-
VEC were cultured in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% heat-inactivated FBS (Gibco, Life Technologies) and 1% peni-
cillin/streptomycin. The CC cell line CaSki and the human chronic myel-
ogenous leukemia cell line K562 were cultured in RPMI 1640 medium
supplemented with 10% FBS (Gibco, Life Technologies) and 1% peni-
cillin/streptomycin. The CC cell line ME-180 was cultured in modified Mc-
Coy’s 5a medium supplemented with 10% heat-inactivated FBS (Gibco,
Life Technologies) and 1% penicillin/streptomycin. All these cell lines
were maintained at 37 °C in a humidified atmosphere of 5% CO2, and
tested bimonthly for mycoplasma and were mycoplasma-free at the time
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of experiments. The CaSki-BTN3A1OE and K562-BTN3A1OE cell lines were
established by stably transducing with a lentivirus vector encoding the
hBTN3A1-GFP. For in vitro experiments, expanded HC and CC patients-
derived 𝛾𝛿 T cells, 𝛼𝛽 TIL,[88] and patient-derived EBV-LCL cells estab-
lished from PBMC were generated as described previously,[88] and were
cultured in RPMI 1640 medium supplemented with 10% FBS (Gibco, Life
Technologies) and 1% penicillin/streptomycin.

Culture, In Vitro Expansion, and Transfection of Human Peripheral 𝛾𝛿 T
Cells: HC- and CC-derived peripheral blood mononuclear cells (PBMC)
were isolated using a Ficoll-Paque-based density gradient centrifugation
protocol. PBMC were cultured in X-Vivo medium supplemented with 10%
heat-inactivated FBS (Gibco, Life Technologies) at 2 × 106 cells per well.
To induce the expansion of V𝛾9V𝛿2 T cell, zoledronate (5 μMworking con-
centration, Sigma) and recombinant human IL-2 (1000 IU mL−1 working
concentration, clinical grade, Beijing Sihuan Bio-pharmaceutical Co., LTD)
were added to the culture medium on day 0. After 4 days of stimulation,
the culture systemwas replaced with a newmedium containing 5 μMzole-
dronate and 1000 IU mL−1 rhIL-2. On day 6 of culture, the culture system
was replaced again with amedium containing 1000 IUmL−1 rhIL-2. In sub-
sequent cultures, the cells were counted daily and a new medium contain-
ing 1000 IU mL−1 of rhIL-2 was added to keep the cell density in the range
of 0.8–1.2 × 106 mL−1. On the 8th, 11th, and 14th day of cultures, a certain
number of cultured cells were taken to detect the characteristics of V𝛾9V𝛿2
T cell including purity, activation, differentiation, killing and antitumor po-
tential. According to the counting results, the amplification ratio and ef-
ficiency of V𝛾9V𝛿2 T cells were calculated after different days of culture.
For some experiments (RNA sequencing, in vitro killing assays, co-culture
experiments and in vivo adoptive transfer), 𝛾𝛿 T cells were all obtained
through magnetic sorting after expansion. Specifically, 𝛾𝛿 T cells were first
treated with a PE-labeled V𝛿2 antibody (Clone B6) and then sorted and
purified using an anti-PE magnetic bead sorting kit (130-048-801, Miltenyi
Biotech). After sorting, the purity of V𝛾9V𝛿2 T cells was above 90%.

In order to construct V𝛾9V𝛿2 T cells that can present intracel-
lular Mart-1 antigenic peptide, DNA sequences encoding the Mart-
1 sequence (ATGTACACCACCGCCGAGGAGCTGGCCGGCATCG-
GAATCCTGACCGTGATCCTGGGCGTGTAA), signal sequence of
LAMP1 (sig, ATGGCGGCCCCCGGCAGCGCCCGGCGACCCCTGCT-
GCTGCTACTGCTGTTGCTGCTGCTCGGT), and DC.LAMP sequence
(TGCTCGTCTGACTACACAATTGTGCTTCCTGTGATTGGGGCCATCGT-
GGTTGGTCTCTGCCTTATGGGTATGGGTGTCTATAAAATCCGCCTAAG-
GTGTCAATCATCTGGATACCAGAGAATCTAA) were synthesized and
cloned into a pcDNA3.1 based Mart-1 vector (pcDNA3.1-sig-Mart-1-
DC.LAMP vector). For electroporation of pcDNA3.1-sig-Mart-1-DC.LAMP
vector, expanded autologous V𝛾9V𝛿2 T cell (1 × 106-5 × 106) were
resuspended in 100 μL Opti-MEM (Life Technologies) and electropo-
rated with 5 μg of vector using the electroporation cuvette and an
electroporator (Lonza). Electroporated cells were transferred into a 2
ml complete medium, and cultured overnight at 37 °C, 5% CO2 for
subsequent coculture assays. Transfection efficiency (determined by a
control pcDNA3.1-eGFP vector) was > 50%.

Flow Cytometry: The human antibodies used for flow cytometry are
as follows: CD45 (clone H130, BD), CD3 (clone SK7, BD), 𝛾𝛿 TCR (clone
B1, Biolegend), CD4 (clone RPA-T4, BD), CD8 (clone SK1, BD), CD16
(clone 3G8, BD), CD40 (clone 5C3, BD), CD56 (clone B159, BD), CD86
(clone IT2.2, Biolegend), CD54 (clone HA58, BD), TCR V𝛿1 (clone TS8.2,
Invitrogen), TCR V𝛿2 (clone REA771, Miltenyi Biotec), TCR V𝛾9 (clone B3,
BD), CD27 (clone M-T271, BD), CD45RA (clone HI100, BD), PD-1 (clone
EH12.1, BD), CCR7 (clone, 3D12, BD), FasL (clone NOK-1, BD), CXCR3
(clone 1C6/CXCR3, BD), perforin (clone 𝛿G9, BD), granzyme B (clone
GB11, BD), NKp46 (clone 9E2/NKp46, BD), NKG2D (clone 1D11, BD),
HLA-DR (clone L243, Biolegend), CD25 (clone M-A251), CD107a (clone
H4A3, Biolegend), IFN-𝛾 (clone 4S.B3, BD), TNF-𝛼 (clone Mab11, BD),
IL-4 (clone 8D4-8, BD), IL-17A (clone N49-653, BD), 4-1BB (clone 4B4-
1, BD), OX40 (clone ACT35, BD), BTN3A1 (clone eBioBT3.1, Invitrogen)
and anti-FC (clone EM-07, Invitrogen). The mouse CD45 (clone 30-F11,
BD) monoclonal antibody used for flow cytometry was purchased from
BD bioscience. The zombie dye (423 102) was purchased from Biolegend.
The apoptosis kit (559 925) was purchased from BD biosciences.

To test the infiltrating 𝛾𝛿 T cells in tumor tissue or the circulating 𝛾𝛿

T cells in peripheral blood, flow cytometric analysis was performed us-
ing LSR Fortessa cytometer (BD). Tumor tissue was dissociated and di-
gested (gentle MACS Dissociator, Miltenyi Biotec) to produce single-cell
suspension for flow detection. To test the proportion and surface char-
acteristics of 𝛾𝛿 T cells, single cells of tumor tissue or PBMC were incu-
bated with a zombie dye (423 102, Biolegend) to identify dead/live cells
and with Fc receptor blocking solution (Cat 422 302, Biolegend) for 15
min, and then the cells were incubated for 30 min at 4 °C with a mixture
of fluorescein-labeled antibodies. For intracellular staining, single cells fix-
ation and permeabilization were performed after surface protein staining,
and then the intracellular proteins were stained by amixture of fluorescein-
labeled antibodies. When analyzing the flow cytometry data, dead cells
were excluded based on zombie dye staining, and all live cells were then
gated based on forward (FSC-A, measuring cell size) and side (SSC-A,
measuring cell granularity) scatter to exclude debris, followed by gating
for single cells by FSC-A versus FSC-W parameters. Tumor-infiltrating 𝛾𝛿 T
cells were identified as CD45+CD3+TCR 𝛾𝛿+, CD45+CD3+TCR 𝛾𝛿+V𝛿1+,
CD45+CD3+TCR 𝛾𝛿+V𝛿2+. Peripheral circulating and in vitro expanded 𝛾𝛿
T cells were identified as CD45+CD3+TCR 𝛾𝛿+, CD45+CD3+TCR 𝛾𝛿+V𝛿1+

and CD45+CD3+TCR 𝛾𝛿+V𝛾9+V𝛿2+. V𝛾9V𝛿2 T cell activation, differentia-
tion and killing potential were determined by surface protein expression of
CCR7, HLA-DR, CXCR3, NKG2D, NKp46, PD-1, CD16, CD40, CD54, CD56,
CD86, CD107a, FasL and intracellular expression of IFN-𝛾 , TNF-𝛼, perforin
and granzyme B.

For detection of the antigen uptake and processing capacity of ex-
panded V𝛾9V𝛿2 T cells, cells were cocultured with DQ-OVA (D12053, In-
vitrogen) in the presence or absence of chloroquine (CQ, C6628, Sigma-
aldrich) for 6 h. The proportion of DQ fluorescence positive cells and the
intensity of DQ fluorescence were determined by flow cytometry. The Lyso-
Tracker (Cat L7528) was purchased from Invitrogen.

For detection of V𝛾9V𝛿2 T cell induced Mart-127-35 specific TCR-
T cell activation, control V𝛾9V𝛿2 T cells or Mart-1 long peptide
(MPREDAHFIYGYPKKGHGHSYTTAEEAAGIGILTVILGVLLLIGCWYCRRR-
NGYRALMDKSLHVGTQCALTRRCPQEGFDHRDSKVSLQEKNCEPVVPN-
APPAYEKLSAEQSPPPYSP)-loaded or Mart-1 vector transfected V𝛾9V𝛿2
T cells were cocultured with Mart-127-35 specific TCR-T cells or control
Pan-T cells for 24 h, then the cells were collected and stained with zombie
dye, Fc receptor blocking solution, surface protein 4-1BB, OX40, and
determined by flow cytometry.

For detection of V𝛾9V𝛿2 T cell induced naïve 𝛼𝛽 T cell (HLA-matched
or partially matched) activation, control V𝛾9V𝛿2 T cells or CCLs-loaded
V𝛾9V𝛿2 T cells were cocultured with naïve 𝛼𝛽 T cells for 72 h or 120 h.
In the 72-hour cocultures, cells were collected and stained with zombie
dye, Fc receptor blocking solution, surface protein 4-1BB, OX40, and de-
termined by flow cytometry. In the 120-hour cocultures, cells were col-
lected and stained with zombie dye, Fc receptor blocking solution, in-
tracellular protein IFN-𝛾 , TNF-𝛼, Granzyme B and determined by flow
cytometry.

In Vitro BTN3A1-Fc Binding Assays: To determine the influence of
V𝛾9V𝛿2 T cell on the binding between BTN3A1 and 𝛼𝛽 T cells, 1 × 106

primary 𝛼𝛽 T cells were incubated with BTN3A1-Fc (10 μg mL−1, 8539-
BT, R&D) in the presence or absence of irradiated V𝛾9V𝛿2 T cells (1 ×
106, Fc receptor blocking solution pretreated) for 30 min at 4 °C. To verify
the effect of V𝛾9V𝛿2 T cells, a separate group was added with TCR-V𝛾9
blocking antibody. After incubation, cell pellets were collected and sub-
sequently subjected to zombie dye, Fc receptor blocking solution, anti-
CD3/CD4/CD8/TCR 𝛾𝛿 and anti-Fc antibodies staining and flow cytometry
determination.

To determine the potential of V𝛾9V𝛿2 T cells to inhibit BTN3A1-Fc bind-
ing to primary 𝛼𝛽 T cells, irradiated V𝛾9V𝛿2 T cells (Fc receptor blocking
solution pretreated) and primary 𝛼𝛽 T cells were added to 96-well plates
in different ratios (1:0, 10:1, 5:1 and 1:1) in the presence of plate-bound
OKT3 (10 μgmL−1, Cat 317 326, Biolegend), and BTN3A1-Fc (10 μgmL−1,
R&D) or control Fc protein was added simultaneously. After incubating at
4 °C for 30 min, cell pellets were collected and subsequently subjected to
zombie dye, Fc receptor blocking solution, anti-CD3/CD4/CD8 and anti-Fc
antibodies staining and flow cytometry determination.
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In Vitro 𝛼𝛽 T Cell Proliferation Assays: To explore whether V𝛾9V𝛿2 T cell
can reverse BTN3A1-mediated suppression of 𝛼𝛽 T cell response: 1) 1 ×
106 primary 𝛼𝛽 T cells (CTV labeled, C34557, Invitrogen) were activated
in the presence of plate-bound CD3 (OKT3, 10 μg mL−1, Cat 317 326,
Biolegend), CD28 (CD28.2, 250 ng mL−1, Cat 317 326, Biolegend) an-
tibodies and BTN3A1-Fc (10 μg mL−1, R&D); 2) 1 × 106 primary 𝛼𝛽 T
cells (CTV labeled) were activated in the presence of plate-bound CD3
(OKT3, 10 μgmL−1, Cat 317 326, Biolegend), CD28 (CD28.2, 250 ngmL−1,
Cat 317 326, Biolegend) antibodies and mitomycin C (20 μg mL−1, HY-
13316, MCE) pretreated K562-BTN3A1OE cells (1 × 106); To verify the ef-
fect of V𝛾9V𝛿2 T cells, 1 × 106 irradiated (50 Gy) V𝛾9V𝛿2 T cells (anti-
CD16/32 pretreated) with or without TCR 𝛾𝛿 blocking antibody were added
simultaneously. The anti-TCR 𝛾𝛿 blocking antibody (clone B1, 331 202)
or (clone 7A5, TCR1720) was purchased from Biolegend and Invitrogen,
respectively. After 96 hours, cell pellets and supernatants were collected.
Cells were subjected to zombie dye, Fc receptor blocking solution, anti-
CD3/CD4/CD8 antibodies staining and flow cytometry determination. The
concentration of IFN-𝛾 in the supernatants was determined by ELISA kit
(430 104, Biolegend).

In Vitro Measurement of TCR-T Cell-Mediated CaSki Cell Death: To ex-
plore whether V𝛾9V𝛿2 T cell can reverse BTN3A1-mediated suppression of
𝛼𝛽 T cell killing capacity, 1× 106 Mart-127-35 specific TCR-T cells were cocul-
tured with Mart-127-35 peptides loaded CaSki-vector or CaSki-BTN3A1OE

cells (2 × 106, HLA-A2+) for 12 h. To verify the effect of V𝛾9V𝛿2 T cells, 1
× 106 irradiated V𝛾9V𝛿2 T cells with or without TCR 𝛾𝛿 blocking antibody
were added simultaneously. After incubation, the cells were collected and
subsequently subjected to cell death determination by flow cytometry.

Surface BTN3A1 Expression Assays: To determine the surface BTN3A1
expression level on CC cell lines, SiHa, HeLa, C-33A, CaSki and control
cell line HUVEC, or the transfected cell lines including K562-vector, K562-
BTN3A1OE, CaSki-vector, CaSki-BTN3A1OE were stainedwith anti-BTN3A1
mAb (Invitrogen, clone eBioBT3.1, 14) or isotype control (Invitrogen, 14)
at 4 °C for 30 min, and then cells were subjected to flow cytometry deter-
mination.

To determine the surface BTN3A1 expression level on CC cells after IFN-
𝛾 stimulation, CC cell lines (CaSki, Siha and HeLa) were treated with dif-
ferent concentrations of IFN-𝛾 (0, 10, 100, and 1000 ng mL−1, 570 202, Bi-
olegend) for 24 h, cells pellets were collected and subsequently subjected
to anti-BTN3A1 mAb (Invitrogen, clone eBioBT3.1, 14) or isotype control
(Invitrogen, 14) staining and flow cytometry determination.

To determine the mechanism of IFN-𝛾-induced BTN3A1 expression on
CC cells, STAT1 inhibitor (Fludarabine, HY-B0069, MCE), NF-𝜅B inhibitor
(JSH-23, HY-13982, MCE) and ERK1/2 inhibitor (SCH772984, HY-112570,
MCE) were added to the IFN-𝛾 (100 ng mL−1) treated culture system. Af-
ter 24 h, cells pellets were collected and subsequently subjected to anti-
BTN3A1 mAb (Invitrogen, clone eBioBT3.1, 14) or isotype control (Invit-
rogen, 14) staining and flow cytometry determination.

To determine the surface BTN3A1 expression level on CC cell induced
by activated 𝛼𝛽 T cell-derived IFN-𝛾 , Mart-127-35 peptides-loaded CaSki cell
(2 × 106, HLA-A2+) were cocultured with Mart-127-35 specific TCR-T cells
(1 × 106) in the absence or presence of IFN-𝛾 blocking antibody for 48
hours. The intensity of surface BTN3A1 on CaSki cells was determined
by flow cytometry. The IFN-𝛾 blocking antibody (clone B27, 506 531) was
purchased from Biolegend.

Bioinformatics Analysis: CESC RNA-seq data was downloaded based
on Illumina platform from the Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/), which including 306 cervical squamous
cell carcinoma and endocervical adenocarcinoma samples. Two types of
the RNA-seq data, including raw counts and fragments per kilo base per
million mapped (FPKM) reads, were applied to the survival, immune infil-
tration correlation, cytolytic activity score, and gene expression correlation
analyses. RNA-seq data were converted from FPKM (fragments per kilo-
base per million) format to TPM (transcripts per million reads) format and
log2-transformed.

Among the bioinformatics analyses, immune infiltration correlation,
cytolytic activity score, and gene expression correlation analysis in CC
was mapped using the TIMER2.0 database,[89] Kaplan-Meier plotter
database[49] and XIANTAO tools platform (https://www.xiantao.love/, ac-

cessed on December 3, 2022). To examine the correlation of TRGV9 and
TRDV1 with CC patient prognosis, gene expression data analyzed by XI-
ANTAO tools platform and the prognostic data from a Cell press article[90]

were used. The correlation of 𝛾𝛿 T cell infiltration with CC patient progno-
sis was analyzed by TIMER2.0 database (http://timer.cistrome.org/, ac-
cessed on August 1, 2022). Cytolytic activity score (CYT) score was calcu-
lated using the log-transformed geometric mean of GZMA and PRF1 TPM
values.

RNA Sequencing of Peripheral V𝛾9V𝛿2 T Cells from CC Patients and HC
Subjects: V𝛾9V𝛿2 T cells were purified from the PBMC of healthy donors
and CC patients with or without neoadjuvant chemotherapy. Total RNA
was isolated and mRNA libraries were prepared using the Illumina tech-
nology. RNA sequencing and sequence quality control were performed by
BGI-SEQ platform. The detailed analysis, including gene heatmap, gene
set enrichment analysis (GSEA), and gene annotation of the sequencing
data was completed by BGI Dr. Tom system.

Immunofluorescence Analysis and Imaging: For immunofluorescence
experiments, OVA-DQ pretreated V𝛾9V𝛿2 T cells (1 × 106) were fixed with
4% paraformaldehyde and permeabilized with 0.1% Triton-X/PBS. After
washing, cells were sequentially stained with 100 nM LysoTracker (Invit-
rogen) and DAPI, according to the manufacturer’s instructions. The cells
were mounted in VectaShield (Vector Laboratories, Burlingame, CA, USA)
and examined using a confocal scanning laser microscope.

Generation of Tumor-Infiltrating Lymphocytes (𝛼𝛽 TILs): TILs used for
in vitro experiments and adoptive transfer were generated as previously
described.[88] Briefly, surgically resected CC (patient CAT039) tissues were
collected and cut into approximately 1 mm fragments in size and placed
individually into 24-well plate containing 2 mL of complete media in the
presence of rhIL-2 (6000 IUmL−1, GeneScript). Completemedia were con-
sisted of RPMI 1640 with 10% human AB serum, 2 mM L-glutamine, 25
mM HEPES and 10 μg mL−1 gentamicin supplementation. For adoptive
transfer, some TIL cultures were selected for rapidly expansion after the
initial outgrowth in the presence of irradiated PBMC at a ratio of 1 to 100.
Themediumwas consisted of a 1 to 1mixture of complete RPMI and AIM-
V with 5% human AB serum, 3000 IUmL−1 IL-2, and 30 ngmL−1 OKT3 an-
tibody (Biolegend) supplementation. All cells were cultured at 37 °C with
5% CO2 condition.

Construction of Mart-127-35 Specific DMF5 TCR-T Cells: As described
previously,[91] cDNA sequences encoding DMF5 TCR were synthesized
and cloned into a pLV lentiviral vector. A single porcine teschovirus de-
rived 2A sequence (P2A) was used to link the TCR genes in a 𝛽-P2A-
𝛼 configuration. These TCR transgene cassettes were codon optimized
to maximize DMF5 TCR expression and pairing. Lentivirus particle was
produced by 293T cells transfected with the pMD2.G, psPAX2 and pLV
vectors. To generate lentivirus supernatants, the pLV vector encoding
the DMF5 TCR (2 μg per well) and the assisting plasmids pMD2.G
and psPAX2 (1 μg per well) were co-transfected into the packaging cell
line 293T (1 × 106 cells per well in 6-well plates coated with poly-D-
lysine) in the presence of Lipofectamine 3000 (Thermo). Lentiviral super-
natants were collected at 48 h after transfection. Primary human 𝛼𝛽 T
cells were then engineered to express the DMF5 TCR sequence through
lentivirus transfection and therefore could recognize the Mart-127-35 pep-
tide antigen presented by the V𝛾9V𝛿2 T cells or cervical cancer CaSki
cells. Briefly, healthy donor-derived PBMCs were stimulated and activated
with anti-CD3 (5 μg mL−1, clone OKT3, Cat 317 326, BioLegend) and
CD28 (5 μg mL−1, clone CD28.2, Cat 302 934, BioLegend) antibodies in
the presence of 200 IU mL−1 human recombinant IL-2. After 48 h, ac-
tivated 𝛼𝛽 T cells were transduced with DMF5 TCR virus to generate
DMF5 TCR-T cells. DMF5 TCR-T cells were cultured in complete human
T cell medium (RPMI 1640 supplemented with 10% FBS, non-essential
amino acids, L-glutamine, HEPES and sodiumpyruvate) in the presence of
200 IU mL−1 rhIL-2.

Neoantigens Prediction and In Vitro Validation: Tumor tissues and pe-
ripheral blood of patient CAT039 were collected and used to extract DNA
and/or RNA. Tissue- and peripheral blood-derived DNA were subjected
to whole exon sequencing (WES) and RNA was used for transcriptomic
sequencing (RNA-seq). WES and RNA-seq were conducted by the Yuce
Biotechnology Co., Ltd.
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As described previously,[88] tumor cell neoantigen was predicted
through the somatic mutation identification, HLA typing, algorithm pre-
diction of affinity between mutation peptides and HLA (HLA-I and HLA-
II) of patients and neoantigen score filtering. Peptide-HLA binding affin-
ity was determined through the Immune Epitope Database and Analysis
Resource (IEDB)-T cell prediction tools (version 2.5) and TruNeo algo-
rithm. All variant-containing 8-11-mers peptides for major histocompati-
bility complex (MHC) class I or 12-15-mers peptides for MHC class II were
included. The affinity between peptide and HLAs <500 nM was defined
as candidate neoepitopes for subsequent filtering. The candidate neoepi-
topes were filtered based on a predefined set of criteria: (1) strong bind-
ing peptides were shown as IC50 < 50 nM or %Rank < 0.5; (2) mutated
peptides showed a higher affinity than the matched wildtype peptides; (3)
mutations showed a higher tumor variant allele fraction; (4) mutated pep-
tides showed a high expression status, with at least > 5 reads cover mu-
tated allele in RNA-seq data; and (5) oncogene mutations were included.
Based on these criteria, a total of 12 predicted peptides for patient CAT039
were selected for peptide synthesis (each peptide is 29 aa in length with
the aa residue generated by nonsynonymous mutation put in the middle,
which included both MHC I and II epitopes) and in vitro validation. The
predicted neoantigens were co-incubated with autologous EBV-LCL cells
or expanded V𝛾9V𝛿2 T cells in vitro, and then these two types of cells were
used to induce autologous 𝛼𝛽 TIL activation, respectively. After 24 h, IFN-𝛾
ELISPOT (CT230, U-Cytech) assay and flow cytometry for detection of 𝛼𝛽
TIL surface activation markers (4-1BB and OX40) were conducted.

Preclinical Models: Female NOD/SCID/IL2R𝛾−/− (NCG;
NOD/ShiLtJGpt-Prkdcem26Cd52 Il2rgem26Cd22 /Gpt) mice, aged 6 weeks,
were purchased from Gempharmatech Co., Ltd (Nanjing, China). These
experimental mice were housed in isolator cages maintained under
specific pathogen free conditions, with precisely regulated temperature
and humidity, and a standardized 12-hour light/dark cycle. All animal
handling, surveillance, and experimentation were strictly adhered to the
guidelines for ethical review of animal welfare and were approved by the
Institutional Animal Welfare and Ethic Committee at Huazhong University
of Science and Technology.

For subcutaneous SiHa and HeLa CC models, 6 weeks old female NCG
mice were used. 2 × 106 SiHa or HeLa cells were inoculated subcuta-
neously in NCG mice. When tumors were grown to palpable, mice bear-
ing tumors were randomized into different groups to ensure a similar
mean tumor burden per group, and freshly expanded V𝛾9V𝛿2 T cells (1
× 107 cells per mouse) or control medium were injected into the tumor-
bearingmice through tail vein. Five days later, the CCLs unloaded or loaded
V𝛾9V𝛿2 T cell stimulated 𝛼𝛽 T cell culture products (the ratio of CD4+

to CD8+ T cell was ≈1.5:1, showed in Figure S5a,b, Supporting Informa-
tion) were mixed with fresh autologous CCLs unloaded or loaded V𝛾9V𝛿2
T cells at a 1:1 ratio, and then the cell mixtures were injected into the
tumor-bearing mice through tail vein (1 × 107 cell mixtures per mouse).
Tumor growth was monitored continuously, and the survival of the mice
was recorded. Mice with tumors larger than 2000 mm3 were considered
to have reached the end point and were euthanized and marked as dead
in the survival record. For the 𝛾𝛿/𝛼𝛽 T cell and chemotherapy combina-
tion experiments, SiHa cell tumor models in NCG mice were established
and treated with cis-platin (cDDP, i.p., 5 mg kg−1 body weight) twice after
being palpable, followed by 𝛾𝛿 T cell (1 × 107 cells per mouse) and the
V𝛾9V𝛿2 T cell and in vitro stimulated 𝛼𝛽 T cell mixture products (in the
absence or presence of CCLs; 1 × 107 cells per mouse) or control medium
treatments.

In some cases, the experiment was terminated when there was a large
difference in tumor growth among the groups of mice. After the mice
were euthanized, tumor tissues and major organs were collected, and pe-
ripheral blood was obtained. Tumor tissue was used for preparation of
single-cell suspension and immunofluorescence assay. Single-cell suspen-
sion was used to detect the infiltration (CD45+CD3+CD4+/CD8/𝛾𝛿 TCR+)
and cytokine (IFN-𝛾 , TNF-𝛼) secretion of the transferred T cells in tumor
tissues by flow cytometry. In immunofluorescence assay, T cell marker
(CD4+, CD8+) and activation molecules (HLA-DR, CD107a) staining was
used to analyze the infiltration and activation levels of transferred T cells
in tumor tissues. The human antibodies used for immunofluorescence as-

says are as follows: HLA-DR (clone G-7, Santa cruz biotechnology; clone
EPR3692, abcam), CD4 (clone EPR6855, abcam), CD8 (clone CAL66, ab-
cam), TCR V𝛿2 (clone B6, Biolegend), CD107a (clone H4A3, BD). Periph-
eral blood was prepared for PBMC, and the distribution of transferred T
cells (CD45+CD3+CD4+/CD8/𝛾𝛿 TCR+) in PBMC was analyzed by flow
cytometry. The main organs of mice were used for HE staining to explore
the changes and injuries of the organs.

For patient-derived xenograft (PDX) models, 6 weeks old female NCG
mice were used again. Tumor tissue from CC patient CAT039 was cut to
3 mm in size after antibiotics treatment, and then tumor tissues were in-
oculated subcutaneously in NCG mice. Mice bearing engrafted PDX tu-
mors were randomly assigned into groups, to ensure a similar mean tu-
mor volume per group (≈60 mm3). Each group of mice was given freshly
expanded 𝛼𝛽 TIL or V𝛾9V𝛿2 T cells (1× 107 cells permouse, V𝛾9V𝛿2 T cells
were loaded with in vitro validated neoantigen peptide pools or wild type
peptide pools) or control medium; After 2 and 8 days, 𝛼𝛽 TIL or V𝛾9V𝛿2
T cells (loaded with neoantigen peptide pools or wild type peptide pools)
and 𝛼𝛽 TIL mixed cell products (1:1, 5 × 106 𝛾𝛿 T versus 5 × 106 𝛼𝛽 TIL)
were transferred twice. Tumor growth was monitored continuously, and
the survival of themice was recorded. In addition, PDX tumor tissues were
collected for immunofluorescence detection of the infiltration (TCR V𝛿2+,
CD4+, CD8+) and activation (HLA-DR, CD107a) levels of transferred T
cells.

IHC Staining of BTN3A1: Tumor specimens and adjacent tissues
from CC patients were fixed in 4% formalin, embedded in paraffin, and
stained with ant-BTN3A1 Ab according to manufacturer recommenda-
tions. Briefly, tissue sections were incubated in Tris EDTA buffer at 95 °C for
1 hour to retrieve antigenicity, followed by incubation with anti-BTN3A1 Ab
(PA5-97513, Invitrogen) at 1:100 for 1 h. Slides were then incubated with
the respective secondary antibody with 1:500 dilutions, followed by HRP
and DAB detection.

Quantification and Statistical Analysis: Data analysis and visualization
were conducted using Prism 9 (Graphpad software). Graphs represent
mean values ± SEM or SD as indicated in the figure legends. Statistical
tests were two-tailed Student’s t test or one-way multiple comparisons
ANOVA with Tukey’s multiple comparison test when more than 2 groups
were compared. Kaplan-Meier survival curves of in vivo tumor experiments
were analyzed using log-rank test. p< 0.05 was considered statistically sig-
nificant and p values are denoted with asterisks: ****p < 0.0001, ***p <

0.001, **p < 0.01, *p < 0.05) and NS means p > 0.05.
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