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Human papillomavirus-encoded circular
RNA circE7 promotes immune evasion in
head and neck squamous cell carcinoma
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Immune evasion represents a crucial milestone in the progression of cancer
and serves as the theoretical foundation for tumor immunotherapy. In this
study, we reveal a negative association between Human Papillomavirus (HPV)-
encoded circular RNA, circE7, and the infiltration of CD8" T cells in head and
neck squamous cell carcinoma (HNSCC). Both in vitro and in vivo experiments
demonstrate that circE7 suppresses the function and activity of T cells by
downregulating the transcription of LGALS9, which encodes the galectin-9
protein. The molecular mechanism involves circE7 binding to acetyl-CoA
carboxylase 1 (ACC1), promoting its dephosphorylation and thereby activating
ACCIL. Activated ACC1 reduces H3K27 acetylation at the LGALS9 gene pro-
moter, leading to decreased galectin-9 expression. Notably, galectin-9 inter-
acts with immune checkpoint molecules TIM-3 and PD-1, inhibiting the
secretion of cytotoxic cytokines by T cells and promoting T cell apoptosis.
Here, we demonstrate a mechanism by which HPV promotes immune evasion
in HNSCC through a circE7-driven epigenetic modification and propose a
potential immunotherapy strategy for HNSCC that involves the combined use
of anti-PD-1 and anti-TIM-3 inhibitors.

Head and neck squamous cell carcinoma (HNSCC) stands as one of the
most prevalent malignant tumors worldwide. In 2020, ~880,000 new
cases were confirmed, resulting in over 440,000 fatalities". The con-
ventional treatment options for HNSCC include surgical resection,
radiotherapy, and chemotherapy’. Recently, immunotherapy utilizing
immune checkpoint inhibitors, such as PD-1/PD-L1 monoclonal anti-
bodies, has emerged as a promising approach for the treatment of

refractory recurrent/metastatic HNSCC*. This groundbreaking therapy
has significantly enhanced overall patient survival. Nonetheless, it is
essential to recognize that more than 80% of patients still exhibit
inherent drug resistance and do not benefit from PD-1/PD-L1 immu-
notherapy alone””. These observations underscore the potential of
other immune checkpoint molecules in the immune evasion in HNSCC,
influencing the efficacy of anti-PD-1/PD-L1 immunotherapy. Therefore,
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further exploration of the mechanisms underlying immune escape in
HNSCC assumes paramount importance. Such research has the
potential to reveal targets and provide innovative strategies for

HNSCC immunotherapy.

Human Papillomavirus (HPV) infection can instigate the onset and
progression of diverse forms of HNSCCs, affecting regions such as the

oropharynx, larynx, and oral cavity>'°". HPV, a non-enveloped, sphe-
rical, double-stranded DNA virus with a genome spanning ~7-8 kb,
primarily targets human skin and mucosal epithelial cells. To date, the

genomes of almost 500 distinct HPV types have been isolated and

are prone to

sequenced. Among these, high-risk types like HPV16, 18, 31, 33, and 35,
along with others,

inducing various human
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Fig. 1| circE7 is highly expressed in HPV* HNSCC and negatively correlated with
CDS8' T cell function and the expression of immune checkpoint galectin-9. A By
designing primers across the splicing sites and using Sanger sequencing, circE7 was
identified as a 472nt circular RNA formed through the reverse splicing of HPV16 E6
tail, E7, and partial E1 sequences. B In the 23 HNSCC tissues used in Supplementary
Fig. S1A, RT-qPCR was performed to detect the expression of CD8A, IFNG, GZMB,
and TNFA, and their correlation with circE7 expression was analyzed. The expres-
sion of CD8A, IFNG, GZMB, and TNFA was significantly lower in circE7* HNSCC
samples compared to that in circE7 samples. (circE7,, n=16; circE7*, n=7). CIn 105
HNSCC tissues, circE7 expression was detected by in situ hybridization. Expressions
of p16, HPV16 E7 protein, and CD8A in infiltrating CD8" T cells were detected by
immunohistochemistry. Among these 105 HNSCC cases, 17 were HPV* and all of
which were HPV16" with circE7 expression. The expression level of circE7 was
inversely correlated with CD8" T cell infiltration. (HPV', n=88; HPV', n=17). D-F.
circE7 was overexpressed in HPV HNSCC cell lines CAL27 and HN30, or siRNA
targeting circE7 was transfected into HPV16* HNSCC cell lines SCC090 and SCC154.

RT-qPCR was used to detect LGALS9 mRNA (D), western blot (E), and Flow cyto-
metry (F) were used to detect galectin-9 protein expression. F Left panel, flow
cytometry analysis; right panel, statistical results. MFI: median fluorescence
intensity, mean + SD of three independent experiments. G RT-qPCR was performed
to detect LGALS9 mRNA in the 23 fresh HNSCC tissue samples used in (B). LGALS9
mRNA level was significantly lower in circE7* HNSCC tissues compared to that in
circE7 tissues. (circE7, n=16; circE7*, n=7). H Galectin-9 expression was detected
by immunohistochemistry in the 105 HNSCC tissues used in (C), and its correlation
with circE7 expression was analyzed. Left panel, representative images; right panel,
statistical results. Magnification, x200, scale bar, 50 um; Magnification, x400, scale
bar, 20 pm. (circE7,, n=88; circE7*, n=17). Correlations were calculated using the
parametric two-tailed Pearson correlation test for (C) and unpaired two-tailed
Student’s t test for (B, C, D, F, G, H), *p < 0.05, **p < 0.01, **p < 0.001, and

**p < 0.0001. Each western blots were reproduced three times with similar results
(E). Data are presented as mean + SD. Source data are provided as a Source

Data File.

malignancies'>”., The incidence of HNSCC attributed to high-risk HPV
infections is steadily increasing at a rate of 5% per year, with HPV16
being the most prevalent high-risk subtype'. HNSCC linked to high-
risk HPV infections exhibits distinctive clinical characteristics, includ-
ing a higher incidence of TP53 mutations'". The HPV genome
encompasses three functional regions: the early coding region (E), the
late coding region (L), and the upstream regulatory region (URR). The
early proteins encoded by the E region (E1, E2, E4, E5, E6, and E7, etc.)
serve crucial roles in HPV replication, transcription, translation, and
cell transformation. Notably, E6 and E7 are the most critical oncogenic
proteins, as they facilitate tumorigenesis by suppressing the expres-
sion of tumor suppressor factors like p53 and Rb. They also contribute
to tumorigenesis by enhancing genomic instability, inhibiting telo-
mere shortening, promoting tumor cell immortalization, and fostering
processes such as angiogenesis, invasion, and metastasis'®. Further-
more, HPV can influence immune cell populations, immune check-
points, effector molecules, and both innate and adaptive immune
responses within the tumor microenvironment. These alterations aid
HPV-related cancers in evading immune surveillance™"%, For instance,
the HPV-encoded ES5 protein can mediate immune tolerance to PD-L1
immune therapy, while proteins E2, E6, and E7 are closely associated
with the dysfunction of cytotoxic T lymphocytes'*?°.

Circular RNA is generated by the reverse splicing of exons from
precursor mRNA, forming a ring structure connected at the head and
tail without a 5’ cap and 3’ tail. Circular RNA participates in many
biological processes of tumor development through mechanisms such
as molecular sponges with miRNA and proteins, influencing tran-
scription, interfering with the normal splicing of precursor mRNA,
regulating the translation of mRNA molecules, forming circular RNA-
protein complexes, and competitively binding proteins with mRNA??,
Recently, it has come to light that HPV can also encode circular RNA,
with circE7 being the sole identified circular RNA specifically encoded
by high-risk HPV16. circE7 spans 472 nucleotides and is formed
through the process of reverse splicing involving the 3’-terminal
sequence of the HPV gene E6 and E7, and the 5-terminal sequence of
the E1 gene®. Despite this discovery, the biological function of circE7
remains largely unknown, and its involvement in tumor immune eva-
sion and immunotherapy resistance has not been reported.

In this work, we observed that the expression of circE7 was
negatively correlated with infiltrating T cells in HPV* HNSCC clinical
tissues. Both in vitro and in vivo experiments further affirmed that
circE7 hampered T cell function and activity by downregulating the
LGALS9 gene through an unappreciated epigenetic mechanism,
consequently promoting immune evasion in HNSCC. Notably, the
LGALS9 gene encodes the galectin-9 protein, which can bind to
immune checkpoint molecules like TIM-3 and PD-1 on the surface of
T cells. This binding activates T cells to release cytotoxic cytokines
and inhibits T cell apoptosis. Importantly, combining monoclonal

antibodies targeting both PD-1 and TIM-3 significantly enhances the
effectiveness of HNSCC immunotherapy. This study uncovers a
mechanism by which HPV-encoded circE7 orchestrates tumor
immune evasion, thereby advancing the progression of HNSCC.
Moreover, it underscores a combinational therapeutic option for
enhanced HNSCC immunotherapy.

Results

circE7 is expressed in HPV* HNSCC and negatively correlated
with T cell infiltration and galectin-9 expression

To explore the role of HPV circE7 in head and neck tumors, we assessed
the expression of circE7 in 23 pairs of HNSCC tumor samples by PCR
experiments. The data showed that circE7 could be detected in 7
tumor tissues of 23 patients, while it was nearly absent in the adjacent
normal epithelial tissues (Supplementary Data 1, Supplementary
Fig. S1A). circE7 was also detected in HPV-positive SCC090, SCC154,
and Caski cell lines, but not in HPV-negative HN30 and CAL27 cell lines
(Supplementary Fig. S1A). The specific primers targeting the splicing
sites of the circE7 sequence were designed and circE7 was validated to
exist in HPV-positive HNSCC SCC090 and SCC154 cells through RT-
qPCR, followed by Sanger sequencing (Fig. 1A). To explore the circular
nature of circE7, actinomycin D treatment and RNase R digestion
experiments were conducted and showed that circE7 was more stable
than linear HPV-encoded mRNA E6, aligning with typical circular RNA
properties (Supplementary Fig. SIB, C). RNA fluorescence in situ
hybridization (FISH) and RNA nucleosome separation experiments
showed that the distribution of circE7 was within both the nucleus and
cytoplasm (Supplementary Fig. S1D, E).

To identify the function of circE7 on immune evasion of HNSCC,
we detected the expression of CD8A in the above 23 samples, as well as
the T cell effector molecules TNF-a, GZMB, and IFN-y within CD8*
T cells using RT-qPCR. Interestingly, the CD8A expression, as well as
the T cell effector molecules TNF-&, GZMB, and IFN-y, within CD8*
T cells in 7 circE7 positive HNSCC tissues (n =7) was obviously lower
than 16 circE7 negative HNSCC tissues (Fig. 1B). In situ hybridization
also showed that 17 of 105 HNSCC patients could be detected the
existence of circE7 (Supplementary Data 2). Remarkably, the circE7
positive tumor tissues exhibited fewer infiltrating lymphocytes, such
as CD8" T cells, which are pivotal in tumor immune surveillance and
immune escape (Fig. 1C and Supplementary Fig. SIF). These findings
suggest that HPV16-encoded circE7 may contribute to HNSCC immune
evasion by inhibiting T cell infiltration, particularly CD8" T cells.

Immune checkpoint molecules play an important role in the
immune surveillance of tumor cells. To investigate the function of
immune checkpoint molecules in HNSCC, we analyzed the expression
of immune checkpoint molecules using the TCGA database. The data
showed that a total of 15 immune checkpoint molecules were sig-
nificantly differential expressed in HNSCC tissues (Supplementary
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Fig. S2A). Then circE7 was overexpressed in HPV- HNSCC cell lines
CAL27 and HN30 or knocked down in HPV16" HNSCC cell lines SCC090
and SCC154 using three siRNAs specifically targeting circE7 (Supple-
mentary Fig. S2B). Both RT-qPCR and western blotting showed that
circE7 significantly only inhibited the expression of galectin-9 encoded
by the LGALS9 gene (Fig. 1D, E and Supplementary Fig. S2C). Flow

cytometry experiments (Fig. 1F) and immunofluorescence (Supple-
mentary Fig. S2D) also confirmed the inhibition of galectin-9 by circE7.
Further, we evaluated the correlation between the expression of
LGALS9 and circE7 in HNSCC clinical samples. RT-qPCR analysis showed
that LGALS9 expressed lower in 7 circE7 positive samples, compared
with 16 circE7 negative samples, and LGALS9 expression negatively
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Fig. 2 | circE7 downregulates galectin-9 expression in HNSCC cells to inhibit
CDS8' T cell function in vitro. In CAL27, HN30, SCC090, and SCC154 cells, LGALS9
was overexpressed or knocked down, followed by coculture with primary human
T cells at a ratio of 1:10 for 6 h. A RT-qPCR was performed to measure the
expression levels of IFNG, GZMB, and TNFA in primary T cells. In CAL27 and HN30
cell lines, both circE7 and LGALS9 were simultaneously overexpressed. In SCC090
and SCC154 cell lines, circE7 and LGALS9 were simultaneously knocked down.
These cells were then cocultured with human primary T cells for 6 h. BRT-qPCR was
performed to measure the expression of IFNG, GZMB, and TNFA mRNA. C ELISA
was conducted to measure the levels of IFN-y, GZMB, and TNF-a in the coculture

media. D-E Flow cytometry was conducted to determine the proportion of IFN-y*
GZMB" and IFN-y" TNF-o* T cells among total CD8" T cells, as shown in Supple-
mentary Fig. S4A. F Annexin V/PI staining followed by flow cytometry was
employed to measure the proportion of apoptotic CD8" T cells, as shown in Sup-
plementary Fig. S4B. G Annexin V/PI staining followed by flow cytometry was used
to assess the proportion of apoptotic tumor cells, as shown in Supplemen-

tary Fig. S4C. Correlations were calculated using unpaired two-tailed Student’s t
test for (A-G), *p < 0.05, *p < 0.01, and **p < 0.001. These experiments were
derived from three independent repetitions. Data are presented as mean + SD.
Source data are provided as a Source Data File.

correlated with the expression of CD8A, IFNG, GZMB, and TNFA (Fig. 1G
and Supplementary Fig. S2E). Immunohistochemistry confirmed the
correlation between galectin-9 and circE7 in 105 HNSCC samples
(Fig. 1H). Low LGALS9 expression was closely associated with a poor
prognosis in the above 105 HNSCC patients (clinical information was
lacking in 4 cases, Supplementary Fig. S2F). The TCGA data also showed
a strong correlation between low LGALS9 expression and the function
of CD8" T cells and poor prognosis in HNSCC patients (Supplementary
Fig. S2G, H). These results collectively suggest that circE7 may impede
the function of cytotoxic T cells by downregulating LGALS9.

circE7 promotes HNSCC immune escape by downregulating
LGALS9 expression

To explore the function of LGALS9 in HNSCC immune evasion, LGALS9
was overexpressed or knocked down in HNSCC cells before co-culture
with human primary T cells (Supplementary Fig. S3A, B). RT-qPCR
(Fig. 2A) and ELISA assays (Supplementary Fig. S3C) showed that
LGALS9 collectively revealed a significant decrease in the levels of
effector cytokines IFN-y, GZMB, and TNF-a in T cells. Flow cytometry
analysis further demonstrated a noteworthy rise in the proportion of
IFN-y" GZMB® and IFN-y" TNF-o" cells within the CD8" T cell population
upon LGALS9 overexpression, whereas knockdown of LGALS9 had the
opposite effect (Supplementary Fig. S3D, E). Additionally, over-
expression of LGALS9 in HNSCC cells was associated with a reduction
in the apoptosis of co-cultured CD8" T cells, while knocking down
LGALS9 promoted CD8" T cell apoptosis (Supplementary Fig. S3F, G).
After co-culturing with CD8" T cells, the apoptosis ratio of head and
neck tumor cells significantly increased in the LGALS9 overexpressed
group, while it significantly decreased in the LGALS9 knockdown
group (Supplementary Fig. S3H, I). These compelling findings collec-
tively indicate that LGALS9 enhances the cytotoxic potential of CD8"
T cells against tumor cells in HNSCC.

To identify if circE7 may hinder T cell function and activity by
downregulating LGALS9 expression to facilitate immune evasion in
HNSCC, circE7 and LGALS9 were simultaneously overexpressed in
HPV16" HNSCC cell lines CAL27 and HN30, or both circE7 and LGALS9
were simultaneously knocked down in HPV16" HNSCC cell lines SCC090
and SCCI154 before co-culture with T cells for 6 h. RT-qPCR (Fig. 2B),
ELISA (Fig. 2C), and flow cytometry analysis (Fig. 2D, E and Supple-
mentary Fig. S4A) showed that overexpression of circE7 significantly
suppressed the expression of effector cytokines IFN-y, GZMB, and TNF-
« in CD8" T cells. When LGALS9 expression was restored, the inhibition
of CD8' T cell effector cytokine expression caused by circE7 could be
counteracted. The opposite results were obtained in HPV16" HNSCC cell
lines SCC090 and SCC154 after circE7 and LGALS9 simultaneous
knockdown (Fig. 2B-E, Supplementary Fig. S4A). To assess apoptosis in
co-cultured primary T cells and tumor cells, we employed Annexin V/PI
staining. The results revealed that overexpression of LGALS9 in HNSCC
cells could reverse the apoptosis of CD8" T cells induced by circE7, while
reducing tumor cell apoptosis. Conversely, the simultaneous knock-
down of circE7 and LGALS9 in HNSCC cells resulted in the opposite
results (Fig. 2F, G and Supplementary Fig. S4B, C). These findings pro-
vide convincing evidence that LGALS9 is a critical downstream mole-
cule of circE7 that promotes immune evasion in HNSCC.

Galectin-9 enhances the anti-tumor activity of CD8" T cells via
binding to TIM-3 and PD-1

TIM-3 acts as the receptor for galectin-9 on T cell’s surface. To explore
whether galectin-9 augments T cell’s anti-tumor activity via TIM-3,
HNSCC cells were transfected with the LGALS9 overexpression vector
and incubated with a TIM-3 monoclonal antibody. Flow cytometry
analysis disclosed that blocking TIM-3 with a monoclonal antibody
impeded galectin-9’s capacity to enhance the secretion of cytotoxic
cytokines by co-cultured T cells (Supplementary Fig. S5A). This implies
that galectin-9 promotes the release of cytotoxic cytokines by binding
to TIM-3 on T cell surface. However, the addition of a TIM-3 mono-
clonal antibody did not influence galectin-9’s suppressive effect on
CD8" T cell apoptosis (Supplementary Fig. S5B), suggesting that
galectin-9 may inhibit T cell apoptosis through alternative pathways.

Furthermore, recent studies have reported that galectin-9 can
interact with the PD-1 receptor on CD8" T cell surface, thereby inhibiting T
cell apoptosis. This interaction between galectin-9 and PD-1 can be dis-
rupted by lactose?*. When HNSCC cells were transfected with the galectin-
9 expression vector and incubated with a PD-1 monoclonal antibody,
galectin-9 could continue to regulate the secretion of cytotoxic cytokines
by T cells (Supplementary Fig. S5C), but its capacity to inhibit CD8" T cell
apoptosis significantly diminished (Supplementary Fig. S5D). Similarly,
blocking galectin-9’s binding to PD-1 with lactose yielded analogous
outcomes to the addition of a PD-1 monoclonal antibody (Fig. 3A, B and
Supplementary Fig. SSE, F). When HNSCC cells were incubated with both
PD-1 and TIM-3 monoclonal antibodies, the regulatory effects of galectin-
9 on T cell secretion of cytotoxic cytokines (Fig. 3C and Supplementary
Fig. S5G) and apoptosis (Fig. 3D and Supplementary Fig. SSH) were
obstructed. These findings suggest that galectin-9 can bind to both TIM-3
and PD-1on T cell surface, promoting the secretion of cytotoxic cytokines
by CD8' T cells and inhibiting CD8" T cell apoptosis, thereby synergisti-
cally enhancing T cell function and activity.

Interestingly, when primary T cells were incubated with the
galectin-9 recombinant protein for 24 h, flow cytometry analysis
revealed a significant reduction in CD8" T cell apoptosis (Fig. 3E and
Supplementary Fig. S6A), but no noticeable alteration in the expres-
sion of cytotoxic cytokines (Fig. 3F and Supplementary Fig. S6B). This
implies that the interaction of galectin-9 with TIM-3 promotes the
secretion of cytotoxic cytokines, possibly involving other molecules
on the surface of HNSCC cells as when co-cultured with T cells.

There were four known ligands of TIM-3 exist, including galectin-9,
high mobility group box-1 protein (HMGBI1), carcino-embryonic antigen-
related cellular adhesion molecule 1 (CEACAM-1), and phosphatidylser-
ine (PS). The TCGA database showed that CEACAM-1 and PS exhibit low
or nearly negligible expression in HNSCC, while HMGBL is highly
expressed. When human primary T cells were incubated with the HMGB1
recombinant protein in vitro, the expression of effector cytokines was
inhibited. In contrast, treatment of human primary T cells with excessive
galectin-9 and HMGBI recombinant proteins together partially coun-
teracted the effects of HMGB1 on CD8" T cell function (Fig. 3G and
Supplementary Fig. S6C, D). Flow cytometry analysis also confirmed the
competitive binding of galectin-9 and HMGBI1 to TIM-3 (Fig. 3H). These
results collectively indicate that galectin-9 boosts the secretion of
cytotoxic cytokines through competitive binding with HMGBI to TIM-3.
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circE7 binds to and activates ACCI to suppress acetyl-CoA and  circE7 (Supplementary Fig. S7A and Supplementary Data 3). The top 10
inhibit the expression of galectin-9 circE7 binding proteins with the highest scores were confirmed by RNA
To explore the molecular mechanism responsible for the reduction of  pull-down followed by western blot. The investigation unveiled that
galectin-9 expression by circE7, RNA pull-down in conjunction with  circE7 possesses the ability to interact with acetyl-CoA carboxylase 1
high-throughput mass spectrometry identification was utilizedand136  (ACC1) (Fig. 4A and Supplementary Fig. S7B). RIP experiments
proteins were successfully identified with potential binding capacity to  employing the ACC1 antibody (Fig. 4B) also confirmed this. Then the
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Fig. 3 | Galectin-9 enhances the function and activity of T cells via binding with
TIM-3 and PD-1. In CAL27, HN30, SCC090, and SCC154 cells, overexpression or
knockdown of galectin-9 was performed, followed by the addition of 10 mg/mL
lactose and co-cultured with human primary T cells at 1:10 ratio for 6 h. A Flow
cytometry to detect the percentage of IFN-y* GZMB" and IFN-y* TNF-a" cells within
the total CD8" T cell population, as shown in Supplementary Fig. SSE. B Annexin V/
PI assay to assess the apoptosis level of CD8" T cells, as shown in Supplementary
Fig. SSF.In CAL27, HN30, SCC090, and SCC154 cells, overexpression or knockdown
of galectin-9 was performed, followed by the addition of 5 pg/mL anti-PD-1and anti-
TIM-3 and co-cultured with human primary T cells were co-cultured at 1:10 ratio for
6 h. C Flow cytometry to detect the percentage of IFN-y* GZMB* and IFN-y* TNF-a
cells within the total CD8" T cell population, as shown in Supplementary Fig. S5G.
D Annexin V/PI assay to assess the apoptosis level of CD8" T cells. Furthermore,
human primary T cells were incubated with 1 pug/mL recombinant galectin-9

protein, along with the addition of anti-TIM-3, anti-PD-1, and lactose, as shown in
Supplementary Fig. SSH. E Annexin V/Pl assay was used to assess the apoptosis level
of CD8" T cells, as shown in Supplementary Fig. S6A. F Flow cytometry to detect the
percentage of IFN-y* GZMB* and IFN-y* TNF-a" cells within the total CD8" T cell
population, as shown in Supplementary Fig. S6B. Human primary CD8" T cells were
co-cultured with 1 pug/mL recombinant galectin-9, HMGBL1 protein and anti-TIM-3,
as shown in Supplementary Fig. S6C. G Flow cytometry to detect the percentage of
IFN-y* GZMB" and IFN-y* TNF-a* cells within the total CD8" T cell population. BSA
was used as a negative control, as shown in Supplementary Fig. S6D. H Flow
cytometry to detect the level of galectin-9 and HMGBLI proteins attached to the
surface of CD8" T cells. Correlations were calculated using unpaired two-tailed
Student’s t test for (A-H), *p < 0.05, **p < 0.01, and ***p < 0.001. These experiments
were derived from three independent repetitions. Data are presented as mean + SD.
Source data are provided as a Source Data File.

potential binding site between the circE7 sequence and ACC1 was
predicted by the catRAPID software”. The truncated mutants for
circE7 and ACC1 were constructed according to the UniProt?® software
and the RNAfold” software to predict the structure of ACC1and circE7,
respectively (Supplementary Fig. S7C, D). The implementation of RNA
pull-down followed by western blot analysis and RIP experiments
confirmed the binding between the 1-500 amino acid region (MT1) in
the N-terminal of the ACC1 protein and the 51-76 nucleotides (DEL-1)
of circE7 (Fig. 4C-F).

circE7 is formed by reverse splicing the 3’ end sequence of HPV
gene E6, E7 gene, and the 5 end sequence of E1 gene; it has the
potential to complete the E7 sequence and encode the E7 protein. To
clarify whether the binding of circE7 to ACC1 is dependent on its ability
to encode the E7 protein, we constructed a circE7 mutant (circE7-MT)
by mutating the E7 promoter sequence. RNA pulldown experiments
found that circE7-MT also binds to ACC1 (Supplementary Fig. S7E, F).
Further, when E7 was overexpressed in CAL27 and HN30 cells (Sup-
plementary Fig. S7G, H), it could not regulate the phosphorylation of
ACCI (Supplementary Fig. S7I). The RIP experiments showed that there
was no direct binding between the ACC1 protein and E7 mRNA using
the ACCI antibody (Supplementary Fig. S7J). Since the direct binding
site of circE7 and ACCl1 (circE7-DEL1 51-76 nt) is in the E6 mRNA region,
RIP assays with ACC1 antibody were also performed in SCC090 and
SCC154, and we found that ACC1 and E6 mRNA also did not bind with
each other (Supplementary Fig. S7K). These results indicate that the
binding of circE7 to ACC1 mainly depends on the molecule itself, and
does not depend on its partially homologous linear molecules, such as
E6 and E7.

The ACC1 enzyme plays a pivotal role in the regulation of cellular
lipid metabolism by converting acetyl-CoA into malonyl-CoA. Previous
research has pointed to ACC1 activation being linked to the depho-
sphorylation of its N-terminal serine 80 (Ser80) site, situated within the
1-500 amino acid region (MT1)?. The activation of ACCI is affirmed
through western blotting, revealing that circE7 enhances the depho-
sphorylation of the ACC1 Ser80 (Fig. 4G) through binding to ACC1. The
intracellular acetyl-CoA content was also quantified in cells after circE7
overexpression, and the data showed that circE7 overexpression led to
a reduction in intracellular acetyl-CoA, while knockdown of circE7
increased intracellular acetyl-CoA (Fig. 4H).

Acetyl-CoA serves as the substrate for cellular protein acetylation,
and the intracellular acetyl-CoA concentration exerts a notable influ-
ence on protein acetylation, particularly histone acetylation. This
epigenetic regulatory mechanism assumes a pivotal role in shaping
downstream gene expression. In HNSCC cells, we observed that
overexpression of circE7 led to a reduction in intracellular protein
acetylation levels (Fig. 41). Importantly, circE7 displayed the most
pronounced impact on the acetylation modification of H3K27 (Fig. 4)
and Supplementary Fig. S7L). By performing ChIP-seq experiments
after overexpressing circE7 in HPV16- HN30 cell lines (Supplementary
Fig. S7M), we found that overexpression of circE7 significantly reduced

the H3K27ac levels in the promoter regions of LGALS9 and other genes
(Fig. 4K and Supplementary Fig. S7N). Furthermore, the acetylation
level of the LGALS9 promoter region decreased in HPV16 HNSCC cells
after overexpression of circE7 using the ChIP-qPCR method (Fig. 4L
and Supplementary Fig. S70).

To identify the regulation of ACC1 on LGALS9, ACC1 was knocked
down in HPV16 cells or overexpressed in HPV16" cells. The data
showed that there was a significant change in LGALS9 transcription
(mRNA) and a concomitant downstream modulation of galectin-9
protein levels by ACC1 (Fig. 5A, B). The inhibitory effect of circE7 on
galectin-9 expression was partially reversed upon ACC1 knockdown in
HPV16 cells. Likewise, galectin-9 induced by circE7 knockdown was
counteracted by ACC1 in HPV16* cells (Fig. 5C, D). Furthermore, ACC1
inhibitor TOFA could revert the galectin-9 expression level to normal
in HPV16' cells after overexpression of circE7 (Fig. 5E, F). These findings
strongly suggest that ACCl is a pivotal downstream molecule of circE7
to inhibit LGALS9 transcription. circE7, by binding to ACC1, promotes
ACC1 dephosphorylation, which subsequently leads to a reduction in
intracellular acetyl-CoA content and inhibition of histone acetylation
in the vicinity of the LGALS9 promoter. Ultimately, this epigenetic
modification suppresses galectin-9 expression.

Co-application of TIM-3 and PD-1 monoclonal antibodies sub-
stantially improves the efficacy of HNSCC immunotherapy
Currently, immune checkpoint inhibitor therapy utilizing PD-1/PD-L1
monoclonal antibodies in HNSCC clinical trials yields an overall
response rate of less than 30%%. This suggests that apart from the PD-
1/PD-L1 immune checkpoint, other immune checkpoints also hold
significance in HNSCC immune evasion and may serve as targets for
HNSCC immunotherapy. The GEO datasets GSE159067 (HNSCC) and
GSE91061 (melanoma) revealed a positive correlation between
galectin-9 expression (Supplementary Fig. S8A), CD8' T cell infiltra-
tion, and T cell function (Supplementary Fig. S8B) with a favorable
prognosis in anti-PD-1 therapy, suggesting that simultaneous inhibition
of galectin-9 receptors TIM-3 and PD-1 may enhance the efficacy of
HNSCC immunotherapy. So, the PD-1 and TIM-3 monoclonal anti-
bodies were simultaneously used to treat HNSCC tumor cells cocul-
turing with T cells. RT-qPCR and ELISA experiments demonstrated that
overexpression of circE7 in CAL27 and HN30 cell lines reduced the
expression of CD8" T cell cytotoxic cytokines promoted by anti-PD-1
alone. However, the combination of PD-1 and TIM-3 monoclonal anti-
bodies significantly enhanced the expression of CD8"* T cell cytotoxic
cytokines. Knockdown of circE7 in SCC090 and SCC154 cell lines
increased the expression of CD8" T cell cytotoxic cytokines promoted
by anti-PD-1 alone, and the addition of TIM-3 monoclonal antibody
further boosted it (Fig. 6A and Supplementary Fig. S9A). Flow cyto-
metry results yielded similar conclusions (Fig. 6B and Supplementary
Fig. S9B). Additionally, flow cytometry was utilized to assess the
apoptosis of CD8" T cells and tumor cells under various conditions.
The results revealed that the combination of PD-1 and TIM-3
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monoclonal antibodies significantly preserved CD8" T cell and pro-
moted tumor cell apoptosis (Fig. 6C, D and Supplementary Fig. S9C,
D). These findings suggest that co-application of TIM-3 monoclonal
antibody can enhance the efficacy of PD-1 monoclonal antibody in
HNSCC immunotherapy, particularly for HNSCC with high circE7
expression.

To further validate the immune therapeutic potential of the
combination of TIM-3 and PD-1 monoclonal antibodies, the in vivo
experiments were performed. HN30 with circE7 overexpression or
SCCO090 with circE7 knockdown were subcutaneously injected into
nude mice through the tail vein for 7 days, following staining with the
live fluorescent dye DIR. Next, co-cultured human primary T cells with
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Fig. 4 | circE7 epigenetically downregulates galectin-9 expression mediated
by ACCI. A RNA pulldown analysis was performed using biotin-labeled circE7
probe to detect the binding between circE7 and ACC1 protein in CAL27 and HN30
cells. Non-biotin-labeled circE7 probe was used as a control. B. Binding of ACC1
protein with circE7 was evaluated by RIP assay using anti-ACC1 antibody in CAL27
and HN30 cells overexpressing circE7, or in HPV-positive SCC090 and SCC154 cells,
followed by quantification using RT-qPCR. C RNA immunoprecipitation using anti-
Flag antibody to evaluate the binding between ACC1 protein and its truncation
mutants with circk7, followed by RT-qPCR analysis of circE7. D RNA pulldown using
biotin-labeled circE7 probe and western blot using anti-Flag antibody to detect the
binding between circE7 and ACC1 and its truncation mutants. E RNA immunopre-
cipitation using anti-ACC1 antibody to evaluate the direct binding between ACC1
protein and circE7 and its truncation mutants, followed by RT-qPCR analysis of
circE7 and its truncation mutants. F RNA pulldown using biotin-labeled circE7
probe to investigate the binding between circE7 and its truncation mutants with
ACCI1 protein. circE7 were overexpressed in CAL27 and HN3O cells, or si-circE7 was

transfected into SCC090 and SCC154 cells. G Western blot to detect the expression
levels of total ACC1 protein and p-ACCl1 protein. H Acetyl-CoA content in cell lysate
was measured using the Acetyl-CoA detection kit. I Western blot to assess the
expression levels of global acetylation. ] Western blot to assess the expression
levels of H3K27 Ac, H3K9 Ac, H3K14 Ac, and H3K23 Ac. as shown in Supplementary
Fig. S7L. K Overexpression of circE7 in the HN30 cells, ChIP-seq peaks show the
levels of H3K27ac at the LGALS9 promoter region. The horizontal axis represents
genomic coordinates, and the vertical axis represents ChIP-seq signal intensity.

L ChIP-qPCR to investigate the changes in H3K27 acetylation level in the LGALS9
promoter region in CAL27 and HN30 cells overexpressing circE7 or SCC090 and
SCC154 cells with circE7 knocked down. Correlations were calculated using
unpaired two-tailed Student’s t test for (B, C, E, H, L), *p < 0.05, **p <0.01, and
**p < 0.001. These experiments were derived from three independent repetitions.
Each western blots were reproduced three times with similar results (A, D, F, G, 1,J).
Data are presented as mean + SD. Source data are provided as a Source Data File.

dendritic cells (DCs) stimulated by lysates of tumor cells and sufficient
PD-1 and TIM-3 monoclonal antibodies were injected into mice (Sup-
plementary Fig. S10A). After 7 days of T cell injection, the transplanted
tumor tissues formed by overexpressing circE7 in HN30 cells exhibited
the lowest T cell distribution, while the group treated with PD-1
monoclonal antibody displayed an increase in T cell infiltration within
the transplanted tumor. Notably, the combination of PD-1 and TIM-3
monoclonal antibodies resulted in even higher T cell accumulation
within the transplanted tumor. Conversely, when circE7 was knocked
down, T cell accumulation at the transplanted tumor site significantly
increased. Subsequent treatments with PD-1 and TIM-3 monoclonal
antibodies further promoted T cell infiltration within the transplanted
tumor (Fig. 7A, B).

Also, the volume and weight of the transplanted tumors were
assessed after injection of T cells (24 days for HN30 cells and 56 days
for SCCO90 cells). For the HN30 transplanted tumor, the group with-
out T cell treatment exhibited no significant impact on tumor volume
and weight. However, the T cell treatment group with circE7 over-
expression resulted in an increased tumor volume, indicating that
circE7 primarily promotes HNSCC tumor progression by driving tumor
immune escape. Within the T cell treatment group, overexpression of
circE7 diminished the therapeutic effect of anti-PD-1. The group
receiving a combination of PD-1 and TIM-3 monoclonal antibodies
exhibited the smallest tumor volume and weight, demonstrating the
most favorable therapeutic effect and significant suppression of
immune resistance mediated by circE7. Correspondingly, SCC090
cells transplanted tumor without T cell treatment showed no sig-
nificant effect on tumor volume and weight after knockdown of circE7.
In the T cell therapy group, cells with circE7 knockdown exhibited
smaller tumor volume and weight. This indicates that the knockdown
of circE7 can inhibit HNSCC cells’ immune evasion and enhance the
therapeutic efficacy of the PD-1 monoclonal antibody. Collectively, the
combination of PD-1 and TIM-3 monoclonal antibodies displayed a
more pronounced inhibitory effect on tumor progression (Fig. 7C, D
and Supplementary Fig. S10B).

ELISA and RT-qPCR were also used to measure the peripheral
serum cytotoxic cytokine secretion and expression in T cells (Sup-
plementary Fig. S10C, D). In the HN30 xenograft tumor model, over-
expression of circE7 led to a decrease in T cell cytotoxic cytokines. In
contrast, the combination treatment with PD-1 and TIM-3 antibodies
significantly increased the secretion of cytotoxic cytokines. In the
SCCO090 xenograft tumor model, the knockdown of circE7 significantly
enhanced T cell cytotoxic activity. The combination treatment with
PD-1 and TIM-3 further increased T cell cytotoxic activity.

Flow cytometry showed that overexpression of circE7 led to a
decrease in CD8' T cells and anincrease in T cell apoptosis in the HN30
transplant tumor model. Conversely, the combination treatment with
PD-1 and TIM-3 antibodies significantly increased the number of CD8*

T cells and reduced T cell apoptosis. In the SCCO90 transplant tumor
model, knockdown of circE7 resulted in an increase in CD8" T cells and
a decrease in apoptosis. The combination treatment of PD-1 and TIM-3
further inhibited T cell apoptosis and significantly increased CD8"
T cells (Supplementary Fig. SIOE-G). Then, the ISH method verified the
efficiency of circE7 overexpression and knockdown in nude mice
tumors and immunohistochemistry (IHC) revealed that over-
expression of circE7 led to a downregulation of galectin-9 expression
in tumor tissues and a reduction in infiltrating CD8" T cells, whereas
knockdown of circE7 exhibited the opposite effect (Fig. 7E, F and
Supplementary Fig. S10H, I).

Further, to further verify the immunotherapeutic effect of the
combined application of the TIM-3 and PD-1 monoclonal antibodies,
the mouse squamous cell carcinoma cell line SCC-7 was injected into
the cheeks of C3H mice to establish a homologous in situ tumor model.
Because ACCl is highly conserved between humans and mice,
according to the NCBI website, we performed RNA pulldown experi-
ments and found that circE7 could also bind to Accl of mice in SCC-7
after overexpression of circE7 (Supplementary Fig. S11A, B). RT-qPCR
and western blot showed that circE7 downregulated the expression of
Lgals9 in mice (Supplementary Fig. S11C, D). Overexpression of circE7
resulted in increased tumor size in SCC-7 cell transplants. When ade-
quate PD-1 and TIM-3 monoclonal antibodies were injected into C3H
mice, the size and weight of tumors got smaller and markedly inhibited
the tumor enlargement mediated by circE7 overexpression, suggest-
ing that circE7 significantly reduced the therapeutic effect of anti-PD-1
(Fig. 8A-C and Supplementary Fig. S11E). Both RT-qPCR and ELISA
experiments revealed that overexpression of circE7 inhibited the
expression of cytotoxic cytokines in tumor tissues. In contrast, the
combination therapy with PD-1 and TIM-3 antibodies could reverse
the downregulation of cytotoxic cytokine expression mediated by
circe7 (Fig. 8D, E). Flow cytometry revealed that overexpression of
circE7 led to a decrease in the proportion of CD8" T cells within the
T cell population and a reduction in the proportion of INF-y* TNF-o*
cells within the CD8" T cell population, while combined treatment with
PD-1 and TIM-3 could significantly increase the number and killing
function of CD8' T cells (Fig. 8F, G and Supplementary Fig. S11F-H).
The ISH and IHC tests also validated the overexpression efficiency of
circE7 and the expression of galectin-9 and CD8A expression (Fig. 8H, |
and Supplementary Fig. S11I, J). These results underscore that circE7
promotes HNSCC cell immune evasion in vivo and attenuates the
therapeutic efficacy of PD-1 monoclonal antibody. However, the co-
application of TIM-3 and PD-1 monoclonal antibodies reverses the
immune evasion mediated by circE7 (Supplementary Fig. S12).

Discussion
Tumorigenic viruses such as Epstein-Barr virus (EBV), Kaposi’s sarcoma
herpesvirus (KSHV), Merkel Cell polyomavirus (MCPyV), and Human
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T-cell lymphotropic virus (HTLV-1) can encode circular RNAs. These
circRNAs play a role in regulating the proliferation, invasion, metas-
tasis, and stemness of tumor cells®* . However, research on the
relationship between tumorigenic virus-encoded circular RNA and
tumor immune evasion is limited*”*. So far, only circBART2.2 encoded
by EBV has been found to promote immune evasion in nasopharyngeal

carcinoma by upregulating PD-L1 through its interaction with RIG-I*®, In
this study, we have identified that circE7, encoded by HPV16, also
assumes a critical role in HNSCC immune evasion. circE7 is currently
exclusive to high-risk HPV16 strains and has not been identified in
other HPV subtypes®. The HPV16 genome can be categorized into
three regions: the upstream regulatory region, housing cis-acting
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Fig. 5| ACCl1 is a key downstream target regulated by circE7 in the epigenetic
modulation of LGALS9 transcription. Three ACC1 siRNAs were transfected into
CAL27 and HN30 cells, or ACC1 was overexpressed in SCC090 and SCC154 cells.
A RT-qPCR was used to detect the expression level of LGALS9 mRNA. B Western
blot was used to detect the expression levels of ACC1 and galectin-9 proteins.
Overexpression of circE7 in CAL27 and HN30 cells was accompanied by knockdown
of ACC1, or knockdown of circE7 in SCC090 and SCC154 was accompanied by
overexpression of ACCI1. C RT-qPCR was used to detect the expression level of
LGALS9 mRNA. D Western blot was used to detect the protein levels of ACC1,

H3K27 Ac and galectin-9. Overexpression of circE7 in CAL27 and HN30 cells was
accompanied by the addition of a small molecule inhibitor of ACC1, TOFA. E RT-
qPCR was used to detect the expression level of LGALS9 mRNA. F Western blot was
used to detect the protein levels of H3K27 Ac and galectin-9. Correlations were
calculated using unpaired two-tailed Student’s t test for (A, C, E), *p <0.05,

**p <0.01, and **p < 0.001. These experiments were derived from three indepen-
dent repetitions. Each western blots were reproduced three times with similar
results (B, D, F). Data are presented as mean + SD. Source data are provided as a
Source Data File.

elements responsible for transcription and replication control; the
early region, encompassing E1, E2, E4, ES, E6, and E7 protein-coding
sequences; and the late region, encoding the L1 and L2 capsid
proteins®. circE7, encoded by HPV16, originates from the reverse
splicing of the HPV16 E6 gene’s tail and the E1 gene’s head, incorpor-
ating the complete E7 gene sequence (Figure S1A)*’. We have observed
circE7 expression in the HPV16' cervical cancer cell line Caski and the
head and neck cancer cell lines SCC090 and SCC154 but not in another
common high-risk HPV18® cell line, Hela, which aligns with prior
findings.

Although circE7 carries the full coding sequence of the E7 protein
and predominantly localizes in the cytoplasm®, whether it actually
encodes a functional E7 protein and its specific biological functions
remain unclear. Our research has unveiled that circE7 primarily exerts
its biological functions by directly binding to the pivotal enzyme ACC1
in the metabolic pathway. This interaction prevents ACC1 phosphor-
ylation and, through epigenetic regulation, curtails the expression
of the LGALS9 gene, thus facilitating HNSCC immune evasion®,
ACCI stands as a rate-limiting enzyme in fatty acid synthesis, primarily
residing in the cytoplasm and catalyzing the conversion of acetyl-CoA
into malonyl-CoA*. Recent reports have substantiated the close
association of ACC1 with the development and progression of various
cancers*>*, Our study has further revealed that circE7 promotes ACCl1
dephosphorylation by directly binding to ACCI, leading to activated
ACCI catalyzing the conversion of acetyl-CoA into malonyl-CoA, con-
sequently reducing acetyl-CoA levels in tumor cells. Acetyl-CoA serves
as the principal substrate for protein acetylation modifications within
cells, and its depletion leads to reduced protein acetylation within
cells**. Moreover, we have determined that ACC1 activation pre-
dominantly instigates a reduction in histone H3K27Ac, ultimately
suppressing the transcription of the immune checkpoint gene LGALS9
through epigenetic regulation.

The galectin-9 protein, encoded by the LGALS9 gene, belongs to
the galectin family, a group of lectins within the broader lectin
superfamily, with widespread distribution in various animals*. Recent
research has revealed that galectin-9 serves as one of the ligands for
the immune checkpoint TIM-3, participating in intricate biological
functions across various immune cell types. In NK cells, galectin-9
binds to TIM-3, thereby enhancing IFN-y production®. In NKT cells,
galectin-9 indirectly contributes to their expansion®®™*’. Within
Thl cells, the interaction between TIM-3 and galectin-9 results in
reduced IFN-y production and immune suppression®’. Our study has
demonstrated that galectin-9 on the surface of HNSCC cells can
interact with TIM-3 and PD-1 on the surface of CD8" T cells, each
exerting distinct biological effects. Specifically, galectin-9 binds to
TIM-3, stimulating T cell secretion of cytotoxic cytokines, while its
binding to PD-1 inhibits T cell apoptosis. This dual interaction coor-
dinates and sustains T cell function and activity. However, when
galectin-9 recombinant protein was incubated alone in T cell culture
medium, its impact on T cell secretion of cytotoxic cytokines in the
absence of other factors was not significant.

Further analysis and verification uncovered that HNSCC cells
express both galectin-9 and HMGB1 on their surfaces. Galectin-9
competes with HMGBI for binding to TIM-3 on the surface of T cells,
effectively neutralizing the immune suppression caused by HMGBI's

binding to TIM-3. Consequently, this upregulates the expression of
cytotoxic cytokines in T cells, mirroring the effect of TIM-3 monoclonal
antibodies. In this context, our study revealed that HPV16-derived
expression of circE7 in HNSCC binds to and promotes ACC1 depho-
sphorylation, ultimately activating ACC1. This activation results in a
reduction of acetyl-CoA content in HNSCC cells, particularly leading to
a decrease in intracellular protein acetylation, particularly histone
H3K27Ac levels. This epigenetic alteration downregulates the LGALS9
transcription and subsequently reduces galectin-9 protein levels.
Consequently, insufficient galectin-9 binding with PD-1 leads to
increased T cell apoptosis, while its competitive binding with TIM-3
inhibits T cell function, thus fostering HNSCC immune evasion. Patients
with high galectin-9 expression in HNSCC exhibit a better prognosis,
implying that galectin-9 plays a crucial anti-tumor role in HNSCC.

Presently, clinical immunotherapy for HNSCC relies on PD-1/PD-L1
monoclonal antibodies and has shown some degree of effectiveness®'.
Previous clinical investigations have unveiled thatimmune checkpoint
blockade therapy employing PD-1/PD-L1 monoclonal antibodies is
marginally more successful in HPV* HNSCC patients compared to HPV
patients, Nivolumab induced pathologic regression in both HPV-
positive (23.5%) and HPV-negative (5.9%) tumors. Nevertheless, the
overall effectiveness remains limited*>*>. This underscores the impact
of HPV on HNSCC immune evasion and the response to immu-
notherapy. Additionally, while PD-1/PD-L1 may be pivotal immune
checkpoint molecules in HNSCC, other immune checkpoint molecules
also exert a notable influence on HNSCC immune evasion. This is evi-
denced by the modest overall efficacy of PD-1/PD-L1-based immune
checkpoint inhibitors in HNSCC immunotherapy. The identification of
critical immune checkpoint molecules and their regulatory mechan-
isms holds great potential for enhancing the effectiveness of HNSCC
immunotherapy. In this context, this study reveals that circE7,
expressed by HPV16, downregulates the co-activator ligand galectin-9
of PD-1 and TIM-3, consequently facilitating HNSCC immune escape.
Furthermore, both in vitro and in vivo experiments have validated that
the combination of TIM-3 monoclonal antibody and PD-1 significantly
enhances the efficacy of HNSCC immunotherapy, particularly in the
case of HPV16" HNSCC. circE7 and galectin-9 hold the promise of
serving as potential targets and markers for predicting efficacy and
prognosis, ultimately improving the outcomes of immunotherapy for
HPV16* HNSCC patients. This research also proposes a more effective
combination regimen for HPV16* HNSCC patients. The latest single-cell
sequencing results indicate that there is a significant individual varia-
bility in CD8" T cells infiltration among patients with HPV" and HPV*
HNSCC'**. However, our study found a reduced expression of CD8*
T cells in HNSCC patients with HPV infection. This may be due to our
samples primarily coming from the Hunan region of China, and all
these patients are infected with the HPV16 subtype. Current research
has found that only the HPV16 subtype expresses circE7. CircE7 inhi-
bits LGALS9 expression through epigenetic regulation, thereby limit-
ing HPV infection’s ability to activate and recruit CD8" T cells. It is
interesting to question whether the varying degrees of T cell infiltra-
tion among patients with different HPV subtypes contribute to this
effect, and we plan to explore this further in future studies.

In summary, our work unveils a employed by HPV16 to
induce metabolic reprogramming in HNSCC. This mechanism

Nature Communications | (2024)15:8609


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52981-4

A

ST
r Q
El 3
w
00O 2
c O
o751
n >
ns o0
55 gEigefgeiggagesges
[4)
L N < L N 2 L N 2 L N 2 L. N Z2 L. N Z2
NE =0 F =0 F =8 F =38 F=00F =09 F
IlgG anti-PD-1 anti-PD-1+TIM-3 IgG anti-PD-1 anti-PD-1+TIM-3
SCC090 SCC154
<f =
E g 419 sicirce?
]
w S
002
21
3 00
n 2
Q= O 0o < O 0 < O M < OO0 < OO0 < O o
S8 fftif:tcgtcgecgzcges
Lﬁ&’—wl——gl——gl——wl——gl——wl—
=~ lgG anti-PD-1 anti-PD-1+TIM-3 lgG anti-PD-1 anti-PD-1+TIM-3
B CAL2T  HN30 sccos0  sccisa C
*5 2 0.207 Vector £ circE7 0.3103 NC L +_ 0375 \?AL27 _I-’I:_I;SO
- xx : . C. P Top, Xkk . )
w S o015 ; : =3 sicircE7 o ® |, Vector O3 circ
Z - | >3
P £o0
> ch X -
=) :
Z O 5 2%
£3 = £° o
gG+ + — - — - 4+ 4 - - — - I R 1IgG+ + - = == + 4+ - - - -
anti-PD-1~ — + + + + - - + + + + - -+ +++ - -+ + ++ anti-PD-1- — + + ++ - - + + + +
anti-PD-1+TIM-3~ = = = + + = = = = ++ == = =%+ == = = ++anti-PD-14TIM-3- = — — + + — - - - 4+ 4
025 CAL27 HN30 SCC090 SCC154 SCC090  SCC154
+ 8 2N vector £3 circE7 0403 NC 3 sicircET T 02045 NC & sicircE7
g 80'20- oz, 55! Jk kw Kkk 0 o i
N — 0.15 f.x.x g §- §-1 0.34 _-Br ﬂr,ﬂ.; z E 0.154 75 Ua }ﬂ‘ﬂ'ﬂ%
52_'&: 0.104 £ 2 o, = i || R 0107
ol st 1 1 e
= 5 0.g0 L0 : 0.018LLLY : < oqo :
gG+ + — - - = + 4 - - — - o mmmm g m = - gG+ + — - - — + 4 - - — -
anti-PD-1- = + + ++ - = + + + + - =+ +++ - - + + ++ anti-PD-1— = + + + + — = &+ + + +
anti-PD-1+TIM-3= = = = + + = = = = + + - - —-=-+%++ -- - -+ 4+ anti-PD1+TIM-3- = = = + + = - = = 4+ &
D CAL27 HN30 SCC090 SCC154
kg 04113 Vector =1 circE? . 04 NC 3 sicircE7
8 o3 : L 0.2 ﬁﬂ
%% 02 y ) '
c . :
R 0.08 x w22
58 | Xk 0.04
[T
<5 0.gogh vl LE UYL 000 it
anti-PD-1= = + + ++ = = + + + + A A S
anti-PD-1+TIM-3- - - = + 4+ - - - - + ¢ -—- - =t == = = 4+

Fig. 6 | Combination treatment with exogenous TIM-3 and PD-1 monoclonal
antibodies enhances CD8’ T cell cytotoxic function. CAL27 and HN30 cells were
overexpressed with circE7, or SCC090 and SCC154 cells were knocked down with
circE7, and then co-cultured with primary human T cells with the addition of 5 pg/
mL anti-PD-1 or anti-PD-1/TIM-3 for 6 h. A. RT-qPCR was used to measure the
expression levels of IFNG, GZMB, and TNFA mRNA in CD8" T cells. B. Flow cyto-
metry was used to detect the proportion of IFN-y* GZMB* and IFN-y* TNF-a* T cells

among all CD8" T cells. Left panel shows representative images; right panel shows
the statistical results, as shown in Supplementary Fig. S9B. C, D Annexin V/PI
staining was used to assess the apoptosis levels of CD8" T cells (C) and tumor cells
(D), as shown in Supplementary Fig. S9C, D. Correlations were calculated using
unpaired two-tailed Student’s t test for (A, B, C, D), *p < 0.05, *p <0.01, and

***p < 0.001. These experiments were derived from three independent repetitions.
Data are presented as mean + SD. Source data are provided as a Source Data File.
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hinges on the expression of circular RNA circE7, which drives Methods

epigenetic modifications and promotes immune evasion. More-  Ethical statement

over, this study identifies promising therapeutic targets This research complies with all relevant ethical regulations. All animal
and strategies for improving the effectiveness of HNSCC experiments were approved by the Institutional Animal Care and Use
immunotherapy. Committee at the Hunan Cancer Hospital.
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Fig. 7 | Combination therapy with TIM-3 and PD-1 monoclonal antibodies sig-
nificantly improves the efficacy of immunotherapy in HNSCC. Nude mice were
injected with 1 x 10° HN30 cells overexpressing circE7 or vector control in the right
hind limb, or with SCC090 cells knocking down circE7 or NC control to form
xenograft tumors. After 7 and 14 days, human primary T cells and 20 pg/each of
Anti-PD-1 or Anti-PD-1/TIM-3 were injected for immunotherapy. A, B T cells were
labeled with DeepRed and in vivo imaging was performed to detect the survival and
distribution of human primary T cells in tumor-bearing mice (n =3 for each group).
A representative images; B statistical results of the ratio of the DiR fluorescence
signal from the tumor site (at the base of the right thigh) to T cell fluorescence
intensity, collected 1, 3, 5, and 7 days after injection. The color scale represents the
DiR fluorescence intensity of T cells in mice. C Representative tumor images. left,

24 days after HN30 cell injection (n = 6 for each group); right, 56 days after SCC090
cell injection (n= 6 for each group). D Real-time measurement of tumor volume in
mice injected with HN30 or SCC090 cells once a week (n =6 for each group).

E Immunohistochemistry was performed to detect the expression of galectin-9 in
paraffin-embedded HN30 and SCC090 xenograft tumors, and the results were
statistically analyzed (n= 6 for each group). F Immunohistochemistry was per-
formed to detect the expression of CD8A in HN30 and SCC090 xenograft tumors,
and the results were statistically analyzed (n = 6 for each group). Correlations were
calculated using unpaired two-tailed Student’s t test for (B, D), *p < 0.05, **p < 0.01,
and **p < 0.001. Data are presented as mean + SD. Source data are provided as a
Source Data File.

Patient samples

All clinical samples were collected from the Second Xiangya Hospital,
Central South University. A total of 23 paired tumors and adjacent
normal tissues were used for quantitative real-time PCR (qRT-PCR) and
were obtained from patients diagnosed with HNSCC who underwent
initial surgery (Supplementary Data 1). Paraffin-embedded sections
(n=105) from patients with HNSCC were collected between November
2017 and December 2021, along with complete follow-up data for
immunohistochemistry and in situ hybridization (Supplementary
Data 2). All samples are collected with the patients’ informed consent
and written consent forms signed, and the experiments were approved
by the Ethics Committee of Second Xiangya Hospital, Central South
University, in accordance with the ethical standards established in the
Declaration of Helsinki.

Cell lines

In this study, the HPV: HNSCC cell lines CAL27 and HN30, the HPV16*
cell lines SCC090 and SCC154, and the mouse HNSCC cell line SCC-7
were used. The CAL27(ZQ0606) and SCC090 (ZQ0937) cell lines were
purchased from Shanghai Zhonggiao Xinzhou Co (Shanghai, China),
HN30(CTCC-400-0142) and SCC154 cell line (CTCC-001-0182) was
purchased from Meisen CTCC (Hangzhou, China). SCC-7 cell line was
kindly provided by Professor Zhengjun Shang from Wuhan University™.
Prior to use, all cell lines underwent cellular STR identification. All cell
lines were regularly tested for Mycoplasma using Mycoplasma Detec-
tion Kit. Cells were incubated in the following culture conditions: 10%
FBS (Gibco, 10270106, USA), 1% penicillin-streptomycin combination
(BI, 03-03101B, Israel), and DMEM medium (Gibco, C11995500BT,
USA), in a humidified atmosphere with 5% CO, at 37 °C. Cells were
cryopreserved in a =80 °C freezer using serum-free cell cryopreserva-
tion solution (NCM Biotech, C40100, Suzhou, China).

RNA extraction, qRT-PCR, and regular PCR

Total RNA was extracted using the Trizol reagent (Invitrogen,
15596018, USA) and reverse transcribed into cDNA using the HiScript
cDNA Synthesis Kit (Vazyme, R323-01, China). Quantitative real-time
PCR was performed using the universal SYBR qPCR Master Mix
(Vazyme, QS511-02, China) and the CFX Connect Real-Time PCR
Detection System (Bio-Rad, USA). GAPDH was used as the internal
control. The relative expressions of genes were calculated using the 2°
AACT method. PCR amplification of cDNA was performed using the
Golden Star T6 Super PCR Mix (Tsingke, TSE101, China) and the Mas-
tercycler® nexus (Eppendorf, Germany). The 2% agarose gels were
prepared using UltraPure™ Agarose (ThermoFisher, 16500100, USA),
SolarRed (Solarbio, G5560, China), and 1 x TAE Buffer. Images of the
target strips were captured after electrophoresis using the Bio-Rad
Universal Hood Il Gel Doc XR System (Bio-Rad, USA). The primers used
are shown in Supplementary Data 4.

Vectors, siRNA sequences, and cell transfection
The circRNA expression plasmid pCirc was generously provided by
Professor Li Yong from Baylor College of Medicine. To overexpress

circE7, cDNA reverse transcribed from RNA of SCC090 cells was used as
the PCR template, and the full length of circE7 was amplified. The siRNA
targeting circE7 and the control scramble siRNA were purchased from
Genepharma (Shanghai, China). The overexpression vector or control
empty plasmid was transfected into HNSCC cells using Neofect DNA
transfection reagent (Neofect biotech, Beijing, China). siRNA transfec-
tion was performed using Hiperfect (Qiagen, Hilden, Germany). The
circE7 sequence and the primer sequences used for constructing the
overexpression vector are provided in Supplementary Data 4.

RNA fluorescence in situ hybridization (FISH)
Digoxigenin-labeled oligonucleotide probes were designed for the
circE7 splice site and synthesized by Tsingke (China). Cells were fixed
with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100.
After pre-hybridization, the probe was added to slides for overnight
hybridization at 37 °C. Cellular nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI) (Invitrogen, D1306, USA). Fluorescent confocal
images were captured under STELLARIS 5 and STELLARIS 8 (Leica,
Germany).

Immunofluorescence

After plating onto the coverslips, the cells were allowed to grow to a
certain density and fixed in 4% paraformaldehyde. Following permea-
bilization with 0.5% Triton X-100, the cells were incubated overnight at
4 °C with the primary antibody. Subsequently, the cells were incubated
with a secondary fluorescent antibody at 37 °C, and the nuclei were
stained with 4, 6-diamidino-2-phenylindole (DAPI) (Invitrogen, D1306,
USA). The fluorescent confocal images were captured using STELLARIS
5 and STELLARIS 8 (Leica, Germany). The antibodies used are listed in
Supplementary Data 5.

Immunohistochemistry and in situ hybridization
Immunohistochemistry was performed using the Elivision™ Plus
Polymer HRP (Mouse/Rabbit) IHC Kit (Maxim, KIT-9902, China), fol-
lowing the provided protocol. In situ hybridization was done using the
Enhanced Sensitive ISH Detection Kit I (POD) (BOSTER, MK1030,
China), following the provided manual as well. The digoxigenin-
labeled circE7 probe was purchased from Tsingke (China). The score
was calculated by multiplying the intensity of stained cells with the
positivity score. Staining intensity scores were assigned as follows: 0 =
negative, 1 = weak, 2 = moderate, and 3 = strong. Positive rate scores
were assigned as follows: O=negative, 1=(1-25%), 2=(26-50%),
3=(51-75%), and 4 =(76-100%). All scores were determined by two
senior pathologists. Representative images were captured using the
Olympus BX51 fluorescence microscope (Olympus, Japan). The anti-
bodies used are listed in Supplementary Data 5.

RNA pulldown and western blotting

Biotin-labeled circE7 probes were transfected into CAL27 or HN30 cells
for 48 h. Cells were subsequently lysed with 0.1% Triton-X at 4 °C.
Streptavidin affinity magnetic beads (Thermo Scientific, 20164, USA)
were added to the cellular lysate and incubated overnight at 4 °C. After

Nature Communications | (2024)15:8609

14


www.nature.com/naturecommunications

Article https://doi.org/10.1038/s41467-024-52981-4

anti-PD-1 anti-PD-1+TIM-3
A Vector circE7 Vector circE7 Vector circE7

SCC-7
A .
] = Vector == circE7
= — Vector circE7
- + anti-PD-1 + anti-PD-1
~l @ 15009 Vector circE7
o g + anti-PD-1+TIM-3  +anti-PD-1+TIM-3
o — -
3 >o 1000 ’/' § §
’ c|o
g 500 o* Y |°‘
- \'
: :
- T T
7 10 Days

D207 soux <=3 IFNG GzMB . TNFA
2 rs] T g 2 S 1 ;
' 14 * : :
K=y 1.0 v * cQ 2 r D ix ? = $ !IY
o 1. * w I * — _i_ Pk _I_
: ﬁ -REE 2 S 2 £
b 0.5 rovan 4 c o0 o : : ? Al
g 0.0 n =7 per group o ‘:; 0 : ? : n = 3 per group
- L L] L L] L] L] m Ih L] L L] Ih L] Ih L] lh L] lh 1) ‘l- L] ‘l- n ‘l- L]
S s sl s i 2 ohohohohohohohsohsi
= 6 © B © B o 2w G 00 PD OO0 P06 OB OB D b P
(] — () — (] — Q_T’ O = O = 0O = 0 = 0 = 0 .= 0 .= 0 .= 0 .=
> o0 > o > o X oy > 0> 0> 0> 0> 0> 03> 03> 03> 0
IgG anti-PD-1 anti-PD-1 W= g6 anti- ant- 1gG  anti- anti IgG anti- anti-
+TIM-3 PD-1 PD-1 PD-1 PD-1 PD-1 PD-1
+TIM-3 +TIM-3 +TIM-3
E scc-7 F
G =40 SCC-7
33600 IFN-y . ZMB : TNF-a - &\O’
STE 4004 x_ k= : i ° »n30
) : : 0 *
$5200 F ; ; 3 * —I—
Sa : * : c 820 + AN
- 30 : * — ny % ﬁ -y — e
s S E sy £
o2 10 -2 x E2 3 sF10 i -
E 8 0 nl= 3.Perlgl'0lupl T . T T T T T T : T T T T T T g-lto n= 3 per grouP
S shshohobhohobobohoh o0 £ £ &
S > D ob OO0 0bo0bH oo o0os 0B oOov o 2w 2 w8 w
0o = 0 = 0 = 0 £ 0 L= 0 =0 = 0 = 0 = o O o © o ©
> 0> 0> 0>0>0>0>0>0>T0 o = o £k 0o k£
; - " > o0 > o > o
IgG anti- anti- IgG  anti- anti- IgG  anti- anti- - -
PD-1 PD-1 PD-1 PD-1 PD-1 PD-1 IgG anti-PD-1 anti-PD-1
+TIM-3 +TIM-3 +TIM-3 +TIM-3
G H
SCC-7 SCC-7 SCC-7
5 250 o &8‘100 PR LE [
+_ 740 I 80 *k%k *k%k I *kk
> BEo e o ] 8|7 T
|.|I. 330 * *% v "6 « 60 \s E rI:
E ©20 2 . < 8_ 40 % o 54n =5 per group
i F & = 0 o a hl
T 5 2 2],- s, % F F
3 8 0 " n=3pergroup 09 o n =5 per group O o
L L) L L) L o LI 1] L L] LI L] L L] L] L] L L]
O S hisuw s = s slhs i sl sl sl
8 £ 8 £ 8 £ 8 £ 8§ £ 8 £ 8 £ 8§ £ 8 £
> 0 > o0 > o > 0 > o > o > 00> 0o > o
IgG anti-PD-1 anti-PD-1 IgG anti-PD-1 anti-PD-1 IgG anti-PD-1 anti-PD-1
+TIM-3 +TIM-3 +TIM-3

washing the magnetic beads 3 times, the supernatant was collected
and boiled for western blotting analysis. Proteins were extracted by
lysing cells with a RIPA lysis solution (Epizyme Biomedical, PC101) and
separated by 10% SDS-PAGE (Servicebio, G2177, China). The proteins
were then transferred onto polyvinylidene difluoride membranes

(Millipore, IPVH0O0010, USA). Primary antibodies were incubated
overnight at 4 °C, and the secondary antibodies were incubated for
1-2 h at room temperature. Images of the target bands were captured
using the Chemiluminescent Imaging and Analysis System (Servicebio,
G2020, China). The antibodies used are listed in Supplementary Data 5.
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Fig. 8 | The Mouse Orthotopic Transplant Model showed that the combination
of PD-1 and TIM-3 monoclonal antibodies enhances the efficacy of immu-
notherapy in HNSCC. C3H mice were injected with 2 x 10° SCC-7 cells over-
expressing circE7 or vector control in the right cheek to form xenograft tumors.
After 3 days, 20 pg/each of anti-PD-1 or anti-PD-1/TIM-3 were injected for immu-
notherapy. A Representative tumor images. (n = 7 for each group). B Tumor volume
measured 3 days, 7 days and 10 days after SCC-7 cell injection (n =7 for each group).
C Tumor weight measured 10 days after SCC-7 cell injection (n =7 for each group).
D Prepare single-cell suspension from mouse tumor tissue, RT-qPCR detection of
IFNG, GZMB, and TNFA mRNA expression (n=3 per group). E ELISA was used to

detect the content of IFN-y, GZMB, and TNF-a (n =3 per group). Flow cytometry
was performed to detect the proportion of CD8" T cells (F) and the percentage of
IFN-y* TNF-o" cells (G) within the total CD8" T cell population (n =3 for each group).
H Immunohistochemistry was performed to detect the expression of Cd8a in SCC-7
xenograft tumors, and the results were statistically analyzed (n =5 for each group).
I Immunohistochemistry was performed to detect the expression of galectin-9 in
paraffin-embedded SCC-7 xenograft tumors, and the results were statistically
analyzed (n =5 for each group). Correlations were calculated using unpaired two-
tailed Student’s t test for (B, C, D, E, F, G, H, I), *p < 0.05, **p < 0.01, and **p < 0.001.
Data are presented as mean + SD. Source data are provided as a Source Data File.

RNA-IP

After washing with pre-cooled PBS, cells were lysed by adding lysis
buffer (50 mM Tris-HCI (pH 7.4), 150 mM Nacl, 1% Triton X-100, 10 mM
NaF, 1mM EDTA, 100 U/ml RNase OUT (Invitrogen, 10777019, USA).
Cellular lysates were then incubated with anti-ACC1 or rabbit IgG-
coupled magnetic beads. After washing magnetic beads twice, RNA in
the immunoprecipitates was isolated with the TRIzol reagent (Invitro-
gen, Carlsbad, USA) and analyzed by reverse transcription with HiScript
cDNA synthesis kit (Vazyme, R323-01, China), followed by RT-qPCR.

Analysis of Acetyl-Coenzyme A

The analysis of Acetyl-Coenzyme A was conducted following the steps
outlined in the instruction manual of the Acetyl-Coenzyme A Assay Kit
(Sigma-Aldrich, MAKO39, USA). The fluorescence intensity data were
collected using the SpectraMax M Multifunctional Enzyme Labeler
(Molecular Devices, China).

ChIP-qPCR

Cells were fixed with 1% paraformaldehyde and 0.125M glycine. Sub-
sequently, DNA was extracted following the steps outlined by the
Pierce™ Magnetic ChIP Kit (Thermo Scientific, 26157, USA). The
LGALS9 promoter region fragment was then enriched using the H3K27
antibody (Supplementary Data 5). The quantity of the enriched frag-
ment was analyzed using RT-qPCR and PCR gel electrophoresis. The
primers for PCR analysis of DNA precipitation are provided in Sup-
plementary Data 4. ChIP-Seq was sequenced at E-GENE Co., Ltd.

Preparation of dendritic cells (DCs) and primary T cells
Following the manufacturer’s instructions, peripheral blood mono-
nuclear cells (PBMCs) were isolated from healthy donors’ peripheral
blood using the Ficoll method (Cytiva, USA).

To prepare DCs, the isolated PBMCs were added to a mixture
containing 50 ng/ml GM-CSF (Sino Biological, 51048-MNAH, China),
20 ng/ml IL-4 (Sino Biological, GMP-11846-HNAE, China) in 10% FBS-
1640 medium and cultured for 5 days. Cell differentiation was
monitored under light microscopy. DC cells were obtained by adding
25 ng/ml IFN-y (Sino Biological, 11725-HNAE, China) and continuing the
culture for 1 day, followed by co-culture with tumor cell lysates for
another day.

For T cells, they were expanded in vitro by adding CD3/CD28
amplified magnetic beads (Miltenyi, 130-091-441, Germany) and 15 ng/
ml IL-2, 5ng/ml IL-7, 10 ng/ml IL-15 (Sino Biological, 10360-HNCE,
China) for 8 days. Tumor-specific CTL was obtained by co-culturing
prepared DCs with amplified T cells at a ratio of 1:5 in a medium sup-
plemented with IL-2, IL-7, and IL-15. Fresh medium and cytokines were
replaced every 2 days during the experimental period. When recruiting
volunteers, we selected volunteer T cells with the same HLA-A type as
the cell lines for co-culture experiments.

To achieve antigen presentation in tumor cells and generate
specific cellular immunity against the cell line, we co-cultured the
tumor cell lysate with dendritic cells (DCs) for 24 h. Then, these
antigen-presented DCs were co-cultured with T cells for another 24 h
to generate T cells with specific cellular immunity against tumor cells.

Finally, these antigen-presented T cells were injected subcutaneously
into mice via the tail vein.

Enzyme-linked immunosorbent assay (ELISA)

The ELISA assay was performed using the ELISA kits for TNF-a (ZCIBIO,
ZC-M6765, China), GZMB (ZCIBIO, ZC-33834, China), and IFN-y (ZCI-
BIO, ZC-32271, China). Data was acquired using a SpectraMax M mul-
tifunctional enzyme marker from Molecular Devices, China.

Flow cytometry

Flow cytometry was done as previously reported®**. In brief, apoptosis
was detected by flow cytometry analysis using the Annexin V-FITC
Apoptosis Detection Kit (BMS500FI, Invitrogen). Cytokine release
from cells was blocked using BFA, and intracellular cytokines were
then detected by incubating with the corresponding cytokine anti-
bodies after pretreatment with a membrane breaker. All flow cyto-
metry was performed using a DxP Athena™ flow cytometer (Cytek
Biosciences, USA). The antibodies used are listed in Supplemen-
tary Data 5.

Animal experiments
All animal experiments were approved by the Institutional Animal Care
and Use Committee at the Hunan Cancer Hospital. BALB/c-nu mice
(n=160) and C3H mice (n=60) were purchased from Hunan Silaike-
jingda Experimental Animal Co., Ltd. and Shanghai Model Organisms
Center, Inc., respectively. To ensure data consistency, we selected a
single-gender mouse model for the animal experiments to reduce
experimental variables. Since female mice are generally quieter and
more docile, we used only female mice in the study. Female mice aged
at least 6 weeks were used for all experiments. Mice were housed with
ad libitum access to food and water on a 12 h light-dark cycle in cages
maintained at 20-22 °C and 22-30% relative humidity. Tumor growth
was measured by caliper every 3-4 days. Mice were euthanized once
the primary tumor measured a maximal size of 2.cm in at least one
dimension. Maximal tumor size was not exceeded in this study.
Transfected cells were injected subcutaneously into the right thigh
of each mouse. Once visible tumor formation was observed, primary
T cells that had undergone antigenic presentation of tumor cell lysates
with anti-PD-1 monoclonal antibody and anti-TIM-3 monoclonal anti-
body were infused into each cell-derived xenograft (CDX) mouse
through the tail vein. The distribution of human primary T cells, labeled
with a deep red live cell fluorescent dye (DiR, ThermoFisher), was
assessed using a small animal in vivo imaging system (Bruker, USA).
After 14 days of secondary T cell injection, peripheral blood was
extracted from the mice for RT-qPCR, ELISA, or flow cytometry analysis.
The body weight and tumor size of the mice were measured periodi-
cally. Once sacrificed, the tumor tissues were paraffin-embedded, and
sections were prepared. H&E staining, in situ hybridization, and immu-
nohistochemistry were performed on the sections. Transfect circE7 into
SCC-7 cells and inject them into the cheeks of C3H mice. Once visible
tumor formation was observed, intraperitoneal injections of anti-PD-1
(Selleck, A2002, China) and TIM-3 (Selleck, A2037, China) were admi-
nistered every 3 days for treatment. The tumor volume and size in mice
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were measured regularly. After 10 days, the mice were euthanized, and
the mouse tumor tissues were collected for RT-qPCR, ELISA, and flow
cytometry analysis. Post-euthanasia, tumor tissues were paraffin-
embedded and sectioned. Sections were stained with H&E, and sub-
jected to in situ hybridization, and immunohistochemistry.

Statistical analysis

All continuous variables were presented as mean + standard deviation
(SD), while categorical data were presented as percentages. Statistical
analyses were conducted using GraphPad Prism 9.4.1 software. To
determine significant differences between the two groups, a Student
t-test was employed. Survival analysis was carried out using the Kaplan-
Meier curve and log-rank test. For all tests, p <0.05 was considered
statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw ChIP-Seq data from generated in this study have been
deposited in the Sequence Read Archive (SRA) database under
accession code PRJNA1149346. The raw proteomic data are stored in
the ProteomeXchange consortium repository under accession code
PXDO055003. The publicly released data used in this study are available
in the GEO database under accession code GSE91061%, GSE159067°¢,
and GSE185531%°. The TCGA publicly available data used in this study
are available in the Genomic Data Commons database under accession
code TCGA-HNSC®. Part of the H3K27 acetylation level analysis is
sourced from the ENCODE database®. The remaining data are available
within the Article, Supplementary Information or Source Data
file. Source data are provided with this paper.
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