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Resistance to anti-LAG-3 plus anti-PD-1
therapy in head and neck cancer is mediated
by Sox9+ tumor cells interaction with Fpr1+
neutrophils

Xiaochen Wang1,5, Maosheng Cheng1,5, Shuang Chen1,5, Caihua Zhang1,
Rongsong Ling 1, Shuqing Qiu1, Ke Chen1, Bin Zhou 2 , Qiuli Li 3 ,
Wenbin Lei 1 & Demeng Chen 1,4

Relatlimab and nivolumab combination therapy shows significant efficacy in
treating various types of cancer. Current research on the molecular mechan-
isms of this treatment is abundant, but in-depth investigations into post-
treatment resistance remain notably lacking. In this study, we identify sig-
nificant enrichment of SRY (sex determining region Y)-box 9 (Sox9)+ tumor
cells in resistant samples using single cell RNA sequencing (scRNAseq) in a
head and neck squamous cell carcinoma (HNSCC) mouse model. In addition,
Sox9 directly regulates the expression of annexin A1 (Anxa1), mediating
apoptosis of formyl peptide receptor 1 (Fpr1)+ neutrophils through the Anxa1-
Fpr1 axis, which promotes mitochondrial fission, inhibits mitophagy by
downregulating BCL2/adenovirus E1B interacting protein 3 (Bnip3) expression
and ultimately prevents the accumulation of neutrophils in tumor tissues. The
reduction of Fpr1+ neutrophils impairs the infiltration and tumor cell-killing
ability of cytotoxic Cd8 T and γδT cells within the tumor microenvironment,
thereby leading to the development of resistance to the combination therapy.
We further validate these findings using various transgenic mouse models.
Overall, this study comprehensively explains the mechanisms underlying
resistance to the anti-LAG-3 plus anti-PD-1 combination therapy and identifies
potential therapeutic targets to overcome this resistance.

The emergence of immunotherapy targeting programmed cell death
protein 1 (PD-1) and its principal ligand PD-L1 signifies a new era in
modern oncology1. Monoclonal antibodies inhibiting PD-1 (e.g., pem-
brolizumab, nivolumab, and cemiplimab) and those targeting PD-L1

(e.g., atezolizumab, durvalumab, and avelumab) have received
approval from the U.S. Food and Drug Administration (US FDA) and
arewidelyused in clinical practice, demonstrating promising response
rates across various cancer types2–4. The molecular mechanisms
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underlying these therapies are actively being explored through animal
models. Researchers have examined genetic alterations, tran-
scriptomic features, immune cell composition, and interspecies
genomic conservation between human andmouse tumors at different
pathological stages under immunotherapy using a 4-nitroquinoline 1-
oxide (4NQO)-induced mouse tumor model5. Furthermore, various
multi-omics approaches have been extensively utilized in this model
to investigate the effects of immunotherapy6–8. While anti-PD-1/PD-L1
therapy has achieved significant success over the past decade, a sub-
stantial proportion of patients either fail to exhibit clinical responses
or develop resistance following drug administration, preventing them
from benefiting from the treatment9. Similarly, studies using anti-PD-1
monotherapy in mice with oral carcinogenesis have shown that
although PD-1 blockade effectively delays tumor progression, it does
not completely prevent or reverse it10. To overcome this, an increasing
number of PD-1 therapies are employing combination strategies with
multiple drugs, such as PD-1 with chemotherapy, PD-1 with targeted
therapy, and PD-1 with other immunotherapeutic agents11–14. These
approaches often achieve better outcomes than PD-1 monotherapy,
and among them, lymphocyte activation gene 3 (LAG-3), a prominent
immune molecule, is becoming a significant research focus in com-
bination strategies with PD-115–17. LAG-3, a cell surface inhibitory
receptor expressed by various lymphoid and non-lymphoid lineage
cells, plays a regulatory role in immunity by impacting T cell activation
and effector functions, with preclinical studies demonstrating
that blocking LAG-3 can reverse T cell exhaustion, enhance T cell
activity, and restore T cell functionality through targeted
immunotherapies14,18,19.

Combination immunotherapy with anti-PD-1 and anti-LAG-3
antibodies has also demonstrated synergistic anti-tumor effects
across various cancers13,20–22. In a previous phase 2/3 clinical trial,
researchers found that the 12-month progression-free survival rate
for previously untreated patients with metastatic or unresectable
melanoma was significantly higher with the combination of relatli-
mab (LAG-3 blocking antibody) and nivolumab (PD-1 blocking anti-
body) than with nivolumab alone22. Most importantly, based on the
results of the phase 2/3 RELATIVITY-047 trials, relatlimab plus nivo-
lumab received approval from the US FDA and the European Medi-
cines Agency (EMA)23. Moreover, in a first-in-human study of
previously treated advanced microsatellite-stable colorectal cancer,
favezelimab, with or without pembrolizumab, demonstrated a man-
ageable safety profile with no treatment-related deaths and showed
promising anti-tumor activity, particularly in participants with PD-L1
CPS ≥ 1 tumors13. Despite recent significant reports on the molecular
mechanisms underlying this combination treatment15–17, there
remains a notable absence of in-depth investigation into post-
treatment resistance.

In this work, by utilizing a classic HNSCC mouse model, we
demonstrate that anti-PD-1 and anti-LAG-3 combination therapy
resulted in better survival outcomes than monotherapy. In addition,
we observe a higher expression level of Anxa1, which is regulated by
Sox9, in tumor samples displaying higher resistance to combination
therapy. Subsequently, our cell interaction analysis revealed that
Anxa1+ epithelial tumor cells mediate apoptosis of Fpr1+ neutrophils
through the Anxa1-Fpr1 axis, which promotes mitochondrial fission,
inhibits mitophagy by suppressing Bnip3 expression, and ultimately
prevents neutrophil accumulation in tumor tissues. Our study
demonstrates through various transgenicmousemodels that elevated
Sox9 expression in epithelial cells mediates the apoptosis of Fpr1+
neutrophils by initiating Anxa1 transcription, thereby inhibiting their
accumulation, suppressing cytotoxic Cd8 T and γδT cell infiltration
into the tumormicroenvironment, and leading to resistance in HNSCC
cells to combination therapy.

Results
Establishment of mouse cancer model for combination therapy
resistance
To evaluate the combination anti-tumor effects of anti-LAG-3 and anti-
PD-1 on murine HNSCC, C57BL/6 wild-type (WT) mice were first fed
with 4-nitroquinoline 1-oxide (4NQO) water for 16 weeks, followed by
normal water for another 8 weeks to induce the formation of HNSCC.
Mice with similar sizes of tumor lesions were then randomly divided
into 4 groups for control IgG, anti-PD-1, anti-LAG-3, and anti-LAG-3 plus
anti-PD-1 combined treatment and assessed every 4 days from the day
of initial treatment. Consistent with previous reports13,20, our study
found that LAG-3 monotherapy did not improve survival rates com-
pared to the IgG control group, while PD-1 monotherapy significantly
enhanced survival compared to the IgG control, and the combination
therapy demonstrated a significantly superior effect compared to PD-1
monotherapy (Supplementary Fig. 1A). However, a substantial portion
of the samples did not respond to the combination therapy. To com-
prehensively investigate the principles and mechanisms of resistance
to combined anti-PD-1 and anti-LAG-3 antibody therapy in HNSCC, we
further treated HNSCC-bearing mice with anti-LAG-3 and anti-PD-1
antibodies. As shown in Fig. 1A, we found mice responded differently
to the combined therapy and were then divided into resistant groups
and sensitive groups. Basically, 14 days after initial treatment, tumors
which grew more than 20% larger in size compared to their original
size were considered resistant tumors according to the response
evaluation in solid tumor (RECIST) definition (Fig. 1B).

There were 57.1% of animals (8 out of 14) which are responsive to
the anti-LAG-3 and anti-PD-1 combined therapy and showed a partial
reduction in tumor progression or even had almost complete tumor
eradication, while 42.9% of animals (6 out of 14) were not sensitive to
anti-LAG-3 and anti-PD-1 combined treatment with tumors grew
rapidly (Fig. 1A). Simultaneously, we employed magnetic resonance
imaging (MRI) to monitor the growth processes of tumors in these
three groups of mice (Fig. 1C). Tongue histopathological examination
showed resistant samples displayedmore advanced tumor phenotype
compared to the sensitive ones (Fig. 1D). In addition, we examined the
expression of Ki67 in all groups of mouse tongue and noticed a
decrease of cell proliferation in the sensitive group compared to
control or resistant groups (Fig. 1E). On the contrary, the percentage of
apoptotic cells (cleaved-Caspase3) was greatly elevated in the sensitive
group as compared to other groups (Fig. 1F).

To gain insight into the potential mechanisms responsible for
resistance to combined therapy, we performed single-cell RNA
sequencing (scRNA-seq). For eachgroup, tumor tissues dissected from
three mice were pooled together and digested into single-cell sus-
pensions, which were then split into two parts for library construction
(Supplementary Fig. 1B). After quality control and filtering, we
obtained mRNAmeasurements of more than 33424 single cells across
all samples (7210 for control-1, 6542 for control-2, 4726 for resistant-1,
4943 for resistant-2, 5181 for sensitive-1, and 4822 for sensitive-2).
Based on the expression of canonical markers, our analysis revealed 5
major cell types with unique transcriptional features, including epi-
thelial cells (Krt14, Krt5 and Krt6a), fibroblasts (Col1a1, Col3a1, and
Apod), endothelial cells (Flt1, Pecam1, and Eng), immune cells (Ptprc,
Cd74 and Cd3g) and muscle cells (Myl9, Myh11 and Mylk)
(Figs. 1G and S1C). All major cell types were consistently detected in all
three conditions (Supplementary Fig. 1D). Thedistribution of cell types
captured by scRNA-seq was comparable between all three groups,
while epithelial cells were themost predominant cell type in all groups
(Fig. 1G, H). However, the proportion of immune cells was dramatically
increased in the sensitive group compared to the control or resistant
group (Fig. 1H), highlighting the significance of tumor-infiltrating
immune cells in response to combined therapy.
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Characterization of resistant tumor cells against combination
therapy
To investigate how the resistance of tumor was regulated, we extrac-
ted epithelial cells and used CopyKAT24 to distinguish the malignant
cells from the non-malignant cells. We successfully identified 19917
aneuploid tumor cell subpopulations with distinct gene expression
profiles (Supplementary Fig. 2A). Subsequently, we extracted the
malignant cells and divided them into five different subclusters,
designated E-comm1, E-resi1, E-comm2, E-sens, and E-resi2 (Fig. 2A).

The frequencies of the identified epithelial cell subclusters varied
among groups (Fig. 2B; Supplementary Fig. 2B). E-comm1 and
E-comm2 subclusters were detected in all three groups (Fig. 2B).
However,withinE-resi1 andE-resi2 populations, resistant cellswere the
most abundant cells, accounting for 83.55% and 97.67% of E-resi1 and
E-resi2 cells, respectively (Fig. 2B). On the contrary, the vast majority
cells in E-sens subcluster belongs to cells in sensitive group (Fig. 2B). Of
note, we found that the epithelial-mesenchymal transition (EMT) score
was significantly increased in the E-resi1 and E-resi2 population
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(Supplementary Fig. 2C), implying a malignant nature of these cells.
Therefore, we regrouped all epithelial cells into three categories,
including common cells (E-comm1 and E-comm2), resistant cells (E-
resi1 and E-resi2), and sensitive cells (E-sens). The top significant genes
in each of the cell populations were demonstrated in a heat-
map (Fig. 2C).

To characterize the cell-cell communication patterns in different
groups, we performed CellChat analysis25. Our analysis showed that
the interaction between epithelial cells and immune cells was more
profoundly altered compared to other types (Fig. 2D). In addition, we
found a dramatically increased number of interactions between epi-
thelial cells and immune cells in the sensitive group compared to the
control or resistant groups, while the strength of interaction was
reduced in the resistant group compared to other groups (Fig. 2D). To
obtain the detail of epithelial and immune cell interaction, we re-
clustered immune cells and regrouped them into Treg, γδT, Neu1, Cd4
T, Macro1, Mono, Neu2, Cd8 T, Macro2, DC and NK cells according to
the typical markers (Fig. 2E; Supplementary Table 1). Compared with
control and resistant groups, sensitive tumors displayed a higher
proportion of Neu1, γδT, Treg, Cd4 T, Cd8 T (Fig. 2F; Supplementary
Fig. 2D; Supplementary Table 1).

To identify the differences in signaling pathways between resis-
tant and sensitive tumors, we compared the overall information flow
for each signaling pathway and found four signaling pathways (CSF3,
CHEMERIN, ANNEXIN, and TNF) enriched in resistant tumor (Fig. 2G).
However, we noticed the information flow degrees of CSF3 and CHE-
MERIN were relatively low, while the difference in the TNF signaling
pathway was not dramatic (Fig. 2G). Instead, the information flow of
the ANNEXIN signaling pathwaywas robust and dramatically increased
in the resistant compared to the sensitive group (Fig. 2G), suggesting
the ANNEXIN signaling pathway might be involved in mediating the
resistance to combination therapy.When comparing the outgoing and
incoming signals of the ANNEXIN signaling pathway in each cell
population, we found that E-resi1 and E-resi2 resistant cells were the
major signaling sources and that Neu1 served as the main signaling
receiver (Fig. 2H). Simultaneously, a marked suppression of Neu1 cells
was observed in Resi samples (Fig. 2F; Supplementary Fig. 2D). Results
from CellChat or CellPhoneDB26 analysis confirmed that the commu-
nication probability of the Anxa1-Fpr1 signaling pathway was highly
elevated between epithelial cells and Neu1 in the resistant group
compared to the sensitive group (Fig. 2I, J).

ScRNA-seq analysis showed that Anxa1 expression was highly
enriched in the resistant cells (Fig. 2K). Moreover, Anxa1 exhibits sig-
nificantly elevated expression in the E-resi1 and E-resi2 clusters of
epithelial subtypes (Fig. 2L). The IHC data also indicated that the
protein level of Anxa1 was significantly upregulated in the resistant
samples compared to sensitive ones (Fig. 2M).

Fpr1+ neutrophils are associated with cytotoxic T cells
FeaturePlot analysis reveals a pronounced enrichment of Fpr1
expression in Neu1 (Fig. 3A). Examination of IHC data reveals amarked

upregulation in the protein levels of Fpr1 in sensitive specimens, as
compared to resistant samples (Fig. 3B). To investigate Fpr1+ neu-
trophils, we further isolated the entirety of neutrophils and segregated
them into two subclusters, denoted as Neu1 and Neu2 (Fig. 3C).
Through Velocity and CytoTRACE analyses27, we discerned distinct
initial cell populations for each of the two subclusters, suggesting that
the relationship between these subclusters might not involve a
progenitor-descendant dynamic (Fig. 3D, E). Additionally, our analysis
using CellCycleScoring observed no disparity in proliferation between
the two neutrophil subclusters28. Cells in both subclusters exhibit a
dispersed distribution across the G1, S, and G2M phases without any
discernible aggregation (Fig. 3F). The aforementioned characteristics
indicate that these two subclusters of neutrophils represent distinct
and independently existing populations within the neutrophil group.
Subsequently, we selected resistant and sensitive groups after 14 and
21 days of combination therapy, respectively, and conducted immu-
nofluorescence (IF) staining and statistical analysis. We found a sig-
nificant reduction in Fpr1+ neutrophils in the resistant group
compared to the sensitive group at 14 and 21 days (Fig. 3G). Further-
more, consistent results were observed using flow cytometry analysis
(Fig. 3H; Supplementary Fig. 3A).

To investigate the link between Neu1 neutrophils and T cell
recruitment, we performed ligand-receptor interaction analysis using
CellPhoneDB and identified significant interactions between Neu1
(Fpr1+ neutrophils) and γδT and Cd8 T cells (Supplementary Fig. 3B).
Subsequently, we conducted GO enrichment analysis on the differen-
tially expressed genes specific to Neu1 and observed its enrichment in
pathways such as chemokine production and neutrophil chemotaxis
(Supplementary Fig. 3C). Using CellChat analysis, we compared the
information flow between Neu1 cells and T cells in the Resi and Sens
groups. In the Sens group, we observed that the interaction between
Neu1 cells and T cells primarily occurs through CXCL-related ligand-
receptor pairs (Fig. 3I). Consequently, we performed ELISA to examine
differences in chemokine production between Neu1(Fpr1+ neu-
trophils) sorted from the Rens and Sens groups, revealing that Cxcl10
exhibited the most significant differential expression (Supplementary
Fig. 3D). We sorted Fpr1+ neutrophils and Cd45+Cd3+ T cells from
sensitive tumors, followed by co-culture and subsequent flow cyto-
metry analysis of the cells in the lower chamber (Supplementary
Fig. 3E). In the presence of Fpr1+ neutrophils, we observed that Cd8 T
and γδT cells migrated to the lower chamber (Supplementary Fig. 3F).
Double IF staining was then employed to assess the enrichment of
Gzma+ γδT cells and Gzma+ Cd8 T cells in Resi and Sens samples. Our
analysis revealed a significant enrichment of Gzma+ γδT cells and
Gzma+Cd8 T cells in the epithelial tissue of Sens samples compared to
Resi samples (Supplementary Fig. 4A, B). Similarly, we used flow
cytometry to demonstrate an increased enrichment of cytotoxic Cd8T
and γδT cells in tumors from the Sens group, with a lower proportion
of these cells in an exhausted state (Supplementary Figs. 4C,
S4D and S5A). Moreover, we conducted exhaustion assays targeting
Cd8 T and γδT cells, demonstrating that in the Sens group mice, the

Fig. 1 | Establishment of mouse cancer model for combination therapy resis-
tance. A The tumor growth curves of each mouse receiving combination therapy
(n = 14) or control IgG treatment (n = 6) were measured every 4 days.
B Representative image of tongue visible lesions in different groups. Scale bar,
2mm.C Exemplary instances ofmagnetic resonance imaging (MRI) of the head and
neck from various groups. The dashed regions delineate the boundaries of the
tumor. D Representative H&E staining of HNSCC and quantification of HNSCC
invasion grades in different groups. n = 6 mice in control group, n = 6 mice in
resistant group, n = 8 mice in sensitive group. Scale bar, 65μm. Statistical sig-
nificance was assessed using the Pearson chi-square test. P value is exact and two-
sided. Representative IHC staining and IHC Score of Ki67 (E) and Caspase3 (F) in
HNSCC. n = 6 mice in control group, n = 6 mice in resistant group, n = 8 mice in
sensitive group. Scale bar, 65μm. Data are represented asmean± SD. P valueswere

calculated one-way ANOVA with Tukey’s multiple comparisons test. G The UMAP
plot shows the outcomes post-unbiased clustering, delineating subpopulations of
epithelial cell, fibroblast, endothelial cell, immune cell, andmuscle cell, each color-
coded to represent its cell type. Corresponding bar graphs on the right display the
quantity of each subpopulation. H The distributions of the three groups, control,
resistant, and sensitive group, are illustrated in the UMAP plot (left), along with the
proportions of cells between the three groups (center), and the proportions of
epithelial cell, fibroblast, endothelial cell, immune cell andmuscle cell within these
three groups of cells (right). Calculation method for the right figure: First, nor-
malization of the proportion of each cell type was performed within each group,
followed by the calculation of the proportion of each group within the cell type.
Source data and exact p values are provided as a Source Data file.
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reduction of both cytotoxic T cell populations led to tumor progres-
sion (Supplementary Fig. 5B–D). In summary, this suggests that Neu1
neutrophils may be associated with an increase in cytotoxic γδT and
cytotoxic Cd8 T cells within target tumors.

To validate our findings in vivo, we engineered conditional
knockout Anxa1flox/flox mutant mice (Supplementary Fig. 6A) and

crossed them with K14CreER mice to generate K14CreER; Anxa1flox/flox

(Anxa1cKO) and K14CreER; Anxa1wt/wt (Anxa1cKO-Con) mice. Anxa1cKO-Con and
Anxa1cKO mice were then subjected to 4NQO treatment to induce the
formation of HNSCC (Fig. 4A). After 14 days of administering the
combination therapy to HNSCC mice, we selected Anxa1cKO and
Anxa1cKO-Con mice that developed resistance. Subsequently, a
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Tamoxifen injection was administered to induce Anxa1 knockout
during the continuation of combination therapy, and tongue samples
were collected from the mice 3 weeks later. Within the tongue tissues
of Anxa1cKO, fewer morphological alterations were observed. More-
over, in comparison to the Anxa1cKO-Con group, there was a notable
reduction in both the number and area of oral lesions in Anxa1cKO mice
(Fig. 4B, C). Histological analysis of all lesions obtained from the
Anxa1cKO-Con and Anxa1cKO groups revealed a significant reduction in the
formation of grade 3 HNSCC due to the absence of Anxa1 (Fig. 4D).
Additionally, the ablation of Anxa1 resulted in a decreased prolifera-
tionwithin the lesion area of the tongue (Fig. 4E). IHC results reveal the
absence of Anxa1 in the tongue mucosa of Anxa1cKO, yet Fpr1 expres-
sion is significantly increased (Fig. 4F, G). This suggests that, following
the development of resistance in HNSCC mice, the loss of Anxa1 does
not inhibit Fpr1+ neutrophils. Simultaneously, an enrichment of cyto-
toxic γδT cells and cytotoxic Cd8 T cells was observed in the Anxa1cKO

group (Fig. 4H, I), indicating that the loss of Anxa1 may lead to the
recruitment of Gzma+γδT cells and Gzma+Cd8 T cells by Fpr1+ neu-
trophils to the HNSCC lesion area.

Furthermore, we generated conditional knockout mice with the
Fpr1flox/flox genotype (Supplementary Fig. 6B). Fpr1flox/flox mice were
crossedwith Lyz2CreERmice to generate Lyz2CreER; Fpr1flox/flox (Fpr1cKO)
and Lyz2CreER; Fpr1wt/wt (Fpr1cKO-Con) mice (Supplementary Fig. 6C).
Consistent with the method of treatment applied to Anxa1cKO-Con and
Anxa1cKO mice described above, we obtained Fpr1cKO-Con and Fpr1cKO

mice resistant to the combination therapy (Supplementary Fig. 6C).
Relative to the Fpr1cKO-Con group, the Fpr1cKO group exhibits reduced
HNSCC lesion count and area upon Fpr1 deficiency (Supplementary
Fig. 6D, E). Histological analysis reveals a marked reduction in the
invasiveness of HNSCC in the Fpr1cKO mice group (Supplementary
Fig. 6F). Anti-Ki67 immunostaining indicates a significant reduction in
cellular proliferationwithin the tongue lesion region upon the ablation
of Fpr1 (Supplementary Fig. 6G). Additionally, IHC staining of anti-Fpr1
and anti-Anxa1 reveals an absence of Fpr1 expression in the Fpr1cKO

group, while the expression of Anxa1 in the mucosa of Fpr1cKO tongues
remains unaffected (Supplementary Fig. 6H, I). Similarly, an infiltration
of Gzma+γδT cells and Gzma+Cd8 T cells is observed in the Fpr1cKO

group (Supplementary Fig. 6J, K). Further analysis showed the cell
membrane protein Sell was selectively expressed in Neu1, which
allowed us to use Sell as a marker for the isolation of Neu1 (Supple-
mentary Fig. 7A; Supplementary Table 3). Subsequently, in normal
mice not induced with 4NQO and without combination therapy, we
observed no change in neutrophils in the bone marrow of both
Fpr1cKO-Con and Fpr1cKO groups (Supplementary Fig. 7B, C). However,
after 14 and 21 days of combination therapy, we observed a significant
reduction in Sell+ neutrophils in the Fpr1cKO-Con group compared to the
Fpr1cKO group at both 14 and 21 days (Supplementary Fig. 7D).

Anxa1-Fpr1 axis regulates the mitochondrial fission of
neutrophils
Previous studies have indicated that ANXA1 and its analog peptides
induce apoptosis and inhibit the intratissular accumulation of neu-
trophils by causing rapid and transient changes in intracellular Ca2+

concentration29–31. However, the underlying molecular mechanisms
remain poorly understood. Therefore, we used flow cytometry to sort
Sell+ neutrophils from Resi; Fpr1cKO-Con and Resi; Fpr1cKO groups 3 days
after Tamoxifen injection. These isolated cells were then subjected to
mRNA-seq for further analysis.

Through gene set enrichment analysis (GSEA), we found that
upregulated genes in the Fpr1cKO-Con groupwere significantly enriched
in the “GOBP_ORGANELLE_FISSION” pathway, while downregulated
genes were significantly enriched in pathways related to maintaining
normal mitochondrial function (Fig. 5A, B). Mitochondria are known
as key organelles for regulating apoptosis and maintaining calcium
homeostasis32. Gene Ontology (GO) enrichment analysis revealed
that downregulated genes were significantly enriched in “regulation
ofmembrane potential” and “response to oxidative stress” pathways,
while upregulated genes were significantly enriched in “negative
regulation of organelle organization” pathways, consistent with the
GSEA results (Fig. 5C). Based on these findings, we hypothesize that
mitochondrial fission occurs in the Fpr1cKO-Con group. Electron
microscopy andMitoTracker fluorescence results from the HL60 cell
line showed that mitochondrial fission mediated by the ANXA1-FPR1
axis results in the fragmentation of mitochondria into smaller units
(Fig. 5D; Supplementary Fig. 8A). Moreover, we observed that treat-
ment of sorted Fpr1+ neutrophils with Anxa1 induced mitochondrial
fission (Supplementary Fig. 8B). This result was consistently con-
firmed through electron microscopy (Supplementary Fig. 8C).
Additionally, we found a significant downregulation of Bnip3 in the
Fpr1cKO-Con group (Fig. 5E–G; Supplementary Fig. 8D). Bnip3 primarily
regulates mitophagy33, a cellular self-protection mechanism that
eliminates damaged mitochondria caused by fission34. When mito-
phagy is suppressed, mitochondrial rupture occurs, leading to the
release of Cytochrome C and subsequent cell apoptosis35. Figure 5D
shows that in the ANXA1+; shCTR group, mitochondria underwent
fission but did not undergo mitophagy, and Cytochrome C was
detected in the cytoplasm of cells from the ANXA1+; shCTR
group (Fig. 5H).

To summarize, the Anxa1-Fpr1 axis mediates mitochondrial
fission in neutrophils and inhibits mitophagy by downregulating
Bnip3 expression. This results in mitochondrial rupture and
the release of Cytochrome C, which induces apoptosis in neu-
trophils. Ultimately, this process may prevent the recruitment of
cytotoxic γδT and Cd8 T cells to the HNSCC tumor lesions in
resistant tumors.

Fig. 2 | Characterization of resistant tumor cells against combination therapy.
A The UMAP plot shows five epithelial subtypes in distinct colors, with bar graphs
indicating their quantities. B The UMAP plot (left) shows the distributions of con-
trol, resistant, and sensitive groups, with cell proportions (center) and subtype
compositions (right). C Heatmap of top 10 signature genes for three groups.
D CellChat circle plot shows differences in intercellular communication number
and strengthbetween twogroups.ETheUMAPplot shows 11 immunecell subtypes,
with bar graphs indicating their numbers. F The UMAP plot shows 11 immune
subtypes across two groups. G CellChat analysis compares epithelial-immune
information flow in Resi and Sens groups, with relative (left) and absolute (right)
flow shown. H Scatter plot of ANNEXIN pathway signaling in cell clusters from
CellChat analysis. Bubble plots from CellChat (I) and CellPhoneDB (J) show epi-
thelial subtype communication with Neu1 receptors and ligands. P values were
calculated using a permutation test, assessing the significance of cell-cell com-
munication by comparing observed mean expression with a null distribution

generated by random permutations (I). P values were calculated using a permuta-
tion test, which generates a null distribution by randomly shuffling cell labels to
determine the specificity of interactions (J). P values are one-sided and exact.
K Violin plot (left) and FeaturePlot (right) show Anxa1 expression in epithelial cells
across groups. The box plot elements are defined as described in the Statistics and
Reproducibility section. Each group includes cells from 3 mice. P values were cal-
culated one-way ANOVA. L Violin plot showing Anxa1 expression across epithelial
cell subtypes. The box plot elements are defined as described in the Statistics and
Reproducibility section. Each group includes cells from 9 mice. P values were cal-
culated one-way ANOVA.M Representative IHC staining and score of Anxa1 in
HNSCC. n = 6 control, n = 6 resistant, n = 8 sensitive mice. Scale bar = 65μm. Data
shown as as mean ± SD. P values were calculated one-way ANOVA with Tukey’s
multiple comparisons test. Source data and exact p values are provided as a Source
Data file.
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Sox9 mediates resistance in HNSCC by acting as a transcription
factor for Anxa1
To delve further into the specific mechanisms of resistance to com-
bination therapy, we proceeded with an in-depth exploration and
analysis of scRNA-Seq data. The transcription factors obtained from
SCENIC analysis in epithelial cells were intersected with the specific
markers for E-resi1 and E-resi2, resulting in the identification of a

unique transcription factor, Sox9 (Fig. 6A). Similar toAnxa1, scRNA-seq
analysis reveals significant enrichment of Sox9 expression in both
resistant subclusters (E-resi1 and E-resi2) and the resistant group
(Fig. 6B, C). IHC results also demonstrated a significantly higher
expression level of Anxa1 in the resistant group compared to the
sensitive group (Fig. 6D). Analysis from the Cistrome database also
revealed significant binding signals of Sox9 on the Anxa1 promoter
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(Supplementary Fig. 9A). Subsequently, we conducted chromatin
immunoprecipitation (ChIP) using a Sox9-specific antibody on geno-
mic DNA isolated from mouse HNSCC tissues of the resistant group
and detected the enrichment of Sox9 on the Anxa1 promoter (Fig. 6E).
To ascertain whether Sox9 binding to the Anxa1 promoter induces
transcription, Anxa1 promoter sequences containing a putative bind-
ingmotif (the retrieval of bindingmotif information was sourced from
the footprintDB database) were used to generate luciferase reporter
constructs and motif-deleted controls (Fig. 6F). As evidenced by luci-
ferase activity, the overexpression of Sox9 inMoc1 cells containing the
reporter construct significantly induced the transcription from the
Anxa1 gene. The deletion of the Motif abolished Anxa1 promoter
induction (Fig. 6G). Furthermore, through double IF staining, we
observed colocalization of Sox9 and Anxa1 within the same cells of the
resistant group (Fig. 6H). Taken together, these findings suggest that
Sox9 binds to the Anxa1 promoter, probably in the Motif region,
inducing Anxa1.

To further explore the role of Sox9+ cells in drug resistance, we
employed a multi-generational crossbreeding strategy involving
K14DreER, Sox9CreER, Ai66-Tomato, and DTR tool mice. This yielded
K14DreER; Sox9CreER; Ai66-Tomato; DTR+/− (DTR+) and K14DreER;
Sox9CreER; Ai66-Tomato (DTR−) mice (Fig. 7A and Supplementary
Fig. 9B). Firstly, using K14DreER; Sox9CreER; Ai66-Tomato mice, we
observed continuous development of Sox9+ epithelial tumor cells in
resistant samples (Supplementary Fig. 9C). Employing the aforemen-
tioned treatment regimen, we obtained DTR− andDTR+mice resistant
to combined therapy (Fig. 7A). Compared to the DTR− group, the loss
of Sox9+ cells resulted in a significant reduction in both lesion count
and area (Fig. 7B, C). Histological analysis revealed that the loss of
Sox9+ cells reversed the resistance of HNSCC to combination therapy
(Fig. 7D, E). IHC staining reveals that the absence of Sox9+ cells in the
DTR+ group leads to the concomitant loss of Anxa1 compared to the
DTR− group (Fig. 7F, G). Concurrently, the depletion of Sox9+ cells
reversed the accumulation of Fpr1+ neutrophils in the lesion area
(Fig. 7H). Gzma+γδT cells and Gzma+Cd8 T cells became enriched in
the lesion area of the DTR+ group (Fig. 7I, J).

Specific ablation of Anxa1 in Sox9+ cells will facilitate the in vivo
validation of our findings. Therefore, we proceeded to crossbreed
Sox9CreER tool mice with Anxa1flox/flox mutant mice, resulting in
Sox9CreER; Anxa1flox/flox (Sox9-Anxa1cKO) and Sox9CreER; Anxa1wt/wt

(Sox9-Anxa1cKO-Con) mice (Supplementary Fig. 10A). Following the pre-
viously mentioned protocol, we acquired Sox9-Anxa1cKO-Con and Sox9-
Anxa1cKO mice resistant to combined therapy (Supplementary
Fig. 10A). Consistently, in resistant samples of HNSCC, the elimination
of Anxa1 from Sox9+ cells resulted in a reduction in the number, area,
and malignancy of the lesion surface (Supplementary Fig. 10B–D).
Moreover, in comparison to the Sox9-Anxa1cKO-Con group, there was a
reduction in cell proliferation within the HNSCC lesion area in the
Sox9-Anxa1cKO group (Supplementary Fig. 10E). IHCwith anti-Sox9 and
anti-Anxa1 revealed that, in resistant samples, the expression of Sox9
in the control and knockdown groups remained unaffected, while the
expression of Anxa1 was significantly suppressed in the Sox9-Anxa1cKO

group (Supplementary Fig. 10F, G). Consistently, the absence of Anxa1
results in the failure to induce apoptosis in Fpr+neutrophils, leading to
their accumulation in the lesion area (Supplementary Fig. 10H). This, in
turn, may recruit Gzma+γδT cells and Gzma+Cd8 T cells for the era-
dication of HNSCC cells (Supplementary Fig. 10I, J).

Discussion
PD-1, an immune checkpoint inhibitor (ICI), is crucial in local immune
suppression within the tumor microenvironment (TME). Unlike tradi-
tional approaches such as surgery, radiotherapy, and chemotherapy,
which aim to target and kill tumor cells, the core principle of immu-
notherapy is to mobilize and activate the patient’s immune system to
control and eliminate tumor cells, thereby achieving cancer inhibition
or cure. This has made immunotherapy a new trend in controlling
tumor initiation, growth, and progression36–39. With the widespread
use of anti-PD-1/PD-L1 therapy, resistance issues have emerged across
various types of tumors9,40. Consequently, this led to the development
of a combination of anti-PD-1 and anti-LAG-3 antibody therapy, with
LAG-3 being referred to as “the third checkpoint inhibitor”41. None-
theless, our research and that of others indicate the presence of
resistant individuals even with the use of this combination therapy5.
We discovered through techniques such as transgenicmice and single-
cell RNA sequencing (scRNA-seq) that in HNSCC, epithelial cells with
high Sox9 expression initiate the transcription of Anxa1. This process
mediates mitochondrial fission and inhibits mitophagy in Fpr1+ neu-
trophils, leading to apoptosis and preventing their accumulation in
tumor tissue. Consequently, this hinders the migration of cytotoxic
Cd8T and γδT cells into the tumor tissue, leading to therapy resistance
in HNSCC cells.

Research has indicated that SOX9 is overexpressed in some cases
of HNSCC, and its increased expression has been associatedwithmore
aggressive tumor behavior and poorer prognosis42. It has been linked
to promoting cell proliferation, invasion, and metastasis in HNSCC
cells43. Additionally, in a study on oral squamous cell carcinomas
(OSCC), researchers found that resistance to cisplatin and drug-
induced adaptation was associated with increased expression of
SOX944. In our study, we identified Sox9 as a transcription factor for
Anxa1, initiating its expression and thereby mediating HNSCC resis-
tance to combination therapy.

ANXA1belongs to the annexin superfamily ofmembraneproteins,
binding to acidic phospholipids in a calcium-dependentmanner.While
ANXA1 is normally located in the cytoplasm, it canalsobe secreted into
the extracellular environment, where it modulates cellular behavior
through activation of FPR1 via autocrine, paracrine, or exocrine
pathways45,46. ANXA1 is known tomediate neutrophil apoptosis during
inflammatory responses, thereby inhibiting the persistence of
inflammation47. While neutrophils play a crucial role in effective host
defense, their excessive accumulation and prolonged activity can
cause tissue damage and inflammatory stimuli48,49. Persistent inflam-
matory stimuli can lead to chronic inflammation, ultimately harming
the host50. While ANXA1 plays a positive role in suppressing chronic
inflammationduring inflammatory stimuli, it exhibits pro-carcinogenic

Fig. 3 | Fpr1+ neutrophils are associated with cytotoxic T cells. A FeaturePlot
shows Fpr1 expression in immune cells. B Representative IHC staining and score of
Fpr1 in HNSCC. Scale bar = 65μm. n = 6 resistant, n = 8 sensitive mice. Data shown
as mean± SD. P value is presented by two-tailed unpaired Student’s t test. C The
UMAP plot shows two neutrophil subtypes in different colors, with bar graphs
indicating their quantities. D Velocity analysis was conducted on neutrophils from
two groups. Arrows in the figure indicate the predicted direction of cellular evo-
lution. E CytoTRACE analysis was performed on neutrophils from two groups. The
color intensity in the figure indicates the predicted evolutionary order of cells.
F CellCycleScoring analysis showed no proliferative difference between neutrophil
subtypes. Left: UMAP plot of overall cell cycle. Middle: Proportions of cell cycle
stages in subtypes. Right: UMAPplot of neutrophil cell cycles in each group.GAfter

14 and 21 days of combination therapy, immunofluorescence staining was per-
formed on HNSCC tissues from bothmouse groups. Epithelial tissues were stained
with anti-Fpr1 (green), anti-Ly6g (red), andDAPI (blue) for nuclei. Scale bar = 30μm.
On the right, percentages of Ly6g+Fpr1+ cells by area and number are shown. d14:
n = 6 resistant, sensitive mice; d21: n = 6 resistant, n = 8 sensitive mice. Data shown
as mean± SD. P values are presented by two-tailed unpaired Student’s t test.
H Representative flow cytometry plots (left) and analysis (right) of Ly6g+Fpr1+
neutrophils in different groups. The experiment was independently repeated three
times. Data shown as mean ± SD. P value is presented by two-tailed unpaired Stu-
dent’s t test. I Comparative analysis of Neu1 and T cell information flow in Resi and
Sens groups via CellChat. Left: relative flow, right: absolute flow. Source data and
exact p values are provided as a Source Data file.
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Fig. 4 | Fpr1+ neutrophils are associated with cytotoxic T cells. A The experi-
mental design of the HNSCC tumorigenesis model and treatment strategy in the
Resi; Anxa1cKO-Con and Resi; Anxa1cKO groups. B Representative image of tongue
visible lesions in Resi; Anxa1cKO-Con and Resi; Anxa1cKO groups. n = 6 mice in each
group. Scale bar, 2mm. C Quantification of HNSCC lesion number and lesion area
(mm3) in Resi; Anxa1cKO-Con and Resi; Anxa1cKO groups. n = 6mice in each group. Data
shown asmean ± SD. P values are presented by two-tailed unpaired Student’s t test.
D Representative H&E staining of HNSCC and Quantification of HNSCC invasion
grades inResi; Anxa1cKO-Con and Resi; Anxa1cKO groups. Scale bar, 65 μm. n = 6mice in
each group. Statistical significance was assessed using the Pearson chi-square test.
P value is exact and two-sided. Representative IHC staining and IHC Score of Ki67

(E), Anxa1 (F), and Fpr1 (G) in HNSCCof Resi; Anxa1cKO-Con and Resi; Anxa1cKO groups.
The scale bar is 65μm. n = 6mice in each group. Data shown asmean± SD. P values
are presented by two-tailed unpaired Student’s t test. Representative immuno-
fluorescence staining of Gzma+γδT (H) or Gzma+Cd8 T (I) cells in mouse HNSCC
tissues from Resi; Anxa1cKO-Con and Resi; Anxa1cKO groups. Epithelial tissues were
stained with anti-Gzma antibody (green) and anti-Tcr g/d (H) or anti-Cd8a (I)
antibody (red). Cell nuclei were stained with DAPI (blue). Scale bar, 30μm. On the
right, the corresponding percentages of Gzma+γδT (H) or Gzma+Cd8 T (I) cells in
terms of area and number are provided. n = 6 mice in each group. Data shown as
mean ± SD. P values are presented by two-tailed unpaired Student’s t test. Source
data and exact p values are provided as a Source Data file.
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effects in tumor tissues. Recent studies increasingly suggest
that ANXA1 promotes tumor progression51,52. Compared to adjacent
non-cancerous tissues, elevated expression of ANXA1 is observed in
cancerous tissues, which is often associated with poorer prognosis
and lower overall survival rates in patients53,54, such as in lung cancer
(LC)55, colorectal cancer (CRC)56, and triple-negative breast cancer
(TNBC)57,58. Particularly, high levels of ANXA1 expression are

consistently observed in TNBC57,58. ANXA1 induces a favorable tumor
microenvironment, promoting invasion and tumor progression across
various cancers51. In this study, we found that in samples resistant to
combination therapy, tumor cells activated mitochondrial fission in
neutrophils within the tumor tissue via the Anxa1-Fpr1 axis and inhib-
ited the expression of Bnip3, which mediates mitophagy through the
same axis.
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Neutrophils, circulating in the bloodstream, serve as the first line
of defense against microbial infections and can be rapidly recruited to
sites of injury to combat infections59. There are numerous interactions
and regulatory mechanisms between epithelial cells and neutrophils.
During intestinal inflammation, neutrophils are rapidly recruited by
epithelial cells through a series of chemotactic gradients from the
microcirculation60. In inflammatory bowel disease (IBD), neutrophil
activity is elevated, leading to the release of inflammatory mediators
such as cytokines and chemokines, which promote the infiltration of
inflammatory cells, tissue damage, and ulcer formation, resulting in
mucosal inflammation and injury61. Studies have also shown that in
IBD, PAD4 derived fromneutrophils can enter intestinal epithelial cells
via extracellular vesicles (EVs), inducing epithelial cell apoptosis62.
Additionally, alveolar epithelial cells can mitigate neutrophil-induced
inflammation in lung injury by regulating mitochondrial fatty acid
oxidation63. Inmice, an inducible long non-codingRNA (lncRNA) called
lnc-Cxcl2, located at the Cxcl2 gene locus in lung epithelial cells;
feedback inhibits neutrophil-mediated pulmonary inflammation dur-
ing influenza infection64. However, increasing attention has been paid
to the role of neutrophils in cancer65. Recent studies have reported
that, in transplant tumor models, a subset of neutrophils expressing
the receptor tyrosine-protein kinase MET (also known as HGFR) can
directly kill cancer cells through the release of nitric oxide upon
activation66. Neutrophils can also indirectly combat cancer by creating
an anti-tumor microenvironment. In human lung cancer, researchers
have identified neutrophils with an antigen-presenting cell-like phe-
notype that triggers anti-tumor T cell responses, thereby supporting
anti-cancer activity67.

Tumor-infiltrating immune cells are crucial for the efficacy of
immunotherapy, with CD8 T cells being key effectors of anti-tumor
immunity68. CD8 T cells mediate their functions through various
mechanisms, including the release of granules containing perforin
and granzymes at target cells. Granzymes comprise a family of
cytotoxic proteases, each targeting unique substrates within target
cells, typically inducing cell death69. Recent studies have indicated
that CD8+ TILs are considered pivotal in the treatment of HNSCC
with neoadjuvant chemoimmunotherapy70. γδT cells, a non-
traditional T cell subset, are emerging as a promising component
in immunotherapy, demonstrating remarkable anti-tumor potential
and therapeutic prospects71. γδT cells are a major component of
intraepithelial lymphocytes in mucosal tissues72. Numerous experi-
mental and clinical data suggest that γδT cells possess anti-tumor
properties73,74. High levels of γδT cells are positively correlated with
lower clinical stages and improved overall survival75. γδT cells can
exert direct cytotoxic effects on cancer cells by releasing cytotoxic
molecules, such as perforin and granzymes76. Studies have shown
that γδT cells are present in the tumor microenvironment of some
HNSCC cases, suggesting their involvement in the immune response

against cancer77. However, HNSCC can create an immunosuppressive
microenvironment, which may hinder the activity of immune cells,
including CD8 T, γδT, and CD4 T cells77. PD-1 inhibits γδT cell acti-
vation by dampening TCR signaling and interfering with co-
stimulatory signals, resulting in γδT cell dysfunction78. Elevated
expression of PD-1, TIM-3, and LAG-3 may even drive γδT cells into a
“super anergy” state79.

This study primarily employed the 4NQO-induced HNSCCmouse
model. The advantages of using mouse models include shorter
breeding cycles, higher tumor growth rates, and ease of genetic
manipulation. In addition, a comprehensive and widely available
transgenicmouse repository, such as the Jackson Laboratory, has been
well-established80. In immunotherapy research, mouse models facil-
itate the design of more complex treatment regimens, particularly for
novel immune inhibitors. Furthermore, they allow for the collection of
a broader range of experimental samples and data during subsequent
observations6–8. Cancer induced by carcinogen treatment in mice
more closely resembles sporadic human cancers and allows for the
tracking of the entire precancerous progression81,82. Mice expressing
fluorescent protein (FP)-tagged genes provide intuitive visualization
and enhanced cellular andmolecular resolution during signal pathway
studies83. These features offer significant advantages and open up
more possibilities for investigating the molecular signaling pathways
of immunotherapy. However, the translation of promising immu-
notherapy results or resistance mechanisms from preclinical trials to
clinical settings remains a challenge, as high failure rates have been
observed in human clinical trials despite promising outcomes in
mouse models84–86. This may be due to limitations inherent in trans-
genic technologies, which result in discrepancies between the resis-
tancemechanisms validated inmousemodels and their applicability to
clinical settings. For example, inserting reporter genes or recombinant
enzyme genes into a framework containing the endogenous ATG gene
results in the loss of gene function in heterozygotes, leading to a 50%
reduction in gene expression, which significantly impacts cellular
biology87,88. Besides, differences in the immune systemsofhumans and
mice (60% homology) may contribute to the divergence between
preclinical and clinical findings. For instance, inhibitory receptors on
NK cells that recognizeMHC class Imolecules differ and do not exhibit
cross-reactivity (human KIR versus mouse Ly49s)84,89. In mouse mod-
els, the genome is homogeneous, which makes it challenging to fully
replicate the comprehensive landscape of immune therapy and resis-
tance mechanisms observed in clinical settings due to the individual
tumor characteristics84. These limitations hinder the translation of
resistance mechanisms identified in immune therapy mouse models
into clinical practice.

In sum, our findings offer a comprehensivemolecularmechanism
explanation for the combined anti-PD-1 and anti-LAG-3 antibody
therapy in cancer.

Fig. 5 | Anxa1-Fpr1 axis regulated the mitochondrial fission of neutrophils.
A GSEA was performed in the Resi; Fpr1cKO-Con and Resi-Fpr1cKO groups to compute
an enrichment score (ES) for gene set overrepresentation in a ranked mRNA-seq
list. A positive ES indicates top enrichment, while a negative ES indicates bottom
enrichment. B The ridgeline plot displays GSEA core gene fold changes (positive:
upregulated; negative: downregulated). P values were calculated using a permu-
tation test, evaluating the significance of pathway enrichment by comparing the
observed enrichment score (ES) with a null distribution generated through random
permutations of gene sets. P values are one-sided and adjusted for multiple com-
parisons using the Benjamini-Hochberg method. C GO-BP enrichment of up/
downregulated genes in Resi; Fpr1cKO-Con VS Resi-Fpr1cKO, annotated with p values
(yellow numbers). P values were calculated using the hypergeometric test to eval-
uate the significance of gene set enrichment. The test was one-sided, and P values
were adjusted for multiple comparisons using the Benjamini-Hochberg method.
D Representative electron microscopy images of mitochondria from four groups.

Scale bar, 400nm. The experiment was independently repeated three times.
Knockdown group selected using shFPR1-2. E Volcano plot of Resi; Fpr1cKO-Con VS
Resi; Fpr1cKO mRNA-seq data highlights Bnip3(red) among differentially expressed
genes (threshold: p <0.05, |Log2FC| > 1). n = 3 mice in each group. P values were
calculatedusing theWald test to evaluate the significance. The testwas two-sided.P
values were adjusted for multiple comparisons using the Benjamini-Hochberg
method. F Representative immunofluorescence staining of HL60 cells from four
groups. Knockdown group selected using shFPR1-2. Cells were stained with anti-
BNIP3 (green) and DAPI (blue) for nuclei. Scale bar = 15μm. Right: percentages of
BNIP3+ cells by area and number. The experiment was independently repeated
three times. Data shown as mean± SD. P values were calculated one-way ANOVA
with Tukey’smultiple comparisons test.GBNIP3protein levels (WB) in four groups,
with α-Tubulin as loading control.HWB analysis of Cytochrome c inmitochondria-
free cytoplasmic proteins from four groups, with α-Tubulin as loading control.
Source data and exact p values are provided as a Source Data file.
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Methods
Ethics statement
All animal studies described in this research were approved by the
Institutional Animal Care and Use Committee, Sun Yat-Sen University
(IACUC, SYSU). The animals were housed under specific pathogen-free
conditions andmanaged at the ExperimentalAnimal Center of SunYat-
sen University. Approval numbers are SYSU-IACUC-2020-000437,
SYSU-IACUC-2021-000121, and SYSU-IACUC-2023-000861. The

Committee limits tumor growth to no more than 10% of the animal’s
original body weight and the average tumor diameter to no more
than 20mm.

Animal studies
K14CreER (Strain ID: 005107) and Sox9CreER (Strain ID: 018829) mouse was
obtained from the Jackson Laboratory (Bar Harbor, ME, USA). K14DreER

(Strain ID: NM-KI-190125) and R26-Ai66-DTR (Strain ID: NM-KI-190086)
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mice were purchased from Shanghai Model Organisms (Shanghai,
China). R26-Ai66-tdTomato mice were generated as previously
described90. WT C57BL/6, LyzCreER (Strain ID: T052789), Anxa1flox (Strain
ID: T016067), and Fpr1flox (Strain ID: T052005)micewere obtained from
GemPharmatech (Nanjing, China). All animal subjects were accom-
modated under specific pathogen-free conditions, maintained on a 12 h
light/dark circadian cycle, and granted ad libitum access to sustenance
and hydration. All animal protocols received ethical clearance from the
IACUC, SYSU, under the protocol numbers SYSU-IACUC-2020-000437,
SYSU-IACUC-2021-000121, and SYSU-IACUC-2023-000861.

In our in vivo experiments, we ensured no bias in the selection of
the sex of the mice. Each experimental group was randomly assigned
an approximately equal distribution of male and female mice to
maintain gender balance. For HNSCC induction in mice, 6-week-old
mice were provided with water containing 4NQO (Sigma, N8141, dilu-
ted to 100 µg/mL) for 16 weeks. After that period, mice were given
normal drinking water without 4NQO for another 8 weeks.

For the single or dual antibody blockade experiments, following a
previously published dosing strategy20, mice were injected i.p. at a
dosage of 10mg/kg for anti-PD-1 (BioXcell, BE0146) and/or anti-LAG-3
(BioXcell, BE0174) after 8 weeks of normal water intake and the
development of palpable tumors. Control rat IgG (BioXCell; BE0089,
BE0088) was dosed at 20mg/kg or added to individual anti-PD-1 or
anti-LAG-3 antibody treatments at 10mg/kg20. The injections were
administered every 3 days. As previously described91, tumor volume
was measured using calipers or MRI, with maximum diameters recor-
ded in three orthogonal directions (length, width, height). The tumor
volume was then calculated using the cuboid formula V = (π/6) × (L ×
W×H)/1000. For tumors that were not solitary, individual volumes
were summed after calculation. The invasiveness of HNSCC was
assessed using previously published methods92: showing signs of
normal or epithelial dysplasia appearance (grade 1); distinct invasion,
unclearness of the basement membrane, drop and diffuse infiltration
into the superficial portion of the muscle layer (grade 2); loss of the
basement membrane, extensive invasion into deep muscle layer
(grade 3). As previously described93–95, CD8 T and γδT cell depletion in
mice was performed. After identifying the Sens mice, they were
injected i.p. with 200 µg of anti-CD8α (BioXcell, BE0061) and anti-TCR
γ/δ (BioXcell, BE0070) or the appropriate isotype-matched control
antibodies (BioXcell, BE0090, BE0091) every 4 days. This treatment
was carried out over a 2-week period.

Cell culture and generation of mutant cell lines
The mouse Moc1 cell line was purchased from KERAFAST, INC. (Bos-
ton, MA, USA, EWL001-FP). HL60 cell line was purchased from the
National Collection of Authenticated Cell Cultures (NCACC). 293 T cell
line was obtained from the American Type Culture Collection (ATCC).
Moc1 and 293T cell lines were in a 1:1 mixture of Dulbecco’s modified
Eagle’s medium and Ham’s F12 medium (DMEM/F12, Gibco,
C11330500BT)media supplementedwith 10% fetal bovine serum (FBS,
Gibco, 10270-106) and 1% penicillin/streptomycin (Gibco, 15140-122).

Using previously published co-culture methods96–98, sorted Fpr1+
neutrophilswere co-culturedwith (or)Cd45+Cd3+T cells inRPMI 1640
(Gibco, 11875500BT) supplemented with 10% FBS and 1% penicillin/
streptomycin. To maintain neutrophil activity, Lipopolysaccharides
(LPS, MCE, HY-D1056) were added at a concentration of 100 ng/mL97.
HL60 was cultured in Iscove’s Modified Dulbecco’s Medium (IMDM,
Gibco, 12440053) supplemented with 20% fetal bovine serum (FBS,
Gibco, 10270-106) and 1% penicillin/streptomycin (Gibco, 15140-122) at
a 37 °C incubator containing 5% CO2. Following previous research
methods, 1.25% dimethyl sulfoxide (DMSO, TargetMol, T0341) was
used to induce HL60 cells to differentiate along the granulocytic
pathway99.

For stable knockdown of FPR1 in HL60 cells, we utilized the
experimental protocol from our previous study100. Briefly, shRNAs
(Supplementary Table 2) targeting FPR1 were inserted into the pLKO.1
plasmid and then co-transfected into 293T cells along with the
packaging vector psPAX2 and the envelope vector pMD2.G using
Lipofectamine 2000 reagent (Invitrogen, 11668019). The supernatant
containing lentivirus was collected and added to the culture medium
of HL60 cells in the presence of 10μg/mL Polybrene (YEASEN,
40804ES76). After 48h, positive clones were selected using 2.5μg/mL
puromycin (Beyotime, ST551-250mg). Following a previously pub-
lished method, HL60 cells were incubated with 500 nM ANXA1 (MCE,
HY-P7512) for 6 h, or sorted Fpr1+ neutrophils were incubated with
500 nM Anxa1 (MCE, HY-P72078) for 6 h31. Following the manu-
facturer’s instructions, Fpr1+ neutrophils treated with or without
Anxa1 were stained with MitoTracker Red (Thermo Fisher, A66443)
and Hoechst 33342 (Beyotime, R0305S-6) under light-protected con-
ditions at 37 °C for 20min. After staining, images were captured using
a super-resolutionmicroscope (Nikon, Tokyo, Japan) in SIMmode. For
luciferase reporter assay, pZX001-Anxa1-promoter-WT or pZX001-
Anxa1-promoter- MUT was transfected into Moc1 cell lines with Sox9
overexpression. After incubation at 37 °C for 48 h, the luciferase
activity was measured and analyzed using Renilla-Firefly Luciferase
Dual Assay Kit (MCE, HY-K1013) according to the manufacturer’s
instructions. Further details on reagents can be found in Supplemen-
tary Table 2.

MRI acquisition and interpretation
For MRI imaging, mice were anesthetized with an intraperitoneal
administration of ketamine/xylazine. All mice were scanned with a
3.0T MR scanner (MAGNETOM Vida, Siemens Healthcare, Erlangen,
Germany) using a 16-channel mouse coil (CG-MUC48-H300-AS,
Shanghai Chenguang Medical Technology Co., Ltd., Shanghai, China).
The imaging protocol comprised axial T2-weighted imaging (T2WI)
with turbo spin echo (TSE), coronal T2WI with TSE, and axial T1-
weighted imaging (T1WI) with StarVIBE.

ELISA
Following the instructions provided by the kit (Supplementary
Table 2), briefly, the cell culture supernatant was centrifuged at

Fig. 6 | Sox9 mediates resistance in HNSCC by acting as a transcription factor
for Anxa1. A Venn diagram of genes identified by FindMarkers and SCENIC ana-
lyses. B Violin plot (left) shows Sox9 expression across groups, and FeaturePlot
(right) depicts Sox9expression inepithelial cells. Theboxplot elements aredefined
as described in the Statistics and Reproducibility section. Each group includes cells
from 3mice. P values were calculated one-way ANOVA. C Violin plot showing Sox9
expression across epithelial cell subtypes. The box plot elements are defined as
described in the Statistics and Reproducibility section. Each group includes cells
from 9 mice. P values were calculated one-way ANOVA. D Representative IHC
staining and score of Sox9 in HNSCC. n = 6 control, n = 6 resistant, n = 8 sensitive
mice. Scale bar = 65μm. Data shown as mean ± SD. P values were calculated one-
way ANOVA with Tukey’s multiple comparisons test. E ChIP of genomic DNA from
resistant mouse HNSCC tissues was performed with a Sox9-specific antibody. Left:

gel image, right: qPCR analysis of Anxa1 promoter ChIP signal relative to IgGgroup.
Two primer pairs were used. The experiment was independently repeated three
times. Data shown as mean ± SD. P values are presented by two-tailed unpaired
Student’s t test. F Luciferase reporter assay assessed Anxa1 promoter activity in
Moc1 cells. A schematic diagram shows cloning the Anxa1 promoter into the
pZX001 vector to generate pGL3 luciferase plasmid. Bindingmotif information was
retrieved from footprintDB database.G The relative activity of the Anxa1 promoter
was detected by luciferase assay across the three groups. The experiment was
independently repeated three times. Data shown as mean ± SD. P values were cal-
culated one-way ANOVAwith Tukey’s multiple comparisons test.H Representative
immunofluorescence colocalization of Anxa1 (red) and Sox9 (green) in Resi mouse
HNSCC tissues. Nuclei counterstained with DAPI (blue). Scale bar = 20μm. Source
data and exact p values are provided as a Source Data file.
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1000 × g for 10min to remove impurities and cell debris, and the
supernatant was set aside. Standard, blank, and sample wells were
prepared. In the standard wells, 100μL of diluted standard solution
was added, while 100μL of standard and sample dilution buffer was
added to the blank wells. In the remaining wells, 100μL of the test
samples were added. The plate was then sealed and incubated at 37 °C

for 90min. After incubation, the liquid was discarded from each well,
and 100μL of biotinylated antibody working solution was added to
each well, followed by incubation at 37 °C for 1 h. Subsequent steps
includedwashing,HRPenzymebinding, addition of substrate solution,
and termination solution. The optical density (OD) at 450nm was
measured using a microplate reader.
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Histologic evaluation and immunohistochemical staining
For hematoxylin and eosin (H&E) staining, tumor tissues collected
from mice were immediately fixed in formalin post-dissection. The
fixed tissues underwent dehydration in ethanol, followed by soaking in
histoclear, and were then embedded in paraffin. The processed tissues
were sectioned (5μm) with a microtome (Leica Histocore Biocut). The
sections were deparaffinized and stained using the H&E staining kit
(Solarbio, G1120-3). For immunohistochemistry (IHC) staining, sec-
tions were deparaffinized and treated with 3% hydrogen peroxide
(H2O2) in water for 10min. Antigen retrieval was conducted by
immersing sections in 10mM citrate buffer (pH 6.0) for 10min. Sub-
sequently, the sections were treated with 5% BSA Blocking Buffer
(Solarbio, SW3015) for 10min and incubated overnight at 4 °C with
primary antibodies: anti-Caspase3 (Cell Signaling Technology, 9661S,
1:200), anti-Ki67 (Novus, NB500-170, 1:200), anti-Annexin I (Santa
Cruz, sc-12740, 1:200), anti-Sox9 (Merckmillipore, AB5535, 1:200), and
anti-Fpr1 (Immunoway, YT1768, 1:100). The slides were then incubated
with goat anti-rabbit or goat anti-mouse horseradish peroxidase-
conjugated secondary antibodies for 30min at room temperature,
followed by treatment with 3,3′-diaminobenzidine (DAB) and coun-
terstaining with hematoxylin. Further details on antibodies and
reagents can be found in Supplementary Table 2. The intensity of
staining was scored, and the percentage of positively stained areas in
tumor cells relative to the entire tumor areawas calculated for analysis.

Immunofluorescence staining
Mouse HNSCC tumors were dissected and fixed overnight in 4% par-
aformaldehyde in PBS. The samples were then rinsed with cold PBS,
equilibrated in 30% sucrose in PBS overnight, and embedded in OCT
(Tissue Tek, 25608-930). Tissue sections or cell climbing sheets were
permeabilized with 1% Triton™ X-100 (Sigma-Aldrich, X-100) and
stained with primary antibodies: anti-BNIP3 (Cell Signaling Technol-
ogy, 44060, 1:100), anti-Sell (Santa Cruz, sc-390756, 1:200), anti-Ly6g
(Abcam, ab25377; 1:100), anti-Fpr1 (Immunoway, YT1768; 1:100), anti-
Granzyme A (ABclonal, A6231; 1:100), anti-Cd8a (Abcam, ab93278;
1:100), anti-Tcr g/d (Invitrogen, 13-5711-82; 1:100), anti-Annexin I (Santa
Cruz, sc-12740, 1:200) and anti-Sox9 (Merck millipore, AB5535, 1:200).
The antigens were then visualized using corresponding secondary
antibodies conjugated with DyLight 488 and Fluor 594. Nuclei were
counterstained with DAPI (Solarbio, C0065) at a dilution of 1:1000 for
1min. Further details on antibodies and reagents can be found in
Supplementary Table 2. Images were captured using an upright
fluorescence microscope (ZEISS, Germany).

Protein extraction and western blot
Total proteins from the cells were extracted using RIPA lysis buffer
(TIANYA BIO, P1024) supplemented with protease inhibitors. To
obtain cytoplasmic proteins free of mitochondria, we followed the
instructions of the Cell Mitochondria Isolation Kit (Beyotime Bio-
technology, C3601) to isolate mitochondria-free cytoplasmic proteins
from the cells. Proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE, EpiZyme, PG11X) and
transferred onto polyvinylidene fluoride (PVDF) membranes (Merck

Millipore, IPVH00010). The membranes were incubated with primary
antibodies against BNIP3 (Cell Signaling Technology, 44060, 1:2000),
Cytochrome C (Cell Signaling Technology, 11940, 1:2000) and α-
Tublin (Proteintech, 66031-1-Ig, 1:2000). Visualization of the blots was
performedusing the enhanced chemiluminescence (ECL)methodwith
species-specific horseradish peroxidase-conjugated secondary anti-
bodies from Proteintech (anti-rabbit, SA00001-2, 1:2000; anti-mouse,
SA00001-1, 1:2000).

Sample preparation and imaging for transmission electron
microscopy
Cell lysates were fixed at 4 °C for over 2 h using 2.5% neutral glutar-
aldehyde (Alfa Aesar, A17876). Following fixation, the samples were
washed six times with PBS, each for 30min. Subsequently, they were
fixed again using 1% osmium acid (Ted Pella, 18456) at 4 °C for 1.5–2 h,
followed by three PBS washes, each for 10min. After performing a
series of dehydration and resin infiltration steps, the samples were
embedded in resin (Ted Pella, GP18010). The embedded samples were
then cured in an oven at 38 °C for 6 h, 60 °C for 6 h, and finally at 80 °C
for 12 h. The cured samples were sectioned into 50–70 nm slices using
a Leica ultramicrotome (UC-7, Germany). The slices were stained with
2% uranyl acetate (EMS, 22400) and 3% lead citrate (Ted Pella, 19314).
Finally, the stained slices were imaged and measured using a trans-
mission electron microscope (JEM-1400, Japan Electron Optics
Laboratory Co., Ltd., Tokyo, Japan).

Single-cell RNA sequencing
Fresh oral tumor tissues from mice were carefully minced and dis-
sociated at 37 °C using the Mouse Tumor Dissociation Kit (130-096-
730, Miltenyi) on a gentle MACS Octo Dissociator. The dissociated
tissues were then filtered to produce single-cell suspensions. These
cellswere subsequently washedwith ACK lysing buffer (Thermo Fisher
Scientific, A1049201), and their viability and count were evaluated
using trypan blue staining. Prepared single-cell suspensions were
processed according to the 10x Genomics protocol using the Chro-
mium Controller, which rapidly generated single-cell GEMs (Gel Beads
in Emulsions) and synthesized cDNA through reverse transcription. In
each microwell, a magnetic bead and a single cell were present, with
each cell uniquely labeled by multiple molecular markers known as
UniqueMolecular Identifiers (UMIs). TheseUMIs enabled efficient RNA
capture once the cells were lysed, allowing the RNA to hybridize with
the beads. Subsequently, a GEMs-breaking reaction system was pre-
pared to disrupt the GEMs, followed by purification and recovery of
the resulting product. The purified product was then subjected to
cDNA amplification and another round of purification. The amplified
cDNAs are subjected to fragmentation, end repair, the addition of “A”
base at the 3′-end of each strand and purification. The product was
then ligated with adapters, followed by another round of purification.
A PCR reaction system was prepared, and PCR amplification was per-
formed to generate the library product. After stringent quality control
of the library, the PCRproductwas denatured into single strands, and a
cyclization reaction was conducted to obtain single-stranded circular
products, with linear DNA molecules that were not circularized being

Fig. 7 | Sox9 mediates resistance in HNSCC by acting as a transcription factor
for Anxa1. A The experimental design of the HNSCC tumorigenesis model and
treatment strategy in the Resi; DTR+ and Resi; DTR− groups. B Representative
image of tongue visible lesions in Resi; DTR+ and Resi; DTR− groups. n = 6 mice in
each group. Scale bar, 2mm. C Quantification of HNSCC lesion number and lesion
area (mm3) in Resi; DTR+ and Resi; DTR− groups. n = 6 mice in each group. Data
shown asmean ± SD. P values are presented by two-tailed unpaired Student’s t test.
D Representative H&E staining of HNSCC and Quantification of HNSCC invasion
grades in Resi; DTR+ and Resi; DTR− groups. Scale bar, 65μm. n = 6 mice in each
group. Statistical significance was assessed using the Pearson chi-square test. P
value is exact and two-sided. Representative IHC staining and IHCScore of Ki67 (E),

Sox9 (F), Anxa1 (G), and Fpr1 (H) in HNSCC of Resi; DTR+ and Resi; DTR− groups.
The scale bar is 65μm. n = 6mice in each group. Data shown asmean± SD. P values
are presented by two-tailed unpaired Student’s t test. Representative immuno-
fluorescence staining of Gzma+γδT (I) or Gzma+Cd8 T (J) cells in mouse HNSCC
tissues from Resi; DTR+ and Resi; DTR− groups. Epithelial tissues were stained with
anti-Gzma antibody (green) and anti-Tcr g/d (I) or anti-Cd8a (J) antibody (red). Cell
nuclei were stained with DAPI (blue). Scale bar, 30μm. On the right, the corre-
sponding percentages of Gzma+γδT (I) orGzma+Cd8T (J) cells in terms of area and
number are provided. n = 6mice in each group. Data shown asmean± SD. P values
are presented by two-tailed unpaired Student’s t test. Source data and exact p
values are provided as a Source Data file.
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digested. The single-stranded circular DNA molecules underwent
rolling circle replication to form DNA nanoballs (DNBs) containing
multiple copies. TheseDNBs were then loaded into themesh-like wells
on a high-density DNA nanofabricated chip and sequenced using
combinatorial Probe-Anchor Synthesis (cPAS) technology.

Processing and clustering of scRNA-seq data
After sequencing, raw reads were processed using the mkfastq com-
mand from Cell Ranger (Version 4.0.0, 10x Genomics), which assigns
unique barcodes to reads, enabling the identification of sequences
corresponding to individual cells. The resulting FASTQ files were then
aligned to the mm10 reference genome (GRCm38.91) using Cell Ran-
ger’s count command, generating cell-gene-barcode matrices that
capture gene expression profiles for each cell. These matrices were
subsequently merged for downstream analysis using the Seurat R
package (version 4.0.0).

Before proceeding with downstream analysis, several quality
control measures were implemented to exclude low-quality cells and
genes. Genes appearing in fewer than three cells per sample were
removed. Cells were filtered out if they expressed fewer than 200
genes or more than 5000 genes, to eliminate empty droplets or
doublets. Additionally, cells exhibiting over 10% mitochondrial or
hemoglobin gene expression were also excluded, as these are indica-
tors of low-quality or dying cells. Potential doublets were further
identified and removed using the DoubletFinder R package (version
2.0.3) with default settings. These quality assurance steps were con-
ducted individually for each sample before merging the count
matrices.

Post quality control, we employed the “harmony” function in
Seurat to integrate and normalize the data across different samples,
thereby minimizing batch effects. Following data integration and
normalization, principal component analysis (PCA) was performed
on a selection of highly variable genes using the RunPCA function in
Seurat. We selected a resolution of 0.2 for clustering the cells, which
were subsequently visualized using the UMAP (Uniform Manifold
Approximation and Projection) technique with the RunUMAP
function. Cell clusters were delineated using the FindClusters
function.

Each cell cluster was annotated based on the expression of
canonical marker genes, which was accomplished using the FindAll-
Markers function with a likelihood-ratio test for single-cell gene
expression analysis. This method facilitates the identification of sig-
nificant marker genes within each cluster, enabling precise cell type
classification. To evaluate the cell cycle state of each cluster, the
CellCycleScoring function in Seurat was utilized, calculating scores
based on established markers of the S and G2/M phases.

Cell type annotation
Marker genes were identified using the FindAllMarkers function, and
cell types were annotated based on the most prominent marker genes
along with well-known classical markers. This analysis uncovered five
primary cell types within the studied population, including various
immune cells andnon-immune cells suchas epithelial cells, endothelial
cells, muscle cells, and fibroblasts. To further refine the analysis, a
second round of clustering was performed using the same parameters
to detect subclusters within the major cell types identified earlier.

Identification of malignant cells
To identify malignant cells within the epithelial populations, the
CopyKAT algorithm was applied to estimate copy number variations
(CNVs). A systematic sampling approach was used, where 10 to 100
malignant cells were selectively sampled in increments of 10 cells. Cells
classified as aneuploid by CopyKAT were then specifically targeted for
further analysis.

Cell-cell communication analysis
To explore intercellular communication within the tumor micro-
environment, we utilized both CellPhoneDB (https://www.
cellphonedb.org) and the CellChat (version 1.1.3; http://www.
cellchat.org/) R package. scRNA-seq data from various cell types,
including epithelial cells, endothelial cells, muscle cells, immune
cells, and fibroblasts, were input into CellPhoneDB or CellChat for
analysis. The kpy.plot_cpdb function was then used to identify
upregulated and downregulated signaling ligand pairs across var-
ious pathways. For additional insights, the CellChat R package
(version 1.1.3) was employed to construct a cellchat object with the
normalized expression matrix. The cell type annotations were
assigned based on the results from the Harmony integration, which
combined all single-cell datasets. Cellular interaction strength and
number were visualized using the netVisual_circle function. Based
on the differences in overall information flow inferred from the
networks of epithelial and immune cell subgroups, the rankNet
function was employed to rank significant signaling pathways.
Subsequently, the netAnalysis_signalingRole_scatter function was
used to visualize the signal incoming and outgoing within the
ANNEXIN pathway between these cell subgroups. The netVi-
sual_bubble function was then used to identify upregulated and
downregulated signaling ligand pairs within various pathways.
Default parameters were applied for all steps in the analysis. Cell-
PhoneDB was employed to investigate potential ligand-receptor
interactions between Neu1 neutrophils and T cells, following the
default pipeline of the package. To facilitate cross-species com-
parisons, mouse genes were mapped to human homologs using
Biomart. For the interaction analysis, non-log-transformed UMI
counts were used to calculate the expression levels of receptors
and ligands, as described by the methodology in the original
reference26.

Trajectory analysis of neutrophils
For velocity analysis, we began with FASTQ files, aligned them to the
genome to obtain sam files, converted sam files to bam files, and then
extracted spliced, unspliced, and ambiguous information from the
bamfiles to generate.loomfiles. Theplottingprocesswas conducted in
R using the velocyto.R package. Cell trajectory UMAP plots were
generated with the show.velocity.on.embedding.cor function. Cyto-
TRACE assesses cellular differentiation states based on gene expres-
sion diversity: undifferentiated stem cells typically exhibit high gene
expression diversity, while differentiated cells show lower diversity.
By analyzing gene expression data, CytoTRACE infers cell differentia-
tion trajectories and assigns a “differentiation potential score” to
each cell. This process was conducted in R using the CytoTRACE
function to calculate the scores and the plotCytoTRACE function for
visualization.

Flow cytometry
As previously mentioned in the “Single-cell RNA sequencing” section
of the Methods, a single-cell suspension of mouse oral tumor cells
was prepared. Before staining, the cells were washed with staining
buffer (2% bovine growth serum in PBS) and adjusted to a con-
centration of 1 × 107 cells/mL. The cells were then stained with anti-
bodies and incubated in a staining buffer for 2 h at 4 °C to complete
the extracellular staining process. For intracellular marker staining,
cells underwent surface staining followed by fixation and permea-
bilization using a fixation/permeabilization solution (BD Biosciences,
554714) according to the manufacturer’s instructions. Intracellular
cytokine staining was then performed using antibodies against Prf1
and Gzmb. The antibodies and dyes listed below were utilized for
flow cytometry: Ghost Dye™ Red 780 (Tonbo Biosciences, 13-0865),
PE-Cyanine7 Anti-Mouse CD45 (Tonbo Biosciences, 60-0451), APC
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Anti-Mouse CD3 (Tonbo Biosciences, 20-0032), PE Anti-Mouse Ly-6G
(Tonbo Biosciences, 50-1276-U025), anti-Sell (Santa Cruz, sc-
390756), anti-Fpr1 (Novus, NLS1878), Brilliant Violet 510™ Donkey
anti-rabbit (BioLegend, 406419) and Brilliant Violet 510™ Goat anti-
mouse (BioLegend, 405331). Further details on antibodies and
reagents can be found in Supplementary Table 2. Samples were
analyzed on a flow cytometer (CytoFLEX, Beckman Coulter, Brea,
USA), and the resulting data were processed using CytExpert soft-
ware (version 2.5.0.77). Sorting of live Fpr1+, Sell+ neutrophils or
Cd45+Cd3+ T cells were performed on a flow cytometer (FACSAria
Fusion, BD, Franklin Lakes, USA).

mRNA sequencing
Cell pellets obtained from flow cytometry sorting were collected, and
total RNA (three mice in each group) was extracted using the AG
RNAex Pro Reagent (Accurate Biotechnology, AG21102) according to
the manufacturer’s instructions. Subsequently, mRNA transcriptome
libraries were constructed using the Hieff NGS® Ultima Dual-mode
mRNA Library Prep Kit for Illumina® (Yeasen, 12308ES96), following
the manufacturer’s instructions. In brief, mRNA Capture Beads were
added to 1μg of total RNA to bind the mRNA to the beads. The beads
were then washed and resuspended with Beads Wash Buffer and Tris
Buffer. Fragmentation of the mRNA was performed by adding Frag/
Prime Buffer and incubating at 94 °C for 7min. The fragmentedmRNA
was reverse-transcribed to synthesize the first-strand cDNA, followed
by the synthesis of the second-strand cDNA. Adapters were then liga-
ted to the synthesized cDNA, and the ligated products were purified
twice using DNA Selection Beads. The purified ligated products were
subjected to PCR amplification, and the amplified products were fur-
ther purified with DNA Selection Beads to obtain the final library. The
libraries were subsequently examined using an Agilent 2100 Bioana-
lyzer and a Qubit 3.0 Fluorometer (Invitrogen). Finally, the libraries
were sequenced using the high-throughput sequencing platform
(DNBSEQ-T7, MGI, Shenzhen, China).

Statistics and reproducibility
Statistical analyses were conducted using GraphPad Prism 8 software.
Data are expressed as mean ± SD unless otherwise noted. Statistical
significance was defined as p < 0.05. For comparisons, unpaired Stu-
dent’s T test (including nonparametric tests for two groups), one-way
ANOVA (for three or more groups), Log-rank test (for overall survival
curve), and Pearson chi-square test (for analyzing tumor invasion in
transgenic mice) were employed. Significance levels were set at
*p < 0.05, **p < 0.01, ***p <0.001. Source data and exact p values are
provided as a SourceData file. The violin plot is a combination of a box
plot and a kernel density plot. In the box plot, the upper side of the box
represents the third quartile (Q3), the lower side represents the first
quartile (Q1), and the length of the box represents the interquartile
range (IQR). The second quartile (Q2), also known as themedian (Md),
is depicted as a horizontal line inside the box. The endpoints of the two
vertical lines outside the box represent the minimum and maximum
values, respectively, and the points outside the box represent outliers.
Kernel density estimation is displayed on each side of the box plot to
illustrate the distribution shape of the data. Wider sections of the
violin plot indicate a higher probability of the population members
taking on the given value, while narrower sections indicate a lower
probability. The definition of the box plots applies to Fig. 2K, L, as well
as Fig. 6B, C. The experiments in Fig. 5G, H were independently repe-
ated twice, and the experiment in Fig. 6H was independently repeated
three times.

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

Data availability
The scRNA-seq data generated in this study have been deposited in the
Genome Sequence Archive in the National Genomics Data Center
under accession number code CRA018502. The remaining data are
available within the Article, Supplementary Information, or Source
Data file. For additional details or requests for resources and reagents,
please contact the corresponding author, Demeng Chen, at
chendm29@mail.sysu.edu.cn. Source data are provided with
this paper.
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