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Penile squamous cell carcinoma (PSCC) is a rare, aggressive malignancy, with
HPV driving approximately 50% of cases and correlating with improved out-

comes. In this study, we perform single-cell RNA sequencing on tumor
microenvironment (TME) cells from 23 treatment-naive PSCC patients,
including 11 cases reported previously, and validate our findings in a larger

cohort of 85 patients. Our analysis reveals significant immune cell infiltration in
PSCC, with HPV* tumors exhibiting elevated levels of tumor-infiltrating B cells,
plasma cells, tertiary lymphoid structures, and IgA secretion. A subset of
malignant epithelial cells in HPV" PSCC express the polymeric IgA receptor
(PIGR), facilitating IgA transcytosis and inducing anti-tumor responses. Func-
tional studies show that PIGR overexpression promotes tumor apoptosis and
enhances immune responses, with these effects diminish in IgA-deficient mice.

Elevated IgA and PIGR expression correlate with improved survival. These
findings provide a single-cell atlas of the PSCC TME, highlighting the B
cell-IgA-PIGR axis as a pivotal driver of antitumor immunity and clinical
outcomes in HPV* PSCC.

Penile cancer is a rare urologic carcinoma with orphan disease desig-
nation and a prevalence of 0.1-1 per 100,000 men in high-income
countries’. However, the incidence is higher up to 10% among male
malignancies in the developing countries of African, Asian and South
American®. There are various risk factors that cause the different
incidence in global regions, including the absence of protective cir-
cumcision, chronic inflammatory conditions and HPV infection®*. The
majority of penile cancers originate from the squamous cells and are
collectively termed penile squamous cell carcinomas (PSCC), with only
about half of patients surviving beyond 5 years'. Although rare, PSCC

is closely linked to HPV infection, with a pooled HPV prevalence of
50.8%*“’. Clinically, PSCC can be divided into HPV-driven and non-
HPV-related subtypes®. HPV exerts its oncogenic influence through the
viral oncoproteins E6 and E7, which disrupt cell cycle regulation and
promote genomic instability®'°. Despite these oncogenic mechanisms,
HPV* PSCC is associated with better outcomes compared to HPV
cases" ™. The reasons for this paradox, however, remain limited.

To date, multi-omics approaches have shed light on the genomic,
epigenetic, and transcriptomic landscape of PSCC, revealing somatic

mutations'*”, genome-wide methylation patterns, and gene
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expression profiles’® in PSCC. Recent whole-exome sequencing in
PSCC has shown that HPV' PSCC tends to be associated with TP53 loss-
of-function mutation'®. Another work described the single-cell com-
position of the PSCC TME and unveiled TP53 mutations as a driver of
an aggressive phenotype, irrespective of HPV status”. While these
studies have focused on tumor-intrinsic factors, the influence of the
immune microenvironment, particularly in HPV" PSCC, remains
unclear.

HPV infection creates a distinct inflammatory immune environ-
ment, which may reshape the cellular composition and functional
dynamics within the PSCC TME. Given the rarity of PSCC and the
limited availability of clinical samples, a detailed characterization of
the TME, specifically comparing HPV" and HPV" PSCC, is essential.

Such insights could help clarify the differential outcomes between
these two groups®. Furthermore, the validation of these findings
across larger PSCC cohorts is needed to ensure robustness and clinical
relevance.

In this study, we apply scRNA-seq to explore the heterogeneity
and differences of the TME in HPV* versus HPV' PSCC. We aim to
identify key immune cell populations and their roles within the TME.
We employ a range of validation techniques, including immunohis-
tochemistry (IHC), multiplex immunofluorescence (mlF), flow cyto-
metry (FCM) and enzyme-linked immunosorbent assay (ELISA) to
investigate the immune cell composition and immunoglobulin (Ig)
production across a larger PSCC cohort. Our study also explores the
heterogeneity of malignant epithelial cells, focusing on a subset
expressing the polymeric IgA receptor (PIGR). Using PIGR-
overexpressing PSCC primary cells and in vivo xenograft models, we
investigate the roles of an immune-PIGR axis in mediating anti-tumor
effects.

Results

Single-cell RNA-seq profiling of PSCC

To explore the complexity and heterogeneity of the tumor micro-
environment (TME) in PSCC, we performed scRNA-seq on 23 tumor
specimens and 6 paired normal adjacent tissues (NATs) from patients
as the discovery cohort, including 11 cases reported in our previously
published work® (Fig. 1A, Supplementary Fig. 1A and Supplementary
Table 1). One NAT sample (P4N) failed library quality control, leaving
28 high-quality samples (23 tumors and 5 NATs) for downstream
analysis. HPV status for the discovery cohort was assessed using p16
immunohistochemistry (IHC)"**, HPV16/18 DNA in situ hybridization,
and HPV PCR (Supplementary Fig. 1B-D). In addition, we collected a
larger cohort of PSCC cases to support validation using orthogonal
assays (see “Methods”), with detailed clinical and pathological infor-
mation, as well as sample allocation and time-sequential accrual
(Supplementary Fig. 1A and Supplementary Table 2, 3).

Among the 28 samples analyzed by single-cell RNA sequencing, a
total of 12.3 billion mapped reads were generated, with 29,845 genes
detected (unique molecular identifiers (UMIs) >0). On average, each
sample produced over 441 million sequencing reads with an average
sequencing saturation (covering the fraction of library complexity) of
63.2% (Supplementary Table 4). A total of 202,424 single cells passed
quality control filters (based on gene expression and mitochondrial
genes ratios; see “Methods”) (Supplementary Fig. 2A). On average,
each cell had 2209 detected genes and 7138 UMIs, indicating sufficient
transcriptome coverage and a representative capture of expressed
genes (Supplementary Table 5).

Single-cell landscape of the tumor microenvironment in PSCC

We next used Seurat® R package for unsupervised clustering and the
Uniform Manifold Approximation and Projection (UMAP) for dimen-
sionality reduction and cell visualization (see Methods). We analyzed
the total 202,424 cells from the discovery cohort, which captures the
full diversity of TME cells, including both immune and non-immune

populations, across tumor and NAT samples. All cells expressed high
levels of housekeeping genes, such as ACTB, B2M and GAPDH (Sup-
plementary Fig. 2B) and were then grouped into 17 distinct clusters
using unsupervised Louvain clustering. Based on known cell markers,
we classified 17 clusters into four major cell types: immune cells
(PTPRC), epithelial cells (KRT5), endothelial cells (VWF), and cancer-
associated fibroblasts (CAFs) (COL6A2) (Fig. 1B, C, Supplementary
Fig. 2C). These cell types were consistently identified across PSCC
patients, though their relative proportions varied, likely due to patient-
specific factors, inherent sampling variability, etc (Fig. 1D). Among
them, the identified immune cells emerged as the predominant
population within tumor tissues, indicating significant immune infil-
tration in PSCC (Fig. 1E). Consistent the results from scRNA-seq ana-
lysis, mIF confirmed the distribution of immune cells (CD45), epithelial
cells (KRTS), endothelial cells (CD31), and CAFs (VIM) across NATs and
tumor tissues in PSCC (Fig. 1F).

To validate our scRNA-seq findings, we performed mIF staining on
the same PSCC samples, targeting five immune subpopulations,
including CD4 and CDS8 for TIL-Ts, CD20 for TIL-Bs, CD86 for antigen-
presenting cells (APC, macrophages and dendritic cell), and CD56 for
NK (Fig. 1G and Supplementary Table 3). In comparison to NATS, the
absolute numbers of CD4", CD8*, CD20*, CD86", and CD56" cells per
tissue area were significantly increased in tumor tissues (Fig. 1H). These
results support our conclusion that PSCC tumors exhibit enhanced
immune cell infiltration compared to NATSs.

To contextualize our findings, we compared our PSCC data with
publicly available datasets from other squamous cell carcinomas
(SCCs), including head and neck squamous cell carcinoma (HNSCC)*,
nasopharyngeal carcinoma (NPC)** and cutaneous squamous cell car-
cinoma (cSCC)*. Similarly, immune (PTPRC), epithelial (KRTS), endo-
thelial (PECAMI) and CAFs (COL6A2) were identified using established
markers in each dataset (Supplementary Fig. 2D). While the four cell
types were present in all squamous cell malignancies examined, the
relative proportions varied across different SCC types (Fig. 1I). Notably,
both PSCC and NPC exhibited higher immune cell infiltration, with
PSCC showing a dominant immune cell compartment (74.62%) within
TME (Fig. 1)).

Distinctive TIL-Bs composition in HPV* vs. HPV' PSCC
To explore the differences of tumor infiltrating immune cells between
HPV and HPV' PSCC, we focus on 12 immune clusters from 23 PSCC
patients, including 87,790 cells from HPV  tumor and 46,994 cells from
HPV* tumor (Fig. 2A). The remaining immune cell subpopulations were
categorized into tumor-infiltrating B cells (TIL-Bs), tumor-infiltrating
T cells (TIL-Ts), natural killer (NK) cells, and myeloid-derived cells
(Fig. 2A). Among the immune cell populations, we identified two major
TIL-Bs populations: SDC1* plasma cells (C1-Plasma-SDC1) and CD20* B
cells (C2-B-MS4ALl). TIL-Ts were subdivided into five clusters (C3-C7),
including CD8" TIL-Ts (C3-CD8T-CD8A), two subtypes of CD4* TIL-Ts
cells (C4-CD4T-FOXP3 and C5-CD4T-CD40LG), a proliferative TIL-Ts
cluster (C6-T-MKI67), and early T-cell precursors (C7-PreT-PTCRA).
Myeloid-derived cells were grouped into four clusters, including C9-
Myeloid-SPP1, neutrophils (C10-Neu-HCAR3), Cl1-Myeloid-LYZ and
mast cells (C12-Mast-MS4A2) (Fig. 2A). For 12 clusters, we found that
SDCI" plasma cells (C1) and CD20" B cells (C2) were increased in HPV*
PSCC, while cluster 6 was enriched in HPV' PSCC (Fig. 2B, C). Among
four immune cell subpopulations, TIL-Bs also emerged as a significant
increasement in HPV* compared to HPV' tumor (Fig. 2D). Interestingly,
this enrichment of TIL-Bs has also been observed in other HPV-
associated cancers, such as HPV* HNSCC?**® and HPV' oropharyngeal
squamous cell carcinoma (OPC)*’, suggesting a common feature of
HPV-associated squamous cell carcinoma.

To validate our scRNA-seq findings, we performed FCM analysis
on CD45" immune cells isolated from available fresh tumor tissues of 9
HPV* and 11 HPV" PSCC patients (Fig. 2E, Supplementary Fig. 1A and
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Supplementary Table 3). The results demonstrated a significant
increase in the proportion of TIL-Bs within the total CD45" immune
cells in HPV* PSCC compared to HPV PSCC (Fig. 2F). In contrast, the
proportions of total CD45" immune cells, CD3" TIL-Ts, CD4" TIL-Ts and
CDS8' TIL-Ts showed no significant differences between the two groups
(Fig. 2F). We further validated these findings through double-plex IHC

staining for B cells (CD20) and T cells (CD3) in tumor sections from our
validation cohort of 85 PSCC patients (33 HPV® and 52 HPV cases)
(Supplementary Fig. 1A and Supplementary Table 3). Importantly, the
clinical outcomes observed in our validation cohort were consistent
with previous studies, showing that HPV* PSCC patients generally have
better survival than HPV patients" ™ (Fig. 2G). This consistency in
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Fig. 1| Single-cell landscape of the tumor microenvironment in PSCC.

A Schematic overview of the experimental strategy (Created in BioRender). Pan, W.
(2025) https://biorender.com/udc23vé. Surgical tumor specimens and paired
normal adjacent tissues (NATs) were collected from 23 treatment-naive PSCC
patients (Tumor, n=23; NATs, n=>5) and processed for single-cell RNA sequencing
and transcriptomic analysis. B UMAP plot of 202,424 cells from the discovery
cohort, showing cell components in PSCC, color-coded by cell type (left), patients
(middle) and tissue (right). C Normalized expression of marker genes used to define
four major cell types as shown in (B). D Relative abundance of four major cell types
in tumor tissues (n =23) or NATs (n=>5) from each PSCC patient, excluding PN4.
E Bar graph comparing the relative proportions of the four cell types between
tumor and NATSs. P-values were assessed using a two-sided unpaired Student’s ¢ test
(Immu: ***P < 0.0001, Endo: ***P < 0.0001, CAFs: **P=0.002). F Multiplex immu-
nofluorescence staining depicting the presence of four major cell components
(CD45" immune cells, KRT5* epithelial cells, CD31* endothelial cells, and VIM*
fibroblasts) in tumor and NATs of PSCC. Representative images include DAPI

nuclei for reference. Scale: 50 pum. G Multiplex immunofluorescence depicting the
distribution of five major immune subpopulations (CD4" T cells, CD8" T cells,
CD86" antigen-presenting cells, CD20" B cells, CD56" natural killer cells) in tumor
and NATs of PSCC. Representative images include DAPI* nuclei for reference. Scale:
200 pm. H Quantification of CD4*, CD8*, CD86", CD20"* and CD56" cells per area in
paired tumor and NATSs regions in PSCC (n = 6). P-values were assessed using a two-
sided paired Student’s ¢ test (CD4": ***P < 0.0001, CD8": ***P=0.0002, CD86":
**P=0.0002, CD20": ***P < 0.0001, CD56": **P=0.0053). I UMAP plot comparing
the TME composition in PSCC with other squamous cell carcinomas, including
HNSCC (GSE103322), NPC (GSE150430), and cSCC (GSE144236). J Bar graph
showing the relative proportions of the four cell types across these tumor types. PN
PSCC adjacent normal tissue, PT PSCC tumor tissue. NATs Normal adjacent tissues.
HNSCC: Head and neck squamous cell carcinoma, NPC Nasopharyngeal carcinoma,
cSCC Cutaneous squamous cell carcinoma. Data are presented as mean + s.e.m. ns:
not significant (P> 0.05). Source data are provided as a Source Data file.

clinical outcomes reinforces the relevance of using this validation
cohort for further analysis.

Tertiary lymphoid structures (TLSs), which are immune cell
aggregates of B cells and T cells that form outside secondary lymphoid
organs (SLOs) in response to chronic inflammation or infection®*,
have been associated with improved survival outcomes in several
cancers, including melanoma®, renal cell carcinoma®, and sarcoma®.
In our validation cohort, TLSs were significantly more enriched in
tumor regions compared to adjacent non-tumor areas (Fig. 2H, I and
Supplementary Fig. 3A). Notably, the density of TLSs per tumor area
was significantly higher in HPV* PSCC compared to HPV cases (Fig. 2J).
Further analysis showed a significant enrichment of CD20* B cells
within TLS in HPV* PSCC tumors compared to HPV' cases, while CD3* T
cell numbers within TLSs remained similar between the two groups
(Fig. 2K). mIF staining for CD3, CD20, and CD38 confirmed that TLSs in
HPV* PSCC contained significantly higher numbers of CD20" B cells
and CD38" activated B cells/plasma cells compared to TLSs in HPV*
PSCC (normalized by tumor area to account for sample variability)
(Fig. 2L, M). These findings indicate that HPV* PSCC is associated with a
higher prevalence of TIL-Bs and TLSs, contributing to a distinct
immune microenvironment compared to HPV' cases.

IgA levels are increased in HPV" PSCC and correlate with
improved survival

To further characterize TIL-Bs in PSCC, we bioinformatically isolated
12,724 TIL-Bs from 23 tumor samples, including 4459 cells from HPV*
tumor and 8,625 from HPV* tumor (Fig. 3A). Based on the expression of
key marker genes, we identified four distinct TIL-B clusters in PSCC:
BACH2" or BACH2 Memory B cells cells (C1-C2, CD79A'MS4Al"
SDCI'CD24"), plasma cells (C3, CD79A*MS4A1 CD24 CD38'SDCI") and
plasmablasts (C4, CD79A*MS4A1MZB1'CD38'MKI67%) (Fig. 3A-C).
Given the observed higher proportion and number of TIL-Bs in
HPV* PSCC (Figs. 2D, 3D), we next investigated the functional impact
of this increased B cell infiltration in HPV* PSCC. To this end, we
performed differential gene expression analysis of TIL-Bs between
HPV* and HPV" PSCC from the scRNA-seq datasets (Fig. 3E). TIL-Bs
were divided into HPV' and HPV' groups to minimize analytical
bias. This analysis revealed significantly higher expression of
immunoglobulin-related genes such as /IGHG2, IGLC2 and IGHAI in
TIL-Bs of HPV* PSCC compared to HPV' PSCC (Fig. 3E). The top dif-
ferentially expressed genes were primarily associated with biological
processes related to immunoglobulin-mediated and humoral immune
responses (Fig. 3F).

Recent studies have demonstrated that plasma cells in tumors
produce immunoglobulins that shape anti-tumor immune responses™,
with different immunoglobulin isotypes driving distinct immune
responses within the tumor microenvironment®?°, To further investi-
gate this in PSCC, we performed bulk B cell receptor sequencing (bulk

BCR-seq) on 20 fresh tumor tissues (P11-P30). Library construction
failed in 4 cases due to the limited residual tumor tissues, resulting in
16 samples (8 HPV- and 8 HPV*) available for downstream analysis.
Following quality control and data processing (see Methods), we found
that IgG (70.44%) was the dominant immunoglobulin isotype, followed
by IgA (25.66%), while IgE, IgD, and IgM were negligible (Supplemen-
tary Fig. 4A). Notably, the diversity of IgG, IgA, IgE and IgM IGH isotype
was significantly higher in HPV* PSCC compared to HPV' PSCC (Sup-
plementary Fig. 4B).

To validate these findings, we performed IHC staining for SDC1
(CD138, a plasma marker), IgA and IgG in our validation cohort of 85
PSCC patients (Supplementary Figs. 1A, 5A, C and Supplementary
Table 3). IHC results were scored on a scale from O to 4, with higher
scores reflecting higher staining intensity and the fraction of positive
cells. The detailed scoring system used for CD138, IgA, and IgG in our
study was summarized in (Methods). Notably, the proportion of
CD138" signals (score > 3) was significantly higher in HPV* PSCC (28/33;
84.84%) compared to HPV PSCC (14/52; 26.92%) (Fig. 3G). Similarly,
IgA" signals (score >3) was also significantly elevated in HPV" PSCC
(26/33; 78.78%) relative to HPV PSCC (2/52; 3.84%) (Fig. 3H). In con-
trast, the proportion of IgG" signals (score >3) was comparable
between HPV* (19/33; 57.57%) and HPV" PSCC (29/52; 55.76 %) (Fig. 3I).
Besides, the mean IHC score of CD138 and IgA was significantly higher
in HPV* PSCC compared to HPV' PSCC (Fig. 3J, K), while 1gG levels
remained comparable between the two groups (Fig. 3L). In addition,
ELISA was performed on freshly harvested tumor tissues and paired
plasma samples from 13 PSCC patients (Supplementary Table 3). This
analysis revealed a significant increase in tumor-associated IgA levels
in HPV* PSCC, whereas IgG and plasma IgA/IgG levels showed no sig-
nificant differences between HPV* and HPV patients (Fig. 3M, N). When
stratifying the 85 PSCC patients into high (score > 3) and low (score < 2)
expression groups based on IHC staining for IgA, IgG, and CD138, only
IgA expression was positively correlated with improved patient survi-
val (Fig. 30-Q). These findings suggest that HPV* PSCC exhibits sig-
nificantly elevated IgA levels compared to HPV' PSCC, and that
elevated IgA is associated with better survival outcomes in PSCC
patients.

Distinctive functional phenotypes of epithelial cells in HPV" and
HPV PSCC

Considering that transformed epithelial cells are the origin of PSCC
and the primary targets of HPV infection"®’, we next sought to explore
the intratumor heterogeneity within the epithelial compartments of
PSCC. Our primary objective was to differentiate malignant epithelial
cells from non-malignant epithelial ones in PSCC TME. Since malignant
epithelial cells typically undergo large-scale chromosomal alterations
during tumor progression, we used inferCNV>** to estimate the
sample-wise copy number variations (CNVs) of 12,748 epithelial cells
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Fig. 2 | Tumor-infiltrating B cells and tertiary lymphoid structures are enriched
in HPV* PSCC. A UMAP plot displaying 134,784 immune cells from scRNA-seq
datasets of tumor specimens (HPV", n=13; HPV*, n=10), including TIL-Bs (C1-C2),
TIL-Ts (C3-C7), NK (C8) and myeloid-derived cells (C9-C12). B Relative abundance
of each cluster in each PSCC patient. C, D Bar graph comparing the relative pro-
portions of each cluster (C) and major immune types (D) between HPV™ and HPV*
PSCC. P-values were indicated for C1: **P=0.0063, C2: *P=0.01, C6: **P=0.0145 in
(C) and TIL-Bs: **P=0.0007 in (D). E Gating strategy for FACS analysis in fresh
PSCC specimens. F Histograms showing the relative proportions of total immune
cells, TIL-Bs and TIL-Ts in fresh HPV (n=11) and HPV* (n=9) PSCC tumors
(*P=0.0151). G Overall survival curves of 85 patients with HPV' (n=52) or HPV*
(n=33) PSCC (*P=0.0136). H Representative images of PSCC tumor sections with
HE staining (left), double-plex IHC staining for CD20 and CD3 (middle), and TLSs
(right), marked by black circles in both tumor and non-tumor regions. Scale bar:
2 mm (left and middle), 400 pm (upper right) and 150 um (lower right).

I Quantification of TLSs per tumor area in non-tumor and intra-tumor regions in
PSCC (n=37) (**P<0.0001).J Number of TLSs per tumor area in HPV~ (n=52) and
HPV* (n=33) PSCC (**P=0.0029). K Quantification of the number of CD3* and
CD20" within TLSs per tumor area in HPV" (n=52) and HPV* (n=33) PSCC tumor
sections by IHC stained (****P<0.0001). L Representative immunofluorescence
staining for CD3, CD20, CD38 and DAPI" nuclei within TLSs in HPV" and HPV* PSCC
tumors. Scale bar: 200 pm. M Quantification of the number of CD3*, CD20", and
CD38" within TLSs per tumor area in HPV™ (n=10) and HPV* (n=10) PSCC tumor
sections by IF stained. (CD20: *P=0.0420, CD38: *P=0.0430). TIL-Bs:Tumor-infil-
trating B cells. TIL-Ts: Tumor-infiltrating T cells.TLSs: tertiary lymphoid structures.
A two-sided unpaired Student’s ¢ test was used in (C), (D), (F), (J), (K) and (M). A two-
sided paired Student'’s ¢ test for (I), and a two-sided log-rank (Mantel-Cox) test in
(G). Data are presented as mean * s.e.m. ns: not significant (P> 0.05). Source data
are provided as a Source Data file.

isolated from the scRNA-seq datasets of PSCC tumor tissues and NATs
from the discovery cohort (Fig. 1B). Epithelial cells from NATs, which
showed no significant CNVs, were used as a reference. Epithelial cells
exhibiting high CNVs scores were classified as malignant (Fig. 4A),

resulting in the identification of 9255 malignant cells for further ana-
lysis (see “Methods”).

Unsupervised clustering of the malignant cells revealed four dis-
tinct clusters (Fig. 4B). Among these, HPV® PSCC exhibited an
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Fig. 3 | IgA levels are increased in HPV* PSCC and correlate with improved
survival. A UMAP plot showing 12,724 TIL-Bs, categorized into four clusters, and
colored by cell type (left) and patients (right). B, C Normalized expression of
selected marker genes used to define each cluster (B) and cell types (C). D Bar graph
showing the relative proportions of each cluster by HPV status. E Differential gene
analysis comparing transcriptional profiles of TIL-Bs between HPV* and HPV' PSCC.
Log, fold changes are shown for the top upregulated immunoglobulin-related
genes. F Gene Ontology (GO) analysis highlighting the significantly upregulated
genes in TIL-Bs from HPV* PSCC compared to HPV' PSCC. G-I Bar graphs depicting
the relative proportion of immunohistochemistry (IHC) scores for CD138, IgA, and
IgGin HPV™ (n =52) and HPV* (n =33) PSCC tumor sections. IHC scores range from O

Data file.

to 4, as detailed in the Method section for scoring each marker. J-L Mean IHC score

and representative IHC staining images of CD138, IgA and IgG in HPV (n=52) and
HPV* (n=33) PSCC tumor specimens. P-values were assessed using a two-sided
unpaired Student’s ¢ test (****P < 0.0001). Scale: 100 um. M, N ELISA quantification
of IgA and IgG levels in tumor tissues (M) paired plasma samples (N) from freshly
harvested HPV' (n=7) and HPV* (n = 6) PSCC. P-values were assessed using a two-
sided unpaired Student’s t test (*P = 0.0143). 0-Q Overall survival curves of 85 PSCC
patients, categorized by high (=3) and low (< 2) IHC scores for IgA, 1gG and CD138
in tumor sections. P-value was assessed using a two-sided log-rank (Mantel-Cox)
test (*P=0.0209). DEGs: Differential expressed genes. Data are presented as
mean *s.e.m. ns: not significant (P> 0.05). Source data are provided as a Source
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increased proportion of cluster 5 compared to HPV group (Fig. 4C). Go
analysis of cluster 5 marker genes showed the various biological pro-
cess, including “regutation of viral life cycle”,”epithelial cell apoptotic
process” and “cell chemotaxis” (Fig. 4D, F). Notablely, PIGR was spe-
cifically high expressed in the C5 cluster (Fig. 4D, E). PIGR is a receptor
found on the surface of epithelial cells that regulates the transcytosis

of dimeric IgA and pentameric IgM, produced by local plasma cells®.
Clinically, PIGR expression has been shown to vary across cancer
types*®™*® and is associated with distinct patient outcomes and
response to chemotherapy*’. These findings highlight the unique
biological behavior of PIGR* malignant cells (C5) and their potential
relevance to HPV status in PSCC.
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Fig. 4| PIGR’ epithelial cells are enriched in HPV* PSCC and are induced by IFNy.
A Heatmap displaying large-scale copy number variations (CNVs) for individual
epithelial cells (rows) from NATs and tumors, with red indicating amplifications and
blue indicating deletions. B UMAP plot of 9,255 malignant epithelial cells, showing
five clusters colored by cell type (left) and HPV status (right). C Bar graph showing
the relative proportions of each cluster by HPV status. D Differential gene analysis
of cluster 5, with upregulated marker genes highlighted in red. E UMAP plot
showing the cluster 5 specifically expressed genes PIGR. F Gene Ontology (GO)
analysis of higher expressed marker genes in cluster 5. G Bar graph showing the
relative proportion of IHC scores for PIGR in HPV' (n=52) and HPV* (n=33) PSCC
tumor sections. H Mean IHC score and representative IHC staining images of PIGR
in HPV' (n=52) and HPV* (n=33) PSCC tumor specimens (****P <0.0001). Scale:
100 um. I Representative immunofluorescence staining for PIGR, IgA and DAPI*
nuclei in HPV- and HPV* PSCC tumor. Scale: 300 pum. J Quantification of IgA-PIGR
colocalization events in HPV™ (n=20) and HPV" (n =20) PSCC samples

(***P < 0.0001). K Representative H&E and IHC staining for malignant epithelial

differentiation (CK, CK5/6, VIM and K167) and squamous cell origin (P40) in PSCC
tumor tissues (top) and PSCC patient derived primary cells (bottom). Scale:

200 pm. L Quantitative analysis of PIGR mRNA level with various factors treatment
(n=3 independent experiments, IgAG *P=0.0036, IgA: *P=0.0190, IL-1f:
*P=0.0052, TNF-a: *P=0.0029, IFN-B: **P=0.0028, IFN-y: **P = 0.0018).

M Quantitative analysis of PIGR protein level with IFNy treatment. N Bar graph
showing the relative proportions of IHC scores for IFNy in HPV" (n=28) and HPV*
(n=28) PSCC tumor sections. O Mean IHC score and representative IHC staining
images of IFNy in HPV' (n=28) and HPV* (n=28) PSCC tumor specimens

(***P < 0.0001). Scale: 100 pm. P-R Pearson correlation analysis of IHC scores
between PIGR and IFNy (P), PIGR and IgG (Q), PIGR and IgA (R) in PSCC tumor
sections (***P<0.0001). A two-sided unpaired Student’s ¢ test was used in (H), (J),
(L) and (0). Pearson Correlation analysis with two-tailed was used in (P-R). Data are
presented as mean + s.e.m. ns: not significant (P> 0.05). Source data are provided
as a Source Data file.

PIGR" epithelial cells are enriched in HPV" PSCC

To validate the enrichment of PIGR" epithelial cells in HPV* PSCC, we
performed IHC staining to assess PIGR protein levels in tumor sections
from 33 HPV* and 52 HPV' PSCC patients (Supplementary Fig. 5D and
Supplementary Table 3). The proportion of PIGR" signals (score > 3)
was significantly higher in HPV" PSCC (29/33; 87.87%) compared to
HPV' PSCC (1/52; 1.92%) (Fig. 4G). In addition, the average PIGR
expression level was significantly elevated in HPV* PSCC compared to
HPV' PSCC (Fig. 4H). Using mIF staining, we further examined the
colocalization of IgA and PIGR (Supplementary Table 3). The number
of IgA-PIGR colocalization events was significantly increased in HPV*
PSCC compared to HPV' controls (Fig. 41, J), suggesting an increased
interaction between IgA and PIGR in HPV* PSCC.

To investigate the factors driving PIGR expression in HPV* PSCC,
we isolated malignant epithelial cells from a PSCC patient’s tumor
lesions, cultured these patient-derived primary cells in conditioned
medium and validated their proliferative and tumorigenic character-
istics (Fig. 4K). These cells were treated with various stimuli, including
immunoglobulins (dominated IgA and IgG in PSCC) and proin-
flammatory cytokines (e.g., IFN-y, TNF, IL-1), based on prior studies®.
Among the treatments, IFN-y induced the highest increase in PIGR
mRNA expression (Fig. 4L), which was further confirmed by Western
blot analysis showing significant upregulation of PIGR protein levels in
response to IFN-y treatment (Fig. 4M). Similar findings were observed
in HeLa and HT29 cell lines (Supplementary Fig. 6A-D).

Given the strong induction of PIGR by IFN-y in our earlier experi-
ments, we next sought to determine whether IFN-y expression was
elevated in HPV* PSCC compared to HPV' PSCC. To address this, we
performed IHC staining to assess IFN-y expression in tumor sections
from 28 HPV* and 28 HPV' PSCC patients (Supplementary Fig. S5E and
Supplementary Table 3). These cases were selected from the validation
cohort based on the availability of suitable FFPE sections, as some
samples had been partially or fully exhausted in prior analyses. The IHC
analysis revealed a significantly higher proportion of IFN-y* cells (score
>3) in HPV* PSCC (75%; 21/28) compared to HPV' PSCC (7.14%; 2/28)
(Fig. 4N). In addition, the mean IHC score of IFN-y was markedly higher
in HPV* PSCC (Fig. 40). Further correlation analysis indicated a positive
relationship between IFN-y and PIGR expression, as well as between IgA
and PIGR, but not between IgG and PIGR, based on IHC staining in PSCC
tumor sections (Fig. SP-R). Collectively, these findings suggest that the
enrichment of PIGR" epithelial cells in HPV* PSCC is likely driven by
elevated levels of IFN-y within the tumor microenvironment, potentially
enhancing IgA-PIGR interactions in HPV'" tumors.

High PIGR expression exerts anti-tumor effects in PSCC
primary cells

To explore the functional role of elevated PIGR expression in HPV*
PSCC epithelial cells, we considered evidence from other cancer types

where reduced PIGR expression is linked to tumor progression, such as
gastric adenocarcinoma*®, non-small cell lung carcinoma*, and naso-
pharyngeal carcinoma®. Given that HPV" PSCC is associated with
better clinical outcomes compared to HPV' cases, we hypothesized
that higher PIGR expression in epithelial cells may have an anti-tumor
effect in PSCC.

To test this hypothesis, we constructed lentiviral PIGR over-
expression vectors and stably infected PSCC primary cells (Supple-
mentary Fig. 7A). Following infection, ZsGreen-positive cells were
sorted by flow cytometry to select cells with stable and high PIGR
expression (Supplementary Fig. 7B). Successful overexpression of
PIGR was confirmed through flow cytometry and Western blot analysis
(Fig. 5A, B). We then assessed the impact of PIGR overexpression on
cell proliferation and migration. Compared to the control cells, PIGR-
overexpressing PSCC primary cells showed reduced proliferation and
colony formation (Fig. 5C, D) and decreased migration capacity in
transwell assays (Fig. SE). To further investigate the role of PIGR in vivo,
we subcutaneously implanted control- and PIGR-overexpressing PSCC
primary cells into nude mice and monitored the tumor growth every
other day. As expected, PIGR-overexpressing PSCC cells led to sig-
nificantly slower tumor growth and lower tumor weight compared to
controls (Fig. 5F, G). In addition, clinical correlation analysis in our
cohort revealed that higher PIGR expression was associated with
improved survival outcomes in PSCC patients (Fig. 5H). Taken toge-
ther, these findings suggest that elevated PIGR expression in PSCC
epithelial cells exerts an anti-tumor effect, both in vitro and in vivo, as
demonstrated in immune-incompetent mouse models.

High IgA-PIGR expression promotes anti-tumor activity in PSCC
primary cells

Given the elevated levels of TIL-Bs, IgA, and PIGR* malignant epithelial
cells in the HPV* PSCC tumor microenvironment, we hypothesized that
the PIGR-mediated transcytosis of IgA might establish an immune-
epithelial axis with potential anti-tumor effects. To test this hypothesis,
we conducted RNA sequencing on IgA-stimulated PSCC primary cells,
comparing PIGR-overexpressing cells with controls. Principal compo-
nent analysis (PCA) confirmed the high quality and reproducibility of
the sequencing data (Fig. 5I). Gene ontology (GO) analysis of differ-
entially expressed genes revealed that IgA-PIGR groups exhibited sig-
nificant upregulation of pathways, such as ‘positive regulation of
programmed cell death’ (Fig. 5J, K). Conversely, genes related to the
‘mitotic cell cycle’ and ‘DNA replication” were notably downregulated
in the IgA-PIGR group (Fig. 5), L).

To further validate these findings, we performed gene set
enrichment analysis (GSEA). The IgA-PIGR group exhibited significant
enrichment in immune-related pathways, including ‘interferon alpha
response,” ‘interferon gamma response,” and ‘apoptosis’ (Fig. 5M,
0-Q). In contrast, the control group displayed enrichment in cell
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cycle-related pathways such as ‘G2M checkpoint’ and ‘E2F targets’
(Fig. 5N, O-Q). In addition, qPCR analysis confirmed that immune-
related genes such as /FIT3 and IFIT2 (IFN-stimulated genes), /[23A
(interleukin), and CXCL11 (chemokine) were significantly upregulated
in the IgA-treated PIGR group (Fig. 5R). Our results align with findings

from studies on endometrial*® and ovarian cancer* cells, where IgA
transcytosis via PIGR also triggers immune responses and promotes
apoptosis, suggesting a conserved mechanism across cancer types.
Notably, in PSCC cells, we observed specific downregulation of path-
ways such as ‘Cell cycle,” ‘G2M checkpoint,” and ‘E2F targets,” which
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Fig. 5 | PIGR-mediated IgA transcytosis promotes anti-tumor activity in PSCC
primary cells. A FACS analysis of lentivirus-based PIGR overexpression in PSCC
primary cells, including wild-type (mock), empty vector-overexpressed (control)
and PIGR-overexpressed (PIGR) groups. B Western blot detection of PIGR expres-
sion. C-E CCK8 cell proliferation (C), colony formation (D), and transwell migration
(E) assays in control- and PIGR-overexpressing groups (n =3 independent experi-
ments, ***P<0.0001, *P=0.0497, **P=0.0023, respectively). Scale: 100 pm.

F, G Tumor growth curves (F) and tumor weights (G) in nude mice subcutaneously
injected with control- or PIGR-overexpressing PSCC primary cells (n =4 indepen-
dent experiments). *P=0.0258, ***P < 0.0001 in (F) and *P=0.0497 in (G).

H Kaplan-Meier survival curve of 85 PSCC patients grouped by high (>3) and low
(<2) PIGR IHC scores in PSCC tumor sections (*P=0.0236). I-Q RNA-Seq tran-
scriptome profiling of control- and PIGR- overexpressing PSCC primary cells trea-
ted with IgA treatment. I Principal component analysis (PCA) of both groups.

J Differential gene analysis showing DEGs in both groups. K, L Gene Ontology (GO)
analysis of upregulated DEGs in the PIGR-IgA group (K) and the control-IgA group
(L). M-Q Gene set enrichment analysis (GSEA) showing pathways significantly

enriched in the PIGR-IgA group (M, 0-Q) or the control-IgA group (N, 0-Q). RqPCR
validation of selected interferon-stimulated genes (/FIT2, IFIT3), inflammatory
genes (/L23A), and chemokines (CXCL11) upregulated in the PIGR-IgA group (n=3
independent experiments, /FIT3: **P=0.0006, IFIT2: **P=0.0016, IL23A:
*P=0.0138, CXCL11: *P=0.0021). S-W Cell proliferation (S), colony formation (T),
and transwell migration (U) assays were performed on IgA-treated control- and
PIGR- groups (n =3 independent experiments, ***P < 0.0001, **P=0.0010,
*P=0.0059, respectively). V, W Representative FACS analysis of PI/Annexin V
staining (V) and quantification of early apoptosis (SP) and late apoptosis (DP)
percentages (W) in IgA-treated control- and PIGR- groups (n =4 independent
experiments, SP: **P=0.0011, DP: ***P < 0.0001). DEGs: differentially expressed
genes. A two-sided unpaired Student’s ¢ test was used in (D), (E), (G), (R), (T), (U)
and (W). A two-way ANOVA test with multiple comparisons was used in (C), (F), and
(S). Two-sided log-rank (Mantel-Cox) test was used in (H). Data are presented as
mean + s.e.m. ns: not significant (P> 0.05). Source data are provided as a Source
Data file.

were not significantly impacted in endometrial or ovarian cancer. This
suggests that the IgA-PIGR axis may have additional inhibitory effects
on cell cycle regulation in PSCC, contributing to its anti-tumor activity
in this context.

To assess the functional role of the IgA-PIGR axis in regulating cell
behavior, we performed cell proliferation, migration, and apoptosis
assays. PSCC primary cells, either PIGR-overexpressing or control,
were treated with IgA, and the effects on cell proliferation were
assessed using CCK-8 assays and colony formation assays. IgA-treated
PIGR-overexpressing cells exhibited significantly reduced proliferation
and colony formation compared to the IgA-treated control group
(Fig. 5S, T). Migration assays using a transwell system demonstrated
that PIGR-overexpressing cells had significantly reduced migration
capacity compared to controls (Fig. 5U).

We extended these findings by investigating the effects of IgA-
PIGR interaction in the A549 lung adenocarcinoma cell line, which
naturally expresses high levels of PIGR. The results mirrored those in
PSCC cells, showing reduced growth and migration upon IgA treat-
ment in PIGR-expressing cells (Supplementary Fig. 8A-D). Moreover,
apoptosis assays using Pl/Annexin V staining showed that IgA treat-
ment significantly increased apoptosis in PIGR-overexpressing PSCC
primary cells compared to controls (Fig. 5V, W). These findings
demonstrate that the IgA-PIGR axis has potent anti-tumor effects in
PSCC epithelial cells, impacting key processes such as cell prolifera-
tion, migration, and apoptosis. This suggests a critical role for IgA-PIGR
interaction in mediating anti-tumor responses in the HPV* PSCC tumor
microenvironment.

High IgA-PIGR expression promotes anti-tumor activity in vivo
To assess the anti-tumor role of the IgA-PIGR axis in vivo, we utilized
the MC38 colon carcinoma model, as human PSCC primary cells can-
not be used in immune-competent C57BL/6 mice. While the MC38
model has limitations due to its low B-cell and plasma cell
infiltration**~, it remains useful for studying the downstream effects
of IgA-PIGR interactions on tumor cells, particularly in an immuno-
competent setting. In light of this, we hypothesized that the IgA-PIGR
axis may also play an anti-tumor role in MC38 tumors.

To test this, we generated PIGR-overexpressing MC38 cells using
lentivirus-based PIGR vectors. Cells with stable PIGR expression were
selected via ZsGreen-positive sorting through flow cytometry (Sup-
plementary Fig. 7C). Successful PIGR overexpression in MC38 cells was
confirmed by both flow cytometry and Western Blot (Supplementary
Fig. 7D, E). Next, we subcutaneously inoculated control and PIGR-
overexpressing MC38 cells into wild-type C57BL/6 mice and adminis-
tered anti-CD20 antibodies (aCD20 mAb) at the time of tumor
implantation and at 10-day intervals to deplete B cells (Fig. 6A). We
monitored tumor growth every other day and observed that depletion

of CD20" B cells from the blood and spleen effectively reduced IgA and
IgG levels in tumor tissues (Fig. 6E, F). B cell deletion via anti-CD20
treatment at earlier time-point significantly inhibited MC38 tumor
growth, consistent with previous studies showing B cell-deficient mice
suppresses MC38 tumors™. In wild-type mice, PIGR-overexpressing
MC38 cells exhibited significantly slower tumor growth compared to
controls, but this growth inhibition was abolished in mice treated with
aCD20 mAb (Fig. 6B-D), suggesting that CD20" B cells contribute to
PIGR-mediated anti-tumor activity in the MC38 model.

To specifically assess whether the IgA-PIGR axis mediates anti-
tumor effect, we inoculated control and PIGR-overexpressing
MC38 cells into wild-type and IgA-deficient (JjgA”) mice (Fig. 6G).
The absence of IgA alone did not significantly affect MC38
tumor growth (Fig. 6H), indicating that IgA may not be the primary
driver of tumor suppression in this model. This aligns with the
limited B cell infiltration and restricted isotype-switched immune
responses typically seen in MC38 tumors, where IgA is more likely
sourced from peripheral sites rather than produced locally by
tumor-infiltrating B cells. However, our focus was on the downstream
effects of IgA-PIGR interaction. We observed enhanced anti-tumor
effects with PIGR overexpression, which were notably reduced in [gA”
mice, indicating the necessity of IgA for PIGR-mediated tumor
suppression (Fig. 6H-J). Flow cytometry analysis further showed
increased infiltration of cytotoxic CD8" T cells in WT mice bearing
PIGR-overexpressing tumors, an effect not seen in JgA” mice
(Fig. 6K-M and Supplementary Fig. 9A). These findings underscore the
critical role of an intact IgA-PIGR axis in driving anti-tumor responses in
the MC38 model, highlighting IgA’s contribution to PIGR-mediated
tumor suppression.

High IgA-PIGR expression correlates with improved survival in

PSCC and mucosal-associated carcinoma

To explore the clinical relevance of our findings, we investigated whe-
ther elevated levels of IgA and PIGR in the TME correlate with improved
patient survival in PSCC and other cancers. We performed IHC analysis
of IgA and PIGR expression in tumor tissues from 85 PSCC patients. The
results showed that 27.05% of patients (23/85) exhibited high expres-
sion of both IgA and PIGR, while 58.82% (50/85) had low expression of
both. In addition, 8.23% (7/85) displayed high IgA but low PIGR
expression, and 5.88% (5/85) showed high PIGR but low IgA expression
(Fig. 6N). Notably, patients with high expression of both IgA and PIGR
demonstrated significantly improved survival outcomes (Fig. 60).

To extend our findings beyond PSCC, we analyzed /gA and PIGR
transcript expression in various cancers using data from The Cancer
Genome Atlas (TCGA), including bladder, breast, colon, cervix uteri,
esophagus, head and neck, and lung cancers. While no significant
correlation with overall survival was observed in cancers such as
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—such as cervical squamous cell carcinoma (CESC) (Fig. 6P), head and
neck squamous cell carcinoma (HNSCC) (Fig. 6Q), and colon adeno-
carcinoma (COAD) (Fig. 6R)—showed a positive association between
elevated IgA and PIGR expression and improved survival. These find-
ings suggest that the IgA-PIGR axis plays a role in favorable clinical
outcomes in PSCC, particularly HPV* cases, and may also contribute to
improved survival in other mucosal-associated carcinomas.

In this study, we conducted an integrated analysis of the tumor
microenvironment (TME) in HPV* and HPV- PSCC patients to better
understand immune-epithelial interactions and the mechanisms
underlying the improved prognosis observed in HPV' cases. Using
single-cell RNA sequencing, immunohistochemistry (IHC), mouse
genetic models, and xenograft experiments, we profiled immune cell
populations and their interactions with epithelial cells across a cohort
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Fig. 6 | PIGR-mediated IgA transcytosis promotes anti-tumor activity in vivo.
A-D Experimental schematic (A), tumor growth curves (B), tumor weight (C), and
tumor images (D) of C57BL/6 wild-type mice subcutaneously inoculated with
control- or PIGR-overexpressing MC38 cells. Anti-CD20 antibodies (250 pg per
mouse) were administered at the time of tumor cell implantation and at 10-day
intervals to deplete B cells (n =4 independent experiments). *P=0.0271 and
**P=0.0057 in (B), *P=0.0195 and *P=0.0093 in (C). E, F ELISA quantification of
intra-tumor IgG (E) and IgA (F) levels from panel (D). n =4 independent experi-
ments (***P < 0.0001). G-J Schematic of experimental design (G), tumor growth
curves (H), tumor images (I) and tumor weight (J) in WT (IgA**) and IgA-deficient
(IgA”) mice inoculated subcutaneously with control- and PIGR- overexpressing
MC38 cells (n =5 independent experiments). *P=0.0110 and **P=0.0063 in (H),
*P=0.0205 (between Control ([gA”*) and PIGR (/gA**)) and **P=0.0115 (between
PIGR (/gA**) and PIGR (IgA”)) in (J). K-M Quantification of tumor infiltrating
IFNy*CDS8" T cells (K), TNFa"CD8* T cells (L) and GZMB*CDS8" T cells (M) from panel
(I). n =5 independent experiments, *P= 0.0160 in (K), *P = 0.0362 (between Control

(IgA”*) and PIGR (/jgA**)) and **P= 0.0484 (between PIGR (/gA”*) and PIGR (/gA")) in
(L), *P=0.0254 in (M). N Pie chart showing the classification of 85 PSCC patients
according to the IHC scores for PIGR and IgA in PSCC tumor sections. High
expression groups: IHC score > 3. Low expression groups: IHC score < 2. O Kaplan-
Meier survival curve for PSCC patients grouped by high or low co-expression of
PIGR and IGA based on IHC scores (*P=0.0382). P-R Correlation between overall
survival and the transcripts of PIGR and /gA in patients from the TCGA database for
CESC (*P=0.0044) (P), HNSCC (*P=0.0410) Q and CDAD (*P=0.0303) (R). CESC:
Cervical squamous cell carcinoma, HNSCC: Head and neck squamous cell carci-
noma, COAD: Colon adenocarcinoma. A two-sided unpaired Student’s ¢ test was
used in (C), (E), (F), J-M). A two-way ANOVA test was used in (B) and (H). Two-sided
log-rank (Mantel-Cox) test was used in (O-R). Data are presented as mean +s.e.m.
ns: not significant (P> 0.05). Figures (A and G) were created in BioRender. Pan, W.
(2025) https://biorender.com/udc23vé6. Source data are provided as a Source
Data file.

of 85 PSCC patients. Our single-cell analysis revealed a significant
enrichment of tumor-infiltrating B cells (TIL-Bs), tertiary lymphoid
structures (TLSs), and IgA in the TME of HPV* PSCC compared to HPV-
cases. Notably, we also identified an increased presence of PIGR" epi-
thelial cells in HPV* tumors. Functional assays in vitro and in vivo using
wild-type and IgA-deficient mice demonstrated that the IgA-PIGR axis
plays a critical role in driving anti-tumor responses and improving
survival. These findings provide mechanistic insights into HPV-
associated immune modulation in PSCC and suggest that elevated
IgA-PIGR levels could serve as a biomarker for clinical outcomes in
PSCC and other mucosal-associated carcinomas.

Our study highlights the intricate immune-epithelial crosstalk
in the PSCC TME, with a particular focus on the B cell-IgA-PIGR
axis. While PIGR overexpression alone can activate downstream
signaling pathways—potentially due to receptor clustering or
constitutive activation—our data suggest that IgA binding to PIGR
fine-tunes and amplifies these signals in ways that PIGR overexpression
alone does not fully achieve. This interaction may enhance anti-tumor
immunity by modulating epithelial responses, reinforcing the role
of IgA-PIGR signaling in tumor suppression. Besides, the MC38
tumor phenotypes observed in the B cell clearance and [gA”
backgrounds are distinct. These differences suggest that B cells,
including activated B cells, plasma cells, and those involved in
antigen presentation, may influence the tumor microenvironment
through mechanisms that are independent of IgA alone. Despite the
baseline differences, overexpression of PIGR and the dominant
IgA-PIGR axis significantly reduced tumor growth in the MC38 models,
highlighting the distinct contributions of IgA in different contexts and
underscores the role of the IgA-PIGR pathway in modulating tumor
progression.

Current immunotherapies primarily aim to reactivate exhausted
CD8"* T cells within the TME. However, our findings suggest that IgA
can also inhibit tumor progression through non-specific transcytosis
via PIGR" malignant epithelial cells. Recent studies have also shown
that dimeric IgA undergoes transcytosis through PIGR" epithelial
cancer cells and can be engineered to target intracellular mutated
oncodrivers, enhancing anti-tumor immunity in lung and colorectal
cancers®. These findings highlight the potential of targeting both
B-cell and T-cell responses in PSCC to improve therapeutic efficacy. A
key unresolved question is whether the antibodies produced in HPV*
and HPV™ PSCC are primarily tumor-reactive or directed against HPV
viral antigens. Studies in HPV* head and neck squamous cell carcinoma
(HNSCC) have demonstrated that TIL-Bs produce antibodies targeting
viral antigens such as E2, E6, and E7°*. Whether a similar phenomenon
occurs across HPV-associated mucosal carcinomas remains to be
explored. Future studies should investigate the specificity and func-
tion of antibodies within the HPV" TME to better define their role in
anti-tumor immunity.

Methods

Patient cohorts and sample allocation

A total of 107 penile squamous cell carcinoma (PSCC) cases were
included in this study. Specimens were obtained from patients who
underwent surgical excision at The First Affiliated Hospital of the
University of Science and Technology of China. Written informed
consent was obtained from all participants in accordance with the
Declaration of Helsinki. Of the 107 cases, 60 archival FFPE samples
(P31-P90) were collected prior to project initiation (2011-2021) and
were primarily used for validation assays, including immunohis-
tochemistry (IHC). In parallel, 47 fresh tumor cases were prospectively
and consecutively collected between 2021 and 2025, serving as the
main discovery cohort. Among these, 30 patients (P1-P30) con-
tributed both FFPE and fresh tumor tissues, while an additional 17
patients (P91-P107) were accrued during the revision stage and spe-
cifically contributed fresh tumor tissues for scRNA-seq. In total,
28 samples (23 tumors and 5 NATs) passed scRNA-seq quality control,
yielding 202,424 single cells for downstream analyses. Among the 23
tumor samples included in the scRNA-seq dataset, 11 samples (P1-P6
and P91-P95) have already been reported in our previously published
work?.

Tissue allocation to assays was dictated solely by real-time avail-
ability and technical feasibility, without any pre-selection based on
clinical or biological features. Fresh samples with sufficient viable tis-
sue were prioritized for scRNA-seq, a tissue-consuming assay that
precluded parallel flow cytometry. Flow cytometry was therefore
performed on other consecutively accrued fresh tumors that met
viability thresholds. For histologic validation, we examined an inclu-
sive FFPE cohort of 90 consecutively accrued patients (P1-P90). To
ensure accurate HPV classification, five archival cases with discordant
results (pl6-positive/HPV PCR-negative) were excluded, leaving 85
evaluable cases for IHC analyses.

HPV status definition

HPV status in PSCC samples was determined using pl6 immunobhis-
tochemistry (IHC) staining according to the recommendations of
the International Society of Urological Pathology (ISUP), which
recognizes p16 IHC as a standard method for detecting HPV infection
and classifying penile tumors?. pl6 positivity was defined as
strong, diffuse nuclear and cytoplasmic staining in at least 70% of
the tumor cells, based on validated criteria for multiple HPV-related
cancers, including PSCC* and HNSCC?>*%. For PCR-based confirmation,
HPV-specific universal primers SPF1/GP6++ was used to detect
abroad range of HPV types, including HPV 11, 16, 18, 31, 33, 34,35, 39, 51,
52, 53, 56, 58, 61, and 66 following established protocols® (Supple-
mentary Table 6). DNA was extracted from tumor samples using
either fresh tissue (n=47) with the Animal Tissues/Cells Genomic
DNA Extraction Kit (D1700, Solarbio), or FFPE samples (n=60)
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with the TIANamp FFPE DNA Kit (DP331, Tiangen). A PCR product
with a~180bp band indicates HPV positivity, while no visible band
indicates HPV negativity. Given the limited sensitivity of PCR in
degraded FFPE tissues, HPV status was assessed using both p16 IHC
and HPV PCR. Cases were classified as HPV-positive if they were
plé6-positive and showed an ~180 bp band on HPV PCR. Cases were
considered HPV-negative if they were pl6-negative and showed no
PCR band.

HPV DNA in Situ Hybridization Detection

HPV DNA was identified using the HPV detection kit (Triplex Interna-
tional Biosciences, HPV high-risk-20A). Tissue slices were first sub-
jected to microwave treatment for 30 min, and then the slices were
subjected to proteinase K digestion for 5min, followed by probe
hybridization (add 20 pl of hybridization solution to each slice and add
a coverslip). The slices were placed on a 95 °C heater for denaturation
treatment for 5min, and then were placed in a humidified box and
incubated at 37 °C for 16 h. After that, diaminobenzidine (DAB) was
used to develop color, and finally hematoxylin counterstaining was
used to display the cell nuclei, alcohol dehydration, and neutral gum
covered the slices.

Immunohistochemistry (IHC)

IHC was performed retrospectively on patient tumor tissue sections
against p16, CD3, CD20, CD138 (SDC1), IgA, IgG, PIGR and IFN-y. Owing
to limited biospecimen availability, IHC staining was performed only
once for each tumor sample. Tissues were fixed in 4% paraformalde-
hyde, followed by dehydration, paraffin embedding and sectioning.
Slices were subjected to immunohistochemical staining. Specifically,
specific marker-stained images were analyzed digitally with the image
analysis software Image ] to determine the amount or intensity of IHC
staining by measuring the area of the IHC-stained cells or structure in
the center of a tumor and in the invasive margin of the tumor. The
tumor region was delineated by two trained pathologists. Specific
markers expression was categorized by tumor cell IHC scoring: high
expression (score=4 or 3), low expression (score=2 or 1) or no
expression (score = 0). The following primary antibodies were used for
immunohistochemical staining: mouse-anti-human pl6 (MXB- bio,
MAB-0673), mouse-anti-human CD3 (ZsBio, ZM-0417), mouse-anti-
human-CD20 (ZsBio, ZM-0039), rabbit-anti-human CD138 (ZsBio, ZA-
0584), rabbit-anti-human IgA (ZsBio, ZA-0446), rabbit-anti-human IgG
(ZsBio, ZA-0448), rabbit-anti-human PIGR (Abram, ab96196), rabbit-
anti-human IFN-y (Abram, ab25101).

The multiplex immunofluorescence staining protocol was per-
formed as follows: First, 3-pum-thick slices from formalin-fixed paraffin-
embedded (FFPE) tissues were mounted on highly adhesive glass sli-
ces. The slices were then baked at 65°C overnight, dewaxed using
xylene, and rehydrated in a series of ethanol solutions. Following this,
heat-induced antigen retrieval was carried out with citrate buffer
(Akoya Biosciences, NEL811001KT). After a 10 min blocking step, slices
were incubated with primary antibodies at room temperature for
60 min. Unbound antibodies were removed by washing with TBST
(0.1% Tween 20), and a fluorescein-conjugated secondary antibody
was applied. Finally, nuclei were counterstained with DAPI for 5 min,
and the slices were mounted with an antifade medium and stored at
4°C in the dark. Primary antibodies were mouse-anti-human KRT5
(ZsBio, TA800727), mouse-anti-human CD45 (ZsBio, ZM-0183),
mouse-anti-human CD31 (ZsBio, ZM-0044), rabbit-anti-human VIM
(Abram, ab92547), mouse-anti-human CD3 (Servicebio, GB12014),
mouse anti-human CD4 (ZsBio, ZM-0418), mouse-anti-human CD8
(Servicebio, GB12068), mouse-anti-human CD20 (Servicebio,
GB14030), mouse-anti-human CD38 (Servicebio, GB114831), mouse-
anti-human CD56 (ZsBio, ZM-0057), rabbit-anti-human CD86 (CST,
91882S), rabbit-anti-human IgA (Abcam, ab124716), rabbit-anti-human
PIGR (Abcam, ab96196).

Tertiary lymphoid structures (TLSs) definition and assessment

We used CD3 and CD20 immunohistochemistry (IHC) to identify
tertiary lymphoid structures (TLSs) in our 85 FFPE PSCC tumor
sections. CD3 and CD20 are well-established markers for T cells
and B cells, which are the primary components of TLS. The use of
CD3/CD20 IHC staining is a widely accepted method for the
initial identification of TLS based on the presence and spatial
organization of T and B cells*?. Only 37 slides contained both
tumor and adjacent non-tumor regions within the same tissue section
from 85 PSCC cases. To ensure consistency and accuracy in our ana-
lysis, our criteria for TLS inclusion: (A) Structured organization: TLS
were defined by a clear, organized structure, with B cells and T cells
forming distinct zones. (B) Size threshold: only TLS consisting of more
than 50 cells were included in the analysis to distinguish them from
smaller, less organized immune cell clusters. (C) Normalization by
tumor area: the number of TLS was normalized by the area of the
tumor sections to provide a consistent measure across samples. This
approach aligns with established methods for TLS identification and
quantification in tissue sections, which often use similar size thresh-
olds and normalization techniques to ensure robust and reliable
data®s,

IHC Scoring of CD138, IgA, IgG, PIGR and IFNy

Specific CD138, IgA, IgG, PIGR and IFNy stained images were analyzed
digitally with the image analysis software Image J. The stratification of
CD138 expression in our study was based on a semi-quantitative
scoring system that combines staining intensity with the percentage of
positive cells. The scoring system used was as follows: (0) Negative: No
immune cells positive for CD138. (1+) Low: 1-5% of immune cells
positive for CD138. (2 +) Moderate: 6-20% of immune cells positive for
CD138 with moderate or strong intensity, or 6-100% of immune cells
with weak intensity. (3+) High: 21-75% of immune cells positive for
CD138 with moderate or strong intensity. (4 +) Very High: 76-100% of
immune cells positive for CD138 with moderate or strong intensity.
This scoring system is consistent with those used in previous studies
that assessed CD138+ plasma cell density in tissue sections®**°. For IgA
and IgG, the scoring was based solely on the fraction of positive cells
because they are secreted proteins, and the fraction of positive cells is
a more direct indicator of the presence of these immunoglobulins in
the tissue. The scoring system used was as follows: (0) Negative of
immune cells; (1+) 1-5% of immune cells; (2 +) 6-20% of immune cells,
(3+) 21-75% of immune cells and (4 +) 76-100% of immune cells.
Similar fraction-based scoring for immunoglobulins has also been
applied in studies analyzing immunoglobulin expression in tumor
tissues®’.

For PIGR and IFNy IHC scoring, we measured the integrated
option density (I0D) and area value of the positive signal in each field
of view by Image J software, and then calculated the mean density, that
is, mean density = I0D/area, which reflects the unit area concentration
of the target positive signal. Finally, the average value of the mean
density of 5 random areas of each sample was taken as the positive
signal intensity value of this sample. The cell staining intensity was
scored into 5 levels, (0) Negative: no positive staining, and the positive
signal intensity values of the remaining samples were sorted and
processed into four categories according to the order ratio of the
positive signal intensity values: <25% was scored as 1 score, 26-50%
was scored as 2 score, 50-75% was scored as 3 score, and >75% was
scored as 4 score.

Flow cytometry

PSCC tumor tissues underwent three to five washes with PBS (1%
penicillin- streptomycin, Gibco) were minced into small pieces about
1 to 5 mm? then were digested in 10 mL of 5mg/mL collagenase
type IV (Solarbio C8160-100mg) in Advanced DMEM/F12 (Gibco)
containing 2.5% FBS and 1% P/S for 0.5 h at 37 °C gently shaking. Cell
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cluster-containing supernatant was collected and centrifuged at
800 x g for 5min, and the cell pallet was washed three times using
Advanced DMEM/F12.

For single-cell suspensions of tumor samples, flow cytometry was
performed by staining with Zombie NIR viability dye (Biole-
gend,1:500), blocking with human TruStain FcX™ (BioLegend,1:100),
and staining for 30 min at 4 °C with the following anti-human anti-
bodies: CD45 (BioLegend, HI30, 1:200), CD3 (BioLegend, OKT3, 1:200),
CD19 (BD BiolLegend, HIB19, 1:200), CD4 (BD Biosciences, RPA-T4,
1:200), CD8 (BD Biosciences, RPA-T8, 1:200). For intracellular cytokine
staining of tumor-infiltrating T cells in MC38 tumor samples, cells
obtained from the digested tumor mass were incubated in a tissue
culture incubator for four hours at 37 °C with Cell Stimulation Cocktail
(plus protein transport inhibitors, eBioscience™, 1:500). Surface
staining was stained with Zombie NIR viability dye (BioLegend,1:500),
blocked with anti-CD16/32 (BioLegend,1:100) and analyzed by flow
cytometry (Beckman colter, CytoFLEX S) after incubation for 30 min at
4°C with the following anti-mouse antibodies: CD45.2 (BioLegend,
104, 1:200), CD11b (BioLegend, M1/70, 1:200), TCRp (BioLegend, H57-
597, 1:200), CD8a (BiolLegend, 53-6.7, 1:200), GZMB (BioLegend,
QA16A02, 1:200), IFN-y (BioLegend, XMG1.2, 1:200) and TNF-« (Bio-
Legend, MP6-XT22, 1:200).

For experiments requiring cell sorting, cells were first incubated
with viability factor (Zombie NIR™ Fixable Viability kit) in 1x PBS for
15 min, followed by washing with MACS buffer (1x PBS with 0.5% FBS
and 2mM EDTA) and centrifugation at 800 x g for 5min and then
stained against anti-human CD45 antibody in MACS buffer for 30 min.
Cells were then centrifuged again, resuspended in MACS buffer, and
sorted using a BD FACSAria™ Ill cell sorter. Sort cells were collected
directly in 1 x PBS with 0.04% BSA. For Single-cell RNA-seq analysis, live
CD45" cells from PSCC tumor tissues were sorted by using Fixable
Viability Dye Zombie Aqua™ (BioLegend) and anti-human CD45 anti-
body conjugated to Brilliant Violet 605™ (Biolegend, clone HI30).

Cell lines and PSCC primary cells
MC38, HT29, Hela and A549 cells were purchased from the American
Type Culture Collection. PSCC primary cells was made in our labora-
tory. All cell lines were proven to be negative for Mycoplasma con-
tamination. All cells were cultured in a 37 °C incubator with 5% CO,. All
cancer cells, except for PSCC primary cells, were cultured in high sugar
DMEM supplemented with 10% FBS and 1% penicillin—streptomycin.

For the establishment and passage of PSCC primary cells, PSCC
tumor samples underwent three to five washes with PBS (1% penicillin-
streptomycin, Gibco), were minced into small pieces about 1 to 5 mm?
and then digested in 10 mL of 5 mg/mL collagenase type IV (Solarbio
C8160-100 mg) in Advanced DMEM/F12 (Gibco) containing 2.5% FBS
and 1% P/S for 0.5h at 37°C gently shaking. Then, cell cluster-
containing supernatant was collected and centrifuged at 800 x g for
5 min. Cell pallet was washed three times using Advanced DMEM/F12
and resuspended in PSCC primary tumor cell culture medium (PRS-
PECM-2D, Hefei PreceDo Medical Laboratory Co., Ltd.). Fresh medium
was changed every 2 to 3 days. After PSCC primary tumor cell clones
were formed, enzymatic digestion was used to remove mixed primary
fibroblasts at each cell passage. Repeat the fibroblast removal opera-
tion 3-5 times. Finally, cellular immunochemistry was used to clarify
the type of squamous cell carcinoma (Guangzhou KingMed Diag-
nostics Group Co., Ltd.). For cell treatment with various cytokines and
IgA/1gG, 1 ng/ml IFN-B, 5 ng/ml IFN-y, 20 ng/ml TNF-«, 10 ng/ml IL-1,
0.5 pg/ml IgA, and 0.5 pg/ml IgG were used, and the cells were col-
lected 24 hours after stimulation for further RNA isolation. PSCC pri-
mary cells, HT29 and Hela cells were also stimulated with 4 ng/ml and
10 ng/ml IFN-y to quantify PIGR protein level by western blot.

For the generation of stable PIGR expression cell lines in PSCC
primary cells and MC38 cells, lentivirus-based plasmids containing
human PIGR and mouse PIGR cDNA were constructed. PSCC primary

cells and MC38 cells were seeded in 24-well plates and infected with
hPIGR/mPIGR lentivirus for 72 h, with 8 pug/ml polybrene (Sigma, cat.
no. TR-1003). After 72 hours, the infection efficacy was evaluated by
ZsGReen fluorescence intensity. DAPI (BioLegend, 422801) was stained
for dead cells, and stable PIGR expression cells were sorted by FACS
using DAPI-negative and ZsGReen-positive fluorescence for down-
stream experiments.

Mice and xenograft tumor models

C57BL/6 wild-type mice (male, 6 weeks old) and BALB/c-Nude mice
(male, 6 weeks old) were purchased from GemPharmatech Co., Ltd and
Beijing Vital River Laboratory Animal Technology. /gA”" mice were
purchased from Cyagen Biosciences, and the genetic background was
C57BL/6 ) (male & female, 8 weeks old). All mice were housed in rooms
on a standard 12 h light-dark cycle, with a temperature range of
68-72 °F and a humidity range of 30-70%. In all tumor model experi-
ments, 6-12-week-old male mice were used.

For xenograft tumor models, 5x10° MC38 cells (ctrl- or PIGR-
overexpressed) or 1x 107 primary human PSCC cells (wild-type) cells
were subcutaneously injected. Tumor volume was calculated as:
0.5 % (L x W), in which L is length and W is width. In accordance with
the ethical guidelines, subcutaneous tumors were allowed to reach a
size not exceeding 10% of the animal’s body weight, which constituted
the permissible limits established by the ethics board. The maximum
permitted tumor burden was not exceeded at any point during the
experiment. Tumor tissues were dissected mechanically into single-
cell suspensions for flow cytometry or retained for RNA and protein
isolation. B cells were depleted from C57BL/6 WT mice by intraocular
injection of 200 pg of anti-CD20 antibodies (anti-CD20, BioLegend,
SA271G2, Cat#152116, or 1 x PBS) at the time of tumor cell implantation
and again at 10 days intervals to deplete B cells. Mice would be killed if
the tumor size/burden exceeded 2.0 cm in diameter. For tumor TME
analysis, implanted tumor tissues were removed and digested in 5 mL
of 1 mg/mL collagenase type IV (Biosharp, BS165-100mg) in RPMI 1640
containing 40 pg/ml DNasel (Biosharp, BS137-10mg) for 0.5 h at 37 °C
gently shaking. Cell cluster-containing supernatant was collected and
centrifuged at 500 x g for 5 min, and cell pallet was washed three times
using MACS buffer for downstream FACS sorting, FCM analysis and
other cell assays.

Western blotting

All cell samples were lysed using the RIPA Lysis Buffer (Beyotime,
P0OO013B) with 1% PMSF. The lysates were separated by 10% SDS-Page
and transferred onto PVDF membranes. The membranes were then
blocked with 5% milk for 1 h. Following blocking, the membranes were
incubated overnight at 4 °C with the primary antibodies: anti-human
PIGR (Abcam, ab96196), anti-mouse PIGR (Abclonal, A6130), anti-HA
monoclonal antibody (Proteintech, 66006-2-Ig) and anti-beta actin
monoclonal antibody (Abcam, ab8226). Then, the membranes were
washed with 1xTBST and incubated with secondary antibodies at
room temperature for 1 h. The protein bands were visualized using the
ECL chemiluminescence substrate kit.

Enzyme-Linked Immunosorbent assays (ELISAs)

IgA/1gG levels in patient plasma/PSCC tumor tissues were determined
using IgA/IgG Human SimpleStep ELISA Kit (Abcam, ab196263 &
ab195215). IgA/IgG levels in mouse plasma/subcutaneous tumor tissues
were determined using IgA/IgG Mouse SimpleStep ELISA Kit (Abcam,
ab157717 & abl57719). Follow the product instructions strictly: a. Add
50 pL of all samples or standard to appropriate wells. b. Add 50 pL of
the Antibody Cocktail to each well. c. Seal the plate and incubate for
40 min at room temperature on a plate shaker set to 400 rpm. d. Wash
each well with Wash Buffer. e. Add 100 uL of TMB Development
Solution to each well and incubate for 5min in the dark on a plate
shaker set to 400 rpm. f. Add 100 pL of Stop Solution to each well.
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Shake the plate on a plate shaker for 1 min to mix. Record the OD
at 450 nm.

CCK-8 proliferation assays

CCK-8 Cell Proliferation and Cytotoxicity Assay Kit (Solarbio, CA1210)
was used to detect cell proliferation. The cells were digested into
single-cell suspension, and then the cell suspension was seeded in a 96-
well plate (2000 cells/well). Place the culture plate in an incubator to
pre-incubate for 8 h (37 °C, 5% C0O2). Add 10 pl of CCK reagent to each
well. Incubate the culture plate in the incubator for 1h. Use a micro-
plate reader to measure the absorbance at 450 nm. Testing was per-
formed every 24 h until the end of 96 h.

Colony-formation assays

Cells were cultured in DMEM (10% FBS) for 24 h before seeding and
then diluted into a concentration of 1x105/ml. A total of 200 cells
(2000 of PSCC primary tumor cell) were seeded in 2 ml of DMEM (10%
FBS). Treatments were refreshed on day O after seeding. On day 12-14,
one image was taken per well (three wells per treatment group). Col-
ony number was calculated using Image]J.

Transwell migration assays

Cells were starved in FBS-free DMEM for 24 h. Add 600 ul of DMEM
containing 20% FBS into the lower chamber of the 24-well plate and use
tweezers to place the Transwell chamber into the 24-well plate. The
starved cells were digested, resuspended in serum-free DMEM, and
10,000 cells (100 ml) were seeded in the upper chamber. The 24-well
plate was cultured at 37 °C and 5% CO2 for 24 h. Take out the Transwell
chamber and gently wipe the cells inside the chamber with a cotton
swab. Add 4% paraformaldehyde to fix the cells for 30 min. Add 0.1%
crystal violet staining solution and stain for 10 min. Randomly take
pictures of 3 fields of view in each chamber and use ImageJ to count
and average the number of cells for quantitative research.

Generation of single-cell RNA-seq libraries and sequencing

For PSCC tumor (P1-P6 and P91-P107) and normal adjacent tissues (P1-
P6), whole single cells were centrifuged for 5 min at 800 x g and were
resuspended in PBS with 0.04% BSA. Cells were then counted using the
Countess® Il Automated Cell Counter (Thermo Fisher) with a final
viability of > 85%. Single-cell RNA-seq libraries were prepared using the
Chromium Single Cell 3’ Reagent Kits v3 (10 x Genomics). Cell sus-
pensions were loaded onto a Chromium Chip along with the reverse
transcription master mix and single-cell gel beads aiming for
2000-10000 single cells per reaction. Following the generation of
single-cell gel bead-in-emulsions (GEMs), reverse transcription, pur-
ified and amplification were performed. The above single-cell RNA-seq
libraries were generated with a unique sample index for each sample
and sequenced on an NovaSeq platform (Illumia) to generate 150 bp
paired-end reads.

Alignment, quality control of scRNA-seq data

Following sequencing, Raw data (raw reads) of fastq files were
assembled from the raw BCL files using Illumina’s bcl2fastq converter
and processed through primary quality control. All the downstream
analyses were based on the clean data (clean reads) with high quality.
Reads from clean data were mapped to the human GRCh38 reference
genome by CellRanger (10X Genomics, version 6.0.1) pipeline using
default parameters to generate gene/barcode matrices.

After alignment using CellRanger, a unified gene/barcode matrix
for each sample was acquired and read into Seurat (version 4.3.0) for
downstream analysis. The 28 single-cell RNA-seq libraries were
sequenced to average more than 441 million sequencing reads for each
sample, with the average of sequencing saturation (covering the frac-
tion of library complexity) at 63.2%. After creation of the gene/barcode
matrices, a cell-level filtering step was performed to remove cells that

expressed fewer than 200 genes, more than 5000 genes and those
with more than 10% mitochondrial gene expression. Next, genes that
were lowly expressed (genes expressed in fewer than 10 cells) and
mitochondrial and ribosomal genes across each sample were removed.
Finally, 202,424 single cells from a total of 28 libraries were retained for
downstream analysis, with 7138 mean UMIs and of 2209 mean genes
per cell.

Processing and clustering of scRNA-seq data

Gene expression matrices were normalized for library size per cell and
log-transformed for better interpretability using the Seurat function
‘NormalizeData'. For data integration and batch correction, ‘FindInte-
grationAnchors’ and ‘IntegrateData’ were applied to the data in Seurat.
For previously published HNSCC (GSE103322)*, NPC (GSE150430)*
and ¢SCC (GSE144236)* datasets, files downloaded from GEO Acces-
sion Viewer were processed, imported into a Seurat-compatible object
and integrated by tumor types for downstream analysis. After gen-
erating the library-size normalized and integrated gene/barcode
matrix, we next sought to reduce the dimensionality of the data for
downstream visualization and clustering. Highly variable genes (top
2000) were identified and selected by ‘FindVariableGenes’ based on
high dispersion and carried forward into scaling and principal com-
ponent analysis (PCA) using the Seurat function ‘ScaleData’ and
‘RunPCA’. Louvain clustering was performed on all cells with the
‘FindClusters’ function using the first top PCs and various resolution
parameters. And we then used the Seurat function ‘RunUMAP’ with the
equal PCs number for visualization.

Identification and quantification of cell types in scRNA-seq data
Identification of various cell clusters was performed using the Seurat
function ‘FindAlIMarkers’ or FindMarkers’ in conjugation with the dif-
ferentially expressed canonical markers. The differentially expressed
genes with false-discovery rate (FDR) < 0.05 and log,-fold change of
average expression >0.5 were considered significantly different in
different cell clusters. For integrated data in multi-tumor types, we
annotated four major populations in TME according to the classical
gene signature. For malignant cells, we used inferCNV (version 1.10.1)
to estimate the sample-wise copy number variations (CNVs) following
the standard workflow for epithelial cells with default parameters and
selected out 9255 malignant cells with high CNVs for further analyses.

We then evaluated the enrichment of cells from a given group
type in each cluster by a two-step strategy. Firstly, we summated the
cells from total clusters in each sequencing sample, and calculated the
proportion of each cluster by dividing sum value of per sample. Sec-
ondly, analysis of proportion for sample ratio values by student ¢ test
was used to determine if the cell enrichment across clusters was sta-
tistically significant differences in cell frequencies.

Bulk B cell receptor sequencing (bulk BCR-seq) and analysis
We collected fresh tumor tissues from 20 PSCC patients (PT11-PT30)
and performed bulk BCR-sequencing on the Seqghealth Technology
platform to evaluate the types and diversity of immunoglobulin (Ig)
isotypes in PSCC. Total RNAs were extracted from cryopreserved snap
frozen tumor tissues using TRIzol (Invitrogen™, Cat. No. 15596018).
About 2 pg total RNA of each sample were used for BCR sequencing
library preparation using KC-DigitalTM Stranded BCR-seq Library Prep
Kit following the manufacturer’s instruction. The library products
corresponding to 250-500 bp were enriched, quantified and finally
sequenced on the DNBSEQ-T7 sequencer. Library construction failed
in 4 cases due to the limited residual tumor tissue, leaving 16 samples
(8 HPV* and 8 HPV') for downstream analysis.

Following sequencing, clean reads were first assigned to clusters
based on identical UMI sequences. Within each cluster, reads
were pairwise aligned, and those exhibiting >95% sequence identity
were further extracted into a new subcluster. Once all subclusters were
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established, we performed multiple sequence alignment to obtain a
consensus sequence for each. These non-redundant consensus
sequences served as the input for bulk BCR-seq analysis. Using MiXCR
software (version 3.0.3)"', the consensus sequences were aligned to the
international ImMunoGeneTics (IMGT) database® to obtain V, D and )
gene fragments, rearrangements and CDR3 sequences. We defined a
BCR clone according to the same V(D)) genes, CDR3 nucleotide and
amino acid sequences. The diversity of IGH isotype was evaluated by
Shannon’s entropy, which have been widely used for assessing the
diversity of BCR as described®***.

Survival analysis using The Cancer Genome Atlas

Molecular and clinical data from TCGA for cervical squamous cell
carcinoma (CESC), head and neck squamous cell carcinoma (HNSCC)
and colon adenocarcinoma (COAD) were downloaded from Genomic
Data Commons Xena Hub (https://gdc.xenahubs.net). A total of 521
patients with matched clinical information and tumor RNA-seq data
was used in this study, including CESC (n =144), HNSCC (n=293), and
COAD (n=84). We evaluated the expression of /gA based on the
average of IGHAI and IGHA2. For CESC and HNSCC data, the cutoff of
high or low expression for PIGR or IgA was the median. For COAD, the
lower and upper quartiles of PIGR or IgA were selected for clinical
grouping. Kaplan-Meier survival analysis and the log-rank tests were
performed to compare overall survival between groups.

PSCC primary cells transcriptome sequencing and analysis
PSCC primary cells in culture in PRS-PECM-2D medium were treated
with or without 0.5 pg/ml of natural human IgA or 1 x PBS for 24 h Total
RNA was isolated with TRNzol Universal total RNA extraction kits
(TIANGEN, DP424). About 2 pg total RNA were used for stranded RNA
sequencing library preparation using KC-DigitalTM Stranded mRNA
Library Prep Kit for Illumina® (Catalog NO. DR08502). The library
products corresponding to 200-500 bps were enriched, quantified
and finally sequenced on DNBSEQ-T7 sequencer (MGI Tech Co., Ltd.
China) with PE150 model.

Following sequencing, raw sequencing data was first filtered by
Trimmomatic (version 0.36). Low-quality reads were discarded, and
the reads contaminated with adapter sequences were trimmed. Clean
reads were further treated with in-house scripts to eliminate duplica-
tion bias introduced in library preparation and sequencing. The de-
duplicated consensus sequences were mapped to the hg38 reference
genome using star (version 2.5.3a) with default settings. Uniquely
mapped reads were counted with in-house scripts at the gene-level
using GENCODE V38 transcript annotation for human. Principal com-
ponent analysis was performed with normalized log-transformed data
using the R language function ‘prcomp’. Differential expression genes
analysis was performed using DESeq2 (version.1.34.0)*. The sig-
nificantly expressed genes were selected with foldchange >1.5 and
adjusted p-value < 0.05.

Signature enrichment analysis

Gene set enrichment analysis (GSEA) was performed by using R
package clusterProfiler®® function ‘GSEA’ (version 4.0.5) with gene sets
(Hallmarks and KEGG) from the Molecular Signatures Database
(msigdbr, version 7.5.1). Gene Ontology (GO) enrichment analysis in
this study was performed by using clusterProfiler or the Metascape
online website®’.

Statistics & reproducibility

Data are presented as means = SEM. Statistical analyses were per-
formed using GraphPad Prism (v8.4.0) and R (v.4.1.2). A two-tailed
paired and unpaired Student ¢ test between two groups were used to
determine significance. Chi-Squared test was used to determine sig-
nificance for the proportion of high (score >3) or low (score <2) IHC
score between HPV' and HPV" groups. For time-course analysis of

tumor growth and CCKS cell proliferation, a two-way ANOVA test was
used. Survival was analyzed with the two-sided log-rank (Mantel-Cox)
test. Statistical parameters were represented in the Figure Legend of
each Figure. Pearson correlation coefficients was computed to evalu-
ate the correlation between two variables. P<0.05 was considered
significant. *P<0.05, *P<0.01, **P<0.001, and ***P<0.0001. For
scRNA-seq data, DEG analysis was performed by using the Wilcoxon
rank-sum test. Other statistical analysis used in this paper are descri-
bed in the corresponding methods. The western blots, HE and fluor-
escence images shown were selected as representative of results from
at least three independent replicate experiments.

Ethics approval

All human samples, plasma, tumor and adjacent tissues, were collected
in accordance with the Declaration of Helsinki. The study design was
approved by the Ethics Committee of First Affiliated Hospital of the
University of Science and Technology of China. The approval ID is
2016KT67. All animal experimental protocols were approved by the
Institutional Animal Care and Use Committee of the University of
Science and Technology of China. The approval ID is
USTCACUC192401055.

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

Data availability

The raw sequence data generated in this study have been deposited in
the Genome Sequence Archive (Genomics, Proteomics & Bioinfor-
matics 2021) in the National Genomics Data Center (Nucleic Acids Res
2022), China National Center for Bioinformation / Beijing Institute of
Genomics, Chinese Academy of Sciences that are accessible via https://
ngdc.cncb.ac.cn/gsa-human/browse/HRA008170 (PRJCA024930,
scRNA-seq and bulk-BCR-seq for PSCC tissues) and https://ngdc.cncb.
ac.cn/gsa-human/browse/HRA008149 (PRJCA028674, bulk-RNA-seq
for primary PSCC cells). Among the 23 tumor samples included in
the scRNA-seq dataset, 11 samples (P1-P6 and P91-P95) have already
been reported in our previously published work®. The raw sequencing
datasets PRJCA024930 and PRJCA028674, generated from human
tissues, are available under controlled access due to ethical restrictions
related to patient privacy. Access can be requested by contacting the
corresponding author. Other scRNA-seq data sets used in this study are
also publicly available, including HNSCC? [https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE103322], NPC**  [https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE150430] and cSCC* [https.//
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE144236]. ~ Source
data are provided with this paper. All remaining data are available in
the article, supplementary and source data files. Source data are pro-
vided in this paper.

Code availability

All packages used in this study are open-source R packages. DESeq2®
(version.1.34.0) was used for differential gene expression analyses
between bulk RNA-seq samples. ClusterProfiler®® (version 4.0.5) was
implemented for the pathway enrichment work. All scRNA-seq data
were analyzed with standard programs and packages, as
detailed above.
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