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ABSTRACT

Background The occurrence of chronic inflammation
resulting from infection with human papillomaviruses is
an important factor in the development of cervical cancer
(CC); thus, deciphering the crosstalk between the tumor
microenvironment and innate immune cells during the
establishment of immune tolerance is vital for identifying
potential treatment strategies.

Methods Single-cell RNA sequencing data and primary
tumor samples from patients with CC were used to
evaluate the functional role of Siglec-10 on dendritic
cells (DCs). Patient-derived tumor fragment platforms
were used to examine the ability of Siglec-10 blockade
to reinvigorate DC-mediate T-cell activation and tumor
clearance.

Results Here, we demonstrated that Siglec-10is a
prominent inhibitory checkpoint for DCs infiltrated in CC.
CC epithelial cells use their aberrant surface sialylated
structures to induce the transformation of conventional
DCs into phenotypes characterized by low immunogenicity
and high immunotolerance. Additionally, Siglec-10* DCs
suppress the function of adaptive T cells via galectin-9
signaling to strengthen the immunosuppressive CC
microenvironment. Disturbance of Siglec-10 signaling
restored the DC-mediated tumoricidal response and
increased adaptive T cells sensitivity to programmed cell
death protein 1 inhibition.

Conclusion Our study confirms the checkpoint role of
Siglec-10 on DCs and proposes that targeting Siglec-10
may be a promising avenue for immunotherapy against
CC.

INTRODUCTION

Cervical cancer (CC) is a prominent cause
of mortality among women worldwide that is
primarily caused by oncogenic human papil-
lomaviruses (HPVs).! Extensive evidence has
demonstrated that the strength of the local
immune response plays a pivotal role in
determining the outcome of HPV infections,
leading to either neoplasia or complete erad-
ication.? ® Dendritic cells (DCs), which serve
as the primary defense against tumors, have
been observed to accumulate in the peritu-
moral and tumorous regions in CC and other
cancers.”™ Despite the substantial influx of

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Prior scientific understandings have highlighted the
pivotal role of dendritic cells (DCs) in modulating tu-
mor immunity, yet gaps persisted in elucidating their
functional regulation in cervical cancer, necessitat-
ing this study to bridge the knowledge divide.

WHAT THIS STUDY ADDS

= This study highlights the potential role of the sialo-
glycan/Siglec-10 axis, in modulating DC mediated-
immunosuppression in cervical cancer.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Understanding the mechanisms of Siglec-10-
mediated immunosuppression in cervical cancer
may lead to the development of novel treatment
strategies for improving patient outcomes.

DGs into tumors, their ability to exert a robust
adaptive antitumor immune response is often
limited. Tumor-infiltrated DCs are susceptible
to tumor/regulatory T cells (Treg)-secreted
immune suppressors (interleukin (IL)-10,
vascular endothelial growth factor (VEGF),
transforming growth factor (TGF)-B, prosta-
glandin E2 (PGE2), etc),” and immunoregu-
latory signals in the TME, including RANKL,
PD-Ls, and IDO-1."""" These factors compro-
mise the function of DCs or repolarize
mature DCs into tolerogenic DCs, which
induce T-cell anergy and apoptosis to counter
effective immune killing.12 " This interplay
between CC and DCs has presented a consid-
erable challenge in immunotherapy strate-
gies that aim to target effector immune cells,
potentially providing an explanation for the
failure of immunotherapeutic interventions
observed among specific patients. Further
dissection of the diverse phenotypes of DCs
within the CC microenvironment could offer
important insights for immune response
modulation and effective therapeutic inter-
vention in CC.
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In recent years, numerous studies have indicated
the potential of the sialoglycan-sialic acid-binding
immunoglobulin-like lectin (Siglec) axis within the TME
as a novel immune checkpoint that drives innate and
adaptive antitumor immunity.'* The inhibitory Siglec
receptors possess structural and signaling motifs that
are similar to those of the widely recognized inhibitory
receptor programmed cell death protein-1 (PD-1); these
motifs include an immunoreceptor tyrosine-based inhib-
itory motif (ITIM) and an ITIM-like motif that can regu-
late intracellular signaling by interacting with SHP1 and
SHP2 phosphatases.'” The primary physiological function
of most inhibitory Siglec receptors is to act as immune
checkpoints, thereby preventing undesired immune
responses.'® In the context of cancer, aberrant glycosyla-
tion, a frequently observed characteristic, is exploited by
tumor cells to establish an immunosuppressive environ-
ment and facilitate disease progression.'” A recent study
provided evidence for interactions between siaglycan
ligands and Siglec receptors within the TME, specifically
in relation to tumor-associated macrophages.'* Although
the various functions of Siglecs in multiple immune
cells are becoming increasingly understood, there is
still limited evidence supporting a connection between
Siglecs and the functional heterogeneity of DCs, partic-
ularly in the specific context of cancer. In the CC micro-
environment, the effect of Siglec expression in DCs in
terms of specific functional outcomes has not yet been
determined.

To interrogate these questions, we searched single-cell
and bulk RNA sequencing databases as well as enrolled
CC cohorts to ultimately identify Siglec-10 as the predom-
inant Siglecs in CC, which is closely linked to the function
of DCs and disease prognosis. The hypersialoglycans in
CC tumor epithelial cells induce the tolerogenic trans-
formation of Siglec-10" DCs, leading to T-cell exhaustion
and facilitating tumor immune evasion. Using patient-
derived tumor fragment (PDTF) platforms in our inves-
tigations, we proposed an approach that targets Siglec-10
and prevents the immunosuppressive effects mediated by
Siglec-10" DCs in the context of CC immunotherapy.

RESULTS

The expression of Siglec-10 in CC-infiltrated DCs predicts
patient prognosis

To explore the role of the Siglec family in the CC micro-
environment, we performed single-cell RNA sequencing
(scRNA-seq) analysis on publicly available data sets,
including nine cervical tumor tissue (TT) and four adja-
cent normal tissue (NT) samples.18 19 Gells were clustered
using a graph-based shared nearest neighbor approach
followed by t-distributed stochastic neighbor embedding
(t:SNE) dimension reduction, which yielded 11 known
cell types (online supplemental figure S1). A total of 743
DGCs including 646 CC-infiltrated DCs and 73 NT-infil-
trated DCs were obtained for further analysis. To identify
the potential functional molecules of CC-infiltrated DCs,

the expression of all 14 members of the Siglec family
was analyzed in TT and NT cells. As shown in figure 1A,
low expression of Siglec-2, Siglec-7, Siglec-9, Siglec-12,
and Siglec-14; moderate expression of Siglec-1, Siglec-3,
and Siglec-10; and high expression of the Siglec-10 gene
was observed in CC-infiltrated DCs, while extremely low
expression of the remaining Siglecs was found. The expres-
sion levels of all Siglecs remained low in DCs from NTs. In
addition to DCs, Siglecs were shown to be distributed on B
cells and other myeloid cells (online supplemental figure
S2A). Next, to determine which Siglecs expressed by DCs
influence the survival of patients with CC, we analyzed
data from The Cancer Genome Atlas Program (TCGA)
cervical squamous cell carcinoma (CESC) cohort, particu-
larly focusing on patients with abundant tumor-infiltrating
DCs (estimated by CIBERSORT). Using the cell signa-
tures for different Siglec-expressing DCs derived from the
scRNA-seq data (online supplemental table S1), overall
survival was compared between samples stratified by the
median signature score. We found that the Siglec-10" signa-
ture score was an unfavorable prognostic factor in patients
with CC (HR=0.4763, 95% CI=0.2362 to 0.9605, p=0.03);
however, there were no statistically significant differences
between the high-groups and low-groups stratified by
other Siglecs” DC scores (figure 1B). The Siglec-10" signa-
ture in the CC TME could efficiently discriminate between
patients with good or poor prognosis (figure 1C). These
results suggested that Siglec-10, but not other Siglecs, may
play a role in shaping the TME of CC.

Elevated infiltration of Siglec-10* DCs correlates with late
clinical stage and increased recurrence risk in patients with
CC

To confirm the clinical significance of Siglec-10 expression
by DCs, we evaluated the infiltration of Siglec-10" DCs in
our independent CC cohort. Consistent with the results of
the scRNA-seq analysis, the flow cytometry results showed
significantly upregulated Siglec-10 expression in CC-in-
filtrated DCs compared with NT-infiltrated DCs (online
supplemental figure S2B). Multiplex immunofluorescence
staining further highlighted the abundance of Siglec-
10" DCs in the intratumoral area, while both DCs and
Siglec-10 were scarce in the adjacent NT area (figure 1D).
A greater percentage of CC-infiltrated DCs with Siglec-10
expression was observed in tumors with larger diameters
and later International Federation of Gynecology and
Obstetrics stages. Additionally, in patients who possessed
high-risk factors for early recurrence and poor prognosis,
such as lymph node metastasis, lymphovascular invasion,
and deep stromal invasion, more intratumoral infiltra-
tion of Siglec-10" DCs was observed (figure 1E and online
supplemental table S2). These data suggested that intra-
tumoral Siglec-10" DCs play a protumorigenic role in CC.

Siglec-10 is widely expressed in diverse conventional
dendritic cell subpopulations but not in plasmacytoid
dendritic cells in CC tumors

scRNA-seq data of DCs derived from CC tumor speci-
mens were obtained to further characterize Siglec-10"

2

Wang C, et al. J Immunother Cancer 2024;12:¢009404. doi:10.1136/jitc-2024-009404


https://dx.doi.org/10.1136/jitc-2024-009404
https://dx.doi.org/10.1136/jitc-2024-009404
https://dx.doi.org/10.1136/jitc-2024-009404
https://dx.doi.org/10.1136/jitc-2024-009404
https://dx.doi.org/10.1136/jitc-2024-009404
https://dx.doi.org/10.1136/jitc-2024-009404
https://dx.doi.org/10.1136/jitc-2024-009404
https://dx.doi.org/10.1136/jitc-2024-009404

8 Open access

A 0 10 20 30 0 051.01.5 B

0 20 0051015 R .
Percent - © & @  Expression mE i Subgroups  HR(95%Cl) P-value
NT e e et e R i Siglec-1 High Reference — .,
T . . . . ® - . Low 0.5750(0.2812-1.176) 0.1
AN AL D A H 6 A B 9O A0 AN AL Ak D Siglec-2 High Reference —
vy (v} G (v} (v} G () (vy (vy - 7 - - . _
‘5\9\66\9\66\9\693\9\66\9\6‘5\9\6‘5\9\6‘5\9\6‘5\9\% g g\e’% 9 g\?’;\ g\e’%\ g\e’% 9 g\e,c- Low 1.7056(0.84-3.463) 0.1
: _a High Reference
C Siglec-3 ) 0.8873(0.4571-1.723) 0.7 —.
) + . High Reference
§‘°° e Siglec10™ DC Siglec7 | o 0.8237(0.424-1.6) 06 .-
< score
© 75 Siglec-9 High Reference ——
2  High Low 1.1535(0.5934-2.242) 07
3% . Low | Siglec.10 High Reference — .
(=U H Low 0.4763(0.2362-0.9605) 0.03 :
b 25 : Tesasnne . . . . sesssscscssrasassatasnanns L}
[ ! ; High Reference
> P=0.034 . . g
3, ; Siglec-12. | 0.5592(0.2815-1.111) 0.09 —
0 3 60 9 120 150 180 210 ) Siglec-14 High Reference |
Time (month) Number at risk Low 0.5814(0.2948-1.147) 0.1

7% 26 11 5 2 2 1 1 High

—_—————
025 050 1.0 20 4.0
Hazard ratio

T

m

FIGO stage Tumor size LN metastasis LVSI DSI SCC level
2 1001 P<0.001 P=0.087 P<0.001 P<0.001 P=0.023 P=0.021
a
c 75
X
+ 50
o
~
8 25
=
7
o
| I 1 <4cm >4cm No Yes No Yes No Yes Normal High

Figure 1 The upregulated expression of Siglec-10 in infiltrated DCs was correlated with poor prognosis and worse disease
conditions in patients with cervical cancer. (A) Bubble heatmap showing the gene expression of Siglec family members among
DCs across the NT and TT samples. (B) Cox regression univariate analysis of TCGA CESC patients (n=291) based on the gene
signature expression of Siglecs* DCs. The significance of the covariates was calculated by the Wald test. (C) The Kaplan-Meier
overall survival curve of TCGA CESC patients (n=291) grouped according to the gene signature expression of Siglec-10" DCs.
Significance was calculated by the log-rank test. (D) Representative multicolor immunofluorescence staining of CD11c*HLA-
DR*Siglec-10* cells that infiltrated the NT or TT samples. (E) Percentages of Siglec-10* cells within tumor-infiltrated DCs in
patients with different clinicopathological parameters, as determined via flow cytometry analysis (n=50). Significance was
calculated by the Mann-Whitney U test (two groups) or the Kruskal-Wallis test (multiple groups). CESC, cervical squamous cell
carcinoma; DCs, dendritic cells; DSI, deep stromal invasion; LN, lymph node; LVSI, lymphovascular invasion; SCC, NT, normal
tissue; SCC, squamous cell carcinoma antigen; TCGA, the Cancer Genome Atlas Program; TT, tumor tissue.

DCs. Unsupervised clustering identified three subsets of ~ we found that Siglec-10 gene was extensively detected
conventional dendritic cells (cDCs) (cDCls, cDC2s, and in three cDC subsets, but was largely absent in the pDC
recently reported LAMP3" DCs) and a subset of plasma-  subset (figure 2B). Flow cytometry analysis of 24 TT
cytoid dendritic cells (pDCs) (figure 2A).%0 Intriguingly, specimens was used to further elucidate the distribution
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Figure 2 Distribution characteristics of cervical cancer-infiltrated Siglec-10* DCs. (A) t-SNE plot showing the four subtypes

of DC clusters derived from TT samples. Bubble heatmap showing marker genes across four DC clusters derived from

TT samples. (B) t-SNE plot and violin plot showing the expression level of Siglec-10 among different DC subpopulations.

(C) Subpopulation distribution of Siglec-10* DCs in each TT sample. (D) Expression of Siglec-10 in four DC clusters determined
via flow cytometry analysis (n=24). cDC, conventional DC; DC, dendritic cells; pDC, plasmacytoid dendritic cells; t-SNE, t-

distributed stochastic neighbor embedding; TT, tumor tissue.

of the Siglec-10 protein in distinct DC subsets (online
supplemental figure S2C). We confirmed that Siglec-10-
expressing DCs were overwhelmingly ¢DCs despite the
significant heterogeneity in the proportion of Siglec-10-
expressing DCs in each subset (figure 2C,D). Minimal
levels of the Siglec-10 protein were detected on the
surface of pDCs.

Siglec-10 expression defines an immunoregulatory CC-
infiltrated DC phenotype
We next performed monocle analysis to explore the distri-
bution of Siglec-10" DCs along the inferred DC trajectory.
The constructed trajectory of intratumoral DCs revealed
two different branches, and Siglec-10 was mainly distrib-
uted in the cell fate one branch (figure 3A). To inves-
tigate the functional status during cell-state transitions,
gene module scores for each cell based on predefined
“activated” and “tolerogenic” associated gene sets were
calculated.””™ DCs at the starting point of the pseudo-
time presented enrichment of activation score, while
DCs directed to cell fate one exhibited a decrease in the
tolerogenic score and an increase in the activation score
(figure 3B). This tolerogenic transformation of DCs was
accompanied by consistent upregulation of Siglec-10
expression, indicating the potential role of Siglec-10 in
promoting DC tolerance in CC.

To further elucidate the phenotype of Siglec-10-
expressing DCs, a Gene Set Enrichment Analysis

was conducted to determine the enriched pathways.
Compared with Siglec-10" DCs, Siglec-10" DCs were
enriched in the antigen processing and presentation
pathway and had higher expression of HLA molecules
and antigen recognition/processing molecules (CTSA,
CTSC, TAP2, and FCGR3A) (figure 3C,D). By tracking
fluorescein b-isothiocyanate (FITC)-dextran engulfment
by tumor-sorted DCs ex vivo, the phagocytic ability of
Siglec-10" DCs was confirmed to be greater than that of
Siglec-10" DCs (figure 3E). As indicated by the scRNA-seq
data, there was an imbalance between stimulatory and
immunoregulatory signals in Siglec-10" DCs, as indicated
by the significant downregulation of CD83 and upregula-
tion of inhibitory molecules such as HAVCR2, SLAMF?7,
CD163, and LILRBs (figure 3D). In addition, pathways
related to adaptive immune function including the CD40
pathway, the chemokine pathway, cytokine signaling and
JAK/STAT signaling, were negatively enriched in the
Siglec-10" DCs (figure 3C). The phenotype of Siglec-
10" DCs was further elucidated by a comprehensive
flow cytometry analysis of our CC cohort using classical
markers related to DC function (figure 3F and online
supplemental figure S3). Significant downregulation of
the costimulatory markers CD40, CD80, CD83 and CD86
were observed in the Siglec—lOJr DCs, while the inhibitory
ligand programmed death-ligand 1 (PD-L1) was upregu-
lated. Two inhibitory receptors, PD-1 and Tim-3, which
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Figure 3 Tolerogenic phenotype of cervical cancer-infiltrated Siglec-10* DCs. (A) Trajectory inference analysis and dynamic
changes in Siglec-10 expression on DCs from TTs. (B) Pseudotime projections showing the activated or tolerogenic signatures.
(C) Two-sided bar graph showing the pathways associated with significantly upregulated and downregulated genesin Siglec-10*
DCs in TTs according to Gene Set Enrichment Analysis. (D) Radar plots showing the immunogram patterns of Siglec-10*

DCs and Siglec-10" DCs. Underlined labels indicate significant differences (p < 0.05). Significance was calculated by the
Wilcoxon test. (E) Representative histograms showing the endocytosis of FITC-dextran in Siglec-10* DCs and Siglec-10~ DCs.
(F) Raincloud plots indicating the positive expression of designated markers in tumor-infiltrated Siglec-10* DCs or Siglec-10~
DCs based on flow cytometry analysis (n=14-31). Significance was calculated by the Mann-Whitney U test. DC, dendritic cell;
ES, enrichment score; FITC, fluorescein 5-isothiocyanate; TT, tumor tissue.
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are reported to negatively regulate the immunogenic
function of DCs, were highly expressed on Siglec-10" DCs
compared with Siglec-10" DCs.** ** Similarly, Siglec-10"
DCs almost completely lost CCR7 expression and exhib-
ited decreased secretion of CCL5 and CCL19, indicating
defects in chemotactic movement and the chemotaxis of
other immune cells. In contrast to Siglec-10 DCs, Siglec-
10" DCs tended to produce more anti-inflammatory
cytokines while preventing proinflammatory cytokines,
suggesting that Siglec-10" DCs are deficient in mediating
the antitumor response. Specifically, we found specific
enrichment of oxidative phosphorylation and fatty acid
metabolism in Siglec-10" DCs (figure 3C), which report-
edly support the maintenance of the immunosuppressive
phenotype of tolerogenic DCs." %

Enhanced sialylation/Siglec-10 interactions in CC promotes
the repolarization of DCs to the immunoregulatory DG
phenotype

Hypersialylation has been described as a hallmark of
multiple cancers and can be recognized by Siglecs to
trigger immunomodulatory programs in macrophages,
T cells and natural killer cells. However, little is known
about how sialic acid signals are involved in Siglec-10-
mediated functional changes in DC within the CC envi-
ronment. To assess whether more active sialylation occurs
in the CC environment, the expression of key enzyme
components of the sialylation machinery was evaluated
using scRNA-seq data. Compared with the epithelial cells
in NT, the epithelial cells in TT showed upregulated
expression of GNE, NANS, NANP, and CMAS, suggesting
a general increase of sialic acid-donor syntheses pathway
in CC (figure 4A). The Siglec-10 ligand signals in the
NT and TT regions of the CC environment were investi-
gated using a recombinant human Siglec-10 hFc chimera.
Quantification of the signal intensity revealed a signifi-
cant increase in sialylation in tumor regions compared
with adjacent normal regions (figure 4B,C). Next, we
explored the correlation between sialylation scores and
immune infiltration in the TCGA CSEC cohort. In agree-
ment with previous studies reporting the inhibitory effect
of the Siglec-10 pathway on macrophages, the intensity of
the sialylation signals was strongly negatively correlated
with macrophages and monocytes. Strikingly, despite no
correlation between sialylation signals and myeloid DC
infiltration, a considerably low proportion of activated
DCs was correlated with higher sialylation levels. More-
over, the sialylation scores were positively correlated with
the regulatory genes of DCs but negatively correlated
with genes associated with immunogenic stimulation
(figure 4D).

Next, we sought to assess the functional implications of
the interaction between Siglec-10 and its ligands on DCs.
The expression intensity of Siglec-10 ligands was measured
in a total of 7CC cell lines (HeLa, CaSki, C-33A, SiHa,
ME180, MS751 and SW756) by flow cytometry. SW756
and SiHa cells exhibited the strongest surface Siglec-10
ligand signals and were chosen for the subsequent

experiments (online supplemental figure S4A,B). The
binding of Siglec-10 hFc signals to Sigle-10 was abrogated
by neuraminidase, which digests sialylated structures,?’
thus confirming the positive expression of Siglec-10
ligands on tumor cells (online supplemental figure S4C).
On stimulation by CC cells, Siglec-10" DCs released more
tumor-promoting factors (IL-10 and TGF-B) but fewer
activation signals (CD40, CD83, and CD86) and tumor
suppressors (IL-1b, IL-12, and CCL19) after binding to
Siglec-10 ligands (figure 4EJF). Following enzymatic
digestion of Siglec-10 ligands, only Siglec-10" DCs exhib-
ited enhanced functional activation and an altered cyto-
kine synthesis profile (figure 4E,F), indicating that this
peculiar phenotype of Siglec-10" DCs is determined by
the stimulation received from sialylation signals. Collec-
tively, these results demonstrate that the aberrant upregu-
lation of sialylation/Siglec-10 interactions within CC foci
leads to the suppressive functional transformation of DCs
to support tumor growth.

Enrichment of Siglec-10* DCs contributes to CC immune
evasion by compromising antitumor T-cell function

To further probe the role of this distinct Siglec-10" DC
subset in shaping the CC immune microenvironment,
we profiled the differentially expressed genes (DEGs)
between the high-Siglec-10" and low-Siglec-10" DC infil-
tration groups in the TCGA CESC cohort (online supple-
mental table S3). The expression of inflammatory factors
was examined, revealing increased levels of the protu-
morigenic factor IL-10 and decreased levels of the anti-
tumor IL IL-12 in the TME with elevated Siglec-10" DC
infiltration (online supplemental figure SbA). The results
of Gene Ontology annotation and enrichment analysis
revealed significant enrichment of multiple immunosup-
pressive signals in the population with increased Siglec-10"
DC infiltration (figure 5A). The above results indicated
that Siglec-10" DCs act as mediators of immune escape
in the CC microenvironment. We next inferred intercel-
lular communications between different DC subsets and
other cell types using the CellChat algorithm (figure 5B).
Epithelial cells were predicted to be the dominant cell
type receiving ligand signaling from DCs. Notably, T cells
were detected to receive stronger outgoing interaction
signals originating from Siglec-10" DCs than from Siglec-
10™ DGs, suggesting that T cells might be the prominent
downstream population regulated by Siglec-10" DCs.

To determine the degree of tumor immune escape in
patients with abundant Siglec-10" DCs in their TME, the
tumor immune dysfunction and exclusion score of the
CESC cohort was calculated. The samples with increased
Siglec-10" DC infiltration presented a decreased T-cell
exclusion signature but an increased T-cell dysfunction
signature (figure 5C). Further estimations of immune
infiltration levels by six estimation algorithms indicated a
significant positive correlation between the Siglec-10" DC
score and CD8" T-cell infiltration, with excellent agree-
ment between the different estimation models (figure 5D
and online supplemental figure S5B). The number of
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Figure 4 Abundant Siglec-10 ligand signals in cervical cancer predisposed Siglec-10" DCs to a tolerogenic phenotype.

(A) Bubble heatmap showing the gene expression of the Siglec family among DCs across the NT and TT samples.

(B) Quantification of relative Siglec-10 ligand expression (per DAPI) via immunofluorescence analysis of NT and TT samples
(n=6). Three fields on each slide were randomly selected. Significance was calculated by the Wilcoxon matched-pairs signed-
ranks test. (C) Representative immunofluorescence staining of Siglec-10 ligands in the NT and TT samples. Tissue sections
were processed and stained with antibodies against Siglec-10 ligands and DAPI. (D) Heatmap of the correlation between the
sialylation score and immune infiltration score (estimated by CIBERSORT) or the expression of the designated genes in the
TCGA CESC data set (n=306). The Spearman rank correlation test was used for the correlations (R: Spearman correlation
coefficient). (E) Expression IL-10 and TGF- in Siglec-10"DCs or Siglec-10~ DCs after stimulation with SiHa or SW756 cells
(with or without neuraminidase pretreatment), as determined by flow cytometry (n=3). P values were obtained by one-way
analysis of variance with the least significant difference test. (F) Expression of designated functional markers in Siglec-10" DCs
or Siglec-10" DCs after stimulation with SiHa or SW756 cells (with or without neuraminidase pretreatment) according to flow
cytometry analysis (n=3). P values were obtained by one-way analysis of variance with the least significant difference test.
CESC, cervical squamous cell carcinoma; DAPI, 4,6-diamidino-2-phenylindole; DC, dendritic cell; IL, interleukin; MFI, mean
fluorescence intensity; NT, normal tissue; TCGA, the Cancer Genome Program; TGF, transforming growth factor; TT, tumor
tissue.
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Figure 5 High-intensity-infiltrated Siglec-10* DCs interact with T cells to promote their dysfunction and exhaustion.

(A) Enriched Gene Ontology terms in patients with high Siglec-10* DC infiltration in the TCGA-CESC cohort. The infiltration
score was calculated according to the gene signature derived from the scRNA-seq data. (B) Network diagram of ligand-receptor
interactions between cell populations as determined by CellChat. The width of each solid line is proportional to the interaction
weight. Arrows indicate communication from ligand-bearing to receptor-bearing populations. (C) Tumor immune dysfunction
and exclusion score across patients with high or low Siglec-10*DC infiltration in the TCGA-CESC cohort. The infiltration score
was calculated according to the gene signature derived from the scRNA-seq data. Significance was calculated by the Mann-
Whitney U test. (D) Correlation between Siglec-10" DC infiltration (calculated according to the gene signature derived from the
scRNA-seq data) and CD8* T-cell infiltration (estimated by TIMER) in the TCGA-CESC cohort. The Spearman rank correlation
test was used for the correlations. (E) Intratumoral abundance of CD8"* T cells, CD4" T cells and Tregs in TT specimens with
high or low Siglec-10" DC infiltration, based on flow cytometry analysis (n=31). Significance was calculated by the Mann-
Whitney U test. (F) Heatmap showing the differences in the expression of inhibitory receptors between patients with high and
low Siglec-10*DC infiltration in the TCGA-CESC cohort. The infiltration score was calculated according to the gene signature
derived from the scRNA-seq data. (G) Lollipop graph of the correlation between Siglec-10* DC infiltration and functional marker
expression in T cells from TT specimens based on flow cytometry analysis (n=31). The Spearman rank correlation test was

used for correlations (Abs (cor): Absolute value of the Spearman correlation coefficient). (H) Bubble chart showing significant
ligand-receptor pairs between Siglec-10" DCs (indicated in red) or Siglec-10~ DCs (indicated in blue) and different T-cell subsets
identified by CellChat. CESC, cervical squamous cell carcinoma; DC, dendritic cell; NK, natural killer; scRNA-seq, single-cell
RNA sequencing; TCGA, the Cancer Genome Program; TIMER, Tumor Immune Estimation Resource; Treg, regulatory T cells;
TT, tumor tissue.
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CD4" T cells was also positively correlated with Siglec-
10" DC infiltration, and an increase in the Treg number
was associated with increased Siglec-10" DC infiltration
(online supplemental figure S5B). The results were vali-
dated in our patient with CC cohort using flow cytom-
etry analysis, which confirmed that the population with
abundant Siglec-10" DCs was characterized by extensive
intratumoral T-cell infiltration (figure 5E and online
supplemental figure S5C). The expression of a variety
of inhibitory receptors (PDCD1, CTLA4, LAG3, TIGIT,
HAVCR2, and CD96), which are known to be highly
expressed on exhausted T cells, was dramatically greater
in the higher-infiltrated TME than in the lower-infiltrated
TME (figure 5F). We then examined the functional status
of T cells corresponding to different intratumoral Siglec-
10" DC levels in our patient with CC cohort. The results
showed that Siglec-10" DC infiltration was positively asso-
ciated with PD-1 and Tim-3 expression in CD8" cytotoxic
T lymphocytes (CTLs) as well as IL-10 secretion by CD4"
T cells. Conversely, the activation of T cells, as measured
by CD69 expression, and the cytolytic capacity of T cells,
as determined by granzyme B (GZMB) and perforin
expression, were inhibited with increased Siglec-10" DC
infiltration (figure 5G). All these observations suggested
that Siglec-10" DCs promote immune escape by inducing
T-cell dysfunction but not by preventing T-cell infiltra-
tion. We further focused on the biologically important
interactions between DCs and different T-cell popula-
tions to identify the underlying mechanism by which
Siglec-10" DCs regulate T-cell function. Both Siglec-10"
and Siglec-10" DCs exhibited comparable and abundant
interactions with T cells through major histocompatibility
complex molecules (figure 5H). In particular, obvious
crosstalk between galectin-9 ligands and CD44/CD45/
Tim-3 receptors was observed between T-cell subsets and
Siglec-10" DCs (figure 5H), which indicated that Siglec-
10" DCs might suppress the antitumor function of T cells
by upregulating inhibitory galectin-9 signaling.” Further-
more, Siglec-10" DCs exhibit increased communication
with Tregs and CTLs via CD86/CTLA4 coinhibitory
signaling.

Blockade of Siglec-10 signaling reinvigorates antitumor
immunity by repolarizing DCs

To investigate the therapeutic potential of Siglec-10" DCs
as immunotherapy targets for CC, we next investigated
whether direct blockade of Siglec-10 by monoclonal
antibodies (mAbs) could enhance the DC-mediated
antitumor response using PDTF platforms. Annexin V/
propidium iodide (PI) staining and flow cytometric anal-
ysis revealed that an increased percentage of CC-derived
tumor cells treated with the Siglec-10 blocking mAb
entered the apoptotic state compared with those treated
with the IgG control (figure 6A), and the tumorkilling
efficiency was found to be related to the baseline propor-
tion of Siglec-10" DCs before treatment (online supple-
mental figure S6A). The DC functional state analysis
showed that Siglec-10" DCs responded to the Siglec-10

mAb by upregulating CD83 and enhancing inflamma-
tory activity, while Siglec-10~ DCs were insensitive to the
mAb (figure 6B and online supplemental figure S6B).
Furthermore, Siglec-10 blockade augmented the secre-
tion of effector cytokines and cytotoxic granules by
CTLs, and this effect was more pronounced in tumors
that were treated with the Siglec-10 mAb (figure 6C and
online supplemental figure S6C). Due to the expression
of Siglec-10 on both DCs and macrophages, we tested the
effects of Siglec-10 blockade on tumor cell death after DC
depletion to determine which population is responsible
for the effective immune response. Despite the presence
of macrophages, the therapeutic effect of the Siglec-10
mAb was significantly abrogated in the absence of DCs,
indicating that DCs are essential components for effective
Siglec-10-targeting therapy (figure 6D). We also found
that depletion of CD8" T cells attenuated the antitumor
efficacy of Siglec-10 mAb blockade, suggesting that CD8"
T cells play a vital role in mediating the blockade of Siglec-
10" DCs to elicit tumor inhibition (online supplemental
figure S6D).

CD24 is a primary ligand that interacts with Siglec-10,
which is overexpressed by multiple tumors, to deliver “do
not eat me” signals and prevent immune clearance. The
data generated by bulk sequencing and scRNA-seq showed
broad upregulation of CD24 expression in cervical tumors
but not in adjacent NTs and scarce CD24 expression in
other cell types in contrast to that in CC tumor epithelial
cells (online supplemental figure S7A,B). Therefore, we
sought to investigate whether CD24 is a potential thera-
peutic target for CC by examining the effect of disrupting
CD24-Siglec-10 signaling on DC function using a CD24
mAb. Flow cytometry-based measurements revealed that
the tolerogenic activity of Siglec-10" DCs was inhibited
by the CD24 mAb compared with that of the IgG control
(online supplemental figure S7C), indicating that CD24
is a promising target for further investigation of CC
treatment.

Blockade of Siglec-10 enhances the efficacy of anti-PD-1/PD-
L1 therapy

According to the abovementioned findings, a positive
correlation was observed between Siglec-10" DCs and
the expression of PD-1 and between Siglec-10" DCs and
the exhaustion of CTLs. Consequently, we proceeded
to explore whether the response to the Siglec-10 mAb
could be further augmented through concomitant inhi-
bition of PD-1. According to the ex vivo treatment tests
conducted with the PDTFs, while the Siglec-10 mAb
and PD-1 mAb, which are individual drugs, were able to
induce tumor cell death in certain specimens, the combi-
nation of these two blockade agents yielded superior effi-
cacy (figure 7A,B). The enhanced therapeutic efficacy of
the combination therapy was accompanied by increased
CD8" Twcell proliferation and a greater proportion of
CTLs expressing CD107a, GZMB, perforin, interferon-y
and tumour necrosis factor-o. (TNF-0) (figure 7CD).
These findings suggested that the blockade of Siglec-10 in
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Figure 6 Targeting Siglec-10+DCsto elicit antitumor activity. (A) Apoptosis rate of CD45™ tumor cells after ex vivo treatment
with the anti-Siglec-10 mAb or IgG control for 48 hours, based on flow cytometry analysis (n=24). Apoptosis was measured
by annexin V and PI staining and representative pseudocolor plots are shown on the right. Significance was calculated via the
Wilcoxon matched-pairs signed-ranks test. (B) Positive expression of functional markers among tumor-infiltrated Siglec-10*

DCs or Siglec-10" DCs after ex vivo treatment with the anti-Siglec-10 mAb or IgG control for 48 hours, based on flow cytometry
analysis (n=24). Significance was calculated by the Friedman test. (C) Heatmap showing the fold changes in designated marker
expression in CD45*CD8"TILs in the presence of the anti-Siglec-10 mAb compared with that in the presence of the IgG control

(n=24). The data are arranged according to the fold change in th

e apoptosis rate in the presence of the anti-Siglec-10 mAb

compared with that in the presence of the IgG control (n=24). The data were obtained via immunostaining and flow cytometry
analysis of cells after ex vivo treatment. (D) Apoptosis rate of CD45™ tumor cells after ex vivo treatment with the anti-Siglec-10
mAb or IgG control for 48 hours in the presence or absence of DCs (n=5), based on flow cytometry analysis. Representative
pseudocolor plots from paired samples are shown on the right. Significance was calculated via the Wilcoxon matched-pairs
signed-ranks test. DC, dendritic cell; GZMB, granzyme B; IFN, interferon; mAbs, monoclonal antibodies; PI, propidium iodide;
TILs, tumor infiltrating lymphocytes; TNF, tumour necrosis factor.

combination with PD-1 therapy synergistically rejuvenates
CTL-mediated tumor Kkilling.

DISCUSSION

The identification and characterization of the heter-
ogenous phenotypes of tumor-infiltrating DCs and
the mechanism by which they acquire a unique regula-
tory phenotype remain elusive. Interactions between
Siglec receptors and sialoglycan ligands have emerged
as a promising target for enhancing cancer immuno-
therapy, supported by extensive preclinical evidence and
ongoing clinical trials (NCT03665285, NCT04699123,
and NCT05259696) conducted in recent years.'"* This

study revealed the significant contribution of Siglec-10,
a member of the Siglec family, in shaping the regulatory
functionality of DCs in CC, thereby exerting a profound
effect on the malignant potential of CC. Our findings
highlight that Siglec-10-expressing DCs participates in
the precise regulation of tumor immunosuppression by
relaying inhibitory signals from hypersialoglycans on CC
cells to effector cells responsible for tumor eradication.
Importantly, our results provide valuable insights into
the potential of Siglec-10-targeted therapy as a promising
approach for CC immunotherapy in the future.
Although several inhibitory Siglecs have been reported
to be expressed by DCs, the understanding of the role of
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Figure 7 Targeting Siglec-10 to increase the efficacy of anti-PD-1/PD-L1 therapy. (A-B) Fold changes in tumor apoptosis
after ex vivo treatment with the anti-Siglec-10 mAb and/or anti-PD-1 mAb compared with that in the IgG control group
(n=24). Apoptosis was measured by annexin V and Pl staining and representative pseudocolor plots are shown. Significance
was calculated by the Friedman test. (C-D) Fold changes in designated marker expression in CD45*CD8* TILs after ex vivo
treatment with the anti-Siglec-10 mAb and/or anti-PD-1 mAb compared with that in the IgG control group (n=24). Data were
obtained via immunostaining and flow cytometry analysis of cells after ex vivo treatment, and representative histograms are
shown. Significance was calculated via the Friedman test. GZMB, granzyme B; IFN, interferon; mAbs, monoclonal antibodies;
PD-1, programmed cell death protein-1; PD-L1, programmed death-ligand 1; PI, propidium iodide; TILs, tumor infiltrating

lymphocytes; TNF, tumour necrosis factor.

Siglec expression in DCs within the context of cancer is
limited. In the study of Wang, higher expression of Siglec-7
and Siglec-9 and moderate expression of Siglec-10 were
found in both type-1 and type-2 tumor-infiltrated ¢DGCs
in epithelial ovarian cancer, non-small cell lung cancer,
and colorectal cancer.?’ Here, we found a different
expression profile in the CC, and among all of the Siglec
members, Siglec-10 was the most highly expressed in CC
tumor-infiltrated DCs. Siglec-10 was broadly expressed in
the subsets of tumor-infiltrated cDCs but rarely in pDCs.
For the first time, we characterized Siglec-10 as an innate
immune checkpoint that influences DC function in the
TME. Moreover, Siglec-10 initiates the tumor-favoring
phenotypic transformation of DCs on receiving intensi-
fied sialic acid signaling. The plasticity of DCs during CC
formation, growth, and metastasis is gradually enhanced
by the upregulation of the Siglec-10 checkpoint and
the aberrant sialylation of tumor cells. However, the

specific mechanisms underlying the relationship between
Siglec-10 signaling and DC phenotype reprogramming,
which may provide new biological insights into the diver-
sity of cell subsets and states within the context of CC,
remain to be studied and further verified. Specifically, in
contrast to the findings of previous studies reporting a
similar ability of mouse splenic SiglecGJ'/+ and SiglecG ™/~
DCs to internalize OVA, the Siglec-10 checkpoint showed
stimulation to the phagocytosis of tumor-infiltrating
dendritic cells (TIDCs) form CC.* This discrepancy is
likely due to differences in the innate physiological expres-
sion of Siglec-10 and the acquired expression of Siglec-10
under pathological conditions. We hypothesized that the
abnormally elevated expression levels of Siglec-10 could
induce DC silencing after internalization of the tumor
antigen, thus initiating tumor-specific immune tolerance.
However, this hypothesis warrants further investigation.
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The importance of Siglec-10" DCs in predicting intra-
tumoral CTL function and unfavorable disease outcome
underscores the central role of Siglec-10 in suppressing
DC activity and facilitating tumor immune escape.
The engagement of Siglec-7, Siglec-9 and Siglec-10 by
sialoglycans on different tumor cells has recently been
demonstrated to induce a cancer-supporting macro-
phage phenotype by preventing the phagocytosis of
cancer cells that induce protective immune responses to
the cancer.” Blocking Siglec-10 induced the phago-
cytosis of tumor cells by macrophages and myeloid-
derived suppressor cells and synergistically enhanced
the response to anti-PD-1 immunotherapy.” ** Previous
studies have also revealed that Siglec-7 and Siglec-9 are
highly expressed on tumor-infiltrated natural killer and
T cells, where they interact with sialoglycan ligands and
inhibit tumoricidal activity.”” The findings from our
study, combined with those of previous research, provide
robust evidence for the effects of sialoglycan ligand and
Siglec receptor interactions on different immune cells.
These interactions play an important role in creating
an immunosuppressive microenvironment within the
context of cancer. Unlike immune cells that directly
kill cancer cells, DCs function as shepherds of T cells in
cancer by relaying survival or apoptotic signals and driving
directional differentiation of T cells, thereby locally
modulating antitumor immunity. The identification of
enhanced interaction signals involving galectin-9-CD44/
CD45/Tim-3 between Siglec-10" DCs and effector CD4"
and CD8" T cells provides a potential explanation for
the role of this immunoregulatory DC subset in facili-
tating tumor evasion. Galectin-9 has been reported to
transmit signals through CD44 receptors in conjunction
with TGF-B signaling, thereby enhancing the stability and
function of adaptive regulatory T cells.* Additionally, the
binding of galectin-9 ligands to the Tim-3 receptor on T
cells has been shown to induce T effector cell inactiva-
tion and apoptosis.*' ** This study did not provide further
clarification on whether the mechanism through which
Siglec-10" DCs promote T cell-mediated immunosuppres-
sion is dependent on the galectin-9 pathway. Nonetheless,
our findings propose new hypotheses regarding how DCs
and T cells interact and how immune responses are nega-
tively regulated.

The discovery of barriers to the antitumor function
induced by Siglec-10 has shed light on a novel potential
target for therapeutic interventions that aim to enhance
the antitumor reactivity of both DCs and T cells. The
tumor inhibitory effects of Siglec-10 mAb treatment tested
in our PDTF models highlight the potential of Siglec-10
intervention for treating CC. The sialoglycan-Siglec axis
can be inhibited by either targeting Siglec receptors with
antibodies, disrupting sialic acid biosynthesis, or imple-
menting desialylation methods.*” Although there are
concerns regarding functional redundancy and poten-
tial compensatory mechanisms within the human Siglec
repertoire that could potentially dampen the effective-
ness of single Siglec-blocking approaches, the potentially

severe adverse events resulting from extensive desialyla-
tion of all tissues restrict the applicability of sialic acid
interference.”™ It has also been demonstrated that
complete abrogation of tumor sialylation can trigger
CD8" T cells apoptosis,*” which may decrease the efficacy
of these approaches. The absence of a consistently and
specifically expressed tumor glyco-code in CC poses chal-
lenges for the use of cancer cell-targeted desialylation
treatment with antibody-sialidase conjugates.'” Consid-
ering the distinctive and notable presence of Siglec-
10" DCs in CC, as well as the minimal off-target effects
of the Siglec-10 mAb, which necessitates the presence
of DCs and T cells for therapeutic response, the inhi-
bition of Siglec-10 is emerging as a potentially effective
and moderate approach for disrupting sialoglycan-Siglec
signals in CC.

Tumors characterized as “hot” due to the high infiltra-
tion of CTLs with signs of T-cell exhaustion have shown
increased sensitivity to PD-1/PD-L1 immunotherapy.*
Despite the inflammatory nature of most CC tumors,
the objective response rate to PD-1 blockade in patients
with CC remains less than one-third.*’ Hence, combining
innate and adaptive immunotherapies is highly important,
particularly in the context of highly immunogenic but
immune checkpoint inhibitor-resistant CCs. Our under-
standing of the intricate collaboration between DCs and T
cells controlled by Siglec-10 and the potential synergistic
antitumor immune reactivity of combined treatment with
Siglec-10 and PD-1 blockade has pointed toward a new
age of combinatorial therapies in the clinical manage-
ment of patients with CC. To strengthen the evidence,
further preclinical experiments using in vivo models and
safety evaluations must be performed; however, these
experiments were not performed in this study due to the
unavailability of in vivo-grade antibody products. Another
unsolved question in our study pertains to the identifica-
tion of a potential biomarker for treatment with Siglec-10
interfering agents. Clinical studies with large sample sizes
are warranted to confirm whether the number of Siglec-
10-expressing cells or the density of Siglec-10 ligands could
accurately predict immune suppression. Regardless, the
exploration of the sialoglycan-Siglec-10 axis has yielded
encouraging results in the field of immunotherapy, and
the evidence from our study supports further preclinical
research and early clinical trials investigating Siglec-10
receptors for CC immunotherapy.

MATERIALS AND METHODS

Patients and specimens

Blood samples from 10 healthy female volunteers (24-32
years old) were collected on written informed consent.
Fresh TTs and normal adjacent tissues, as well as periph-
eral venous bloods were obtained from the Tissue Bank
of Obstetrics and Gynecology Hospital, Fudan University.
A total of 50 patients pathologically diagnosed with CC
by at least two hospital pathologists at the Obstetrics and
Gynecology Hospital of Fudan University between March
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2021 and September 2022 were enrolled in this study. The
detailed data of all patients are provided in online supple-
mental table S2. All of the samples were anonymously
coded (P1-P50), and all of the procedures involving the
use of human samples conformed to the guidelines of the
Declaration of Helsinki and Tokyo for human experimen-
tation and were approved by the Ethics Committee of the
Obstetrics and Gynecology Hospital of Fudan University
(2019-123).

Assay methods

The experimental procedures for immunophenotyping
of human samples and ex vivo assays with human speci-
mens are described in the supporting information. The
detailed methods for flow cytometry and immunostaining
are also described in the supporting information. All anti-
bodies used in flow cytometry are listed in online supple-
mental table S4. The strategy for identifying immune
cells is shown in online supplemental figure S2C. For all
flow cytometry experiments, we included isotype controls
to account for non-specific binding of antibodies. Addi-
tionally, untreated cells were used as negative controls
to establish baseline fluorescence levels. For immuno-
fluorescence analysis, negative controls were stained
with secondary antibodies only (no primary antibodies)
to ensure that the observed signals were specific to the
primary antibody binding.

scRNA-seq analysis

The scRNA-seq data sets containing information on
nine cervical TTs and four paratumor tissues were
obtained from the Gene Expression Omnibus Repository
(GSE171894 and GSE168652,') as well as from Array-
Express (accession number E-MTAB-12305"). Detailed
information on the data sets were listed in online supple-
mental figure S8. The scRNA-seq data sets were processed
and filtered using Seurat V.4.3.0 to collect high-quality
cells (300-7,000 genes, percentage of mitochondrial
genes <10%, percentage of hemoglobin <3%). Before
further analysis, the gene expression data was normal-
ized through NormalizeData. The top 3,000 variable
genes were scaled and subjected to principal component
analysis (PCA) dimensionality reduction. PCA and t-SNE
dimension reduction were performed with the top 32
principal components. A nearest-neighbor graph using
32 dimensions of the PCA reduction was calculated using
FindNeighbors, followed by clustering using FindClusters
with a resolution of 1. Chromosomal copy number varia-
tions were inferred from the single-cell gene expression
data using the inferCNV (V.1.12.0) R package to classify
malignant calls and non-malignant cells. To characterize
the cell types in each cluster, we used the automated
annotation tool SingleR (V.1.10.0) and manually checked
known cell surface markers based on related references.
Myeloid cells (approximately 3,299 cells) were extracted
for further clustering, ultimately yielding 743 DCs (97
from normal samples and 646 from tumor samples for
subsequent analysis).

Statistical analysis

The analysis of single-cell transcriptomic data was
performed in R (V.4.0.3). The remaining statistical anal-
yses were performed using IBM SPSS Statistics software
(v). The tests used for the statistical analyses are indi-
cated in the legends of each figure. Differences with p
values<0.05 were considered to indicate statistical signif-
icance. The values are presented as the means+SEMsor
medians of biological replicates, as specified.
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