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Abstract

Background: Cervical cancer (CC) is the fourth most common cancer in women
worldwide. Although immunotherapy has been applied in clinical practice, its
therapeutic efficacy remains far from satisfactory, necessitating further investi-
gation of the mechanism of CC immune remodeling and exploration of novel
treatment targets. This study aimed to investigate the mechanism of CC immune
remodeling and explore potential therapeutic targets.

Methods: We conducted single-cell RNA sequencing on a total of 17 clinical
specimens, including normal cervical tissues, high-grade squamous intraepithe-
lial lesions, and CC tissues. To validate our findings, we conducted multicolor
immunohistochemical staining of CC tissues and constructed a subcutaneous
tumorigenesis model in C57BL/6 mice using murine CC cell lines (TC1) to
evaluate the effectiveness of combination therapy involving indoleamine 2,3-
dioxygenase 1 (IDO1) inhibition and immune checkpoint blockade (ICB). We
used the unpaired two-tailed Student’s t-test, Mann-Whitney test, or Kruskal-
Wallis test to compare continuous data between two groups and one-way
ANOVA with Tukey’s post hoc test to compare data between multiple groups.

Abbreviations: ADC, adenocarcinoma; AHR, aryl hydrocarbon receptor; APC, antigen-presenting cell; CC, cervical cancer; CESC, cervical and
endocervical cancer; CNV, copy number variation; DC, dendritic cell; E, epacadostat; HPV, human papillomavirus; HSIL, high-grade squamous
intraepithelial lesion; ICB, immune checkpoint blockade; IHC, immunohistochemistry; Kyn, kynurenine; MHC, major histocompatibility complex;
Ex, exhausted; Nex, non-exhausted; Nre, non-reactive to tumor antigen; ORR, objective response rate; Re, reactive to tumor antigen; SCC, squamous
cell carcinoma; scRNA-seq, single-cell RNA sequencing; SD, standard deviation; TCGA, The Cancer Genome Atlas; TCR, T cell receptor; TIL,
tumor-infiltrating lymphocyte; TIME, tumor immune microenvironment; TLR, toll-like receptor; TME, tumor microenvironment.

Xinyu Qu, Yumeng Wang and Qian Jiang has contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,

provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2023 The Authors. Cancer Communications published by John Wiley & Sons Australia, Ltd. on behalf of Sun Yat-sen University Cancer Center.

Cancer Communications. 2023;1-22.

wileyonlinelibrary.com/journal/cac2 | 1


https://orcid.org/0000-0002-4546-5229
https://orcid.org/0000-0002-2063-2684
mailto:qiujunjun1113@163.com
mailto:huakeqin@fudan.edu.cn
mailto:guochenyan357901@163.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/cac2
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcac2.12486&domain=pdf&date_stamp=2023-10-04

CANCER
2 | COMMUNICATIONS

QU ET AL.

Grant/Award Numbers: 81971361,
82173188; Fudan University, Grant/Award
Number: JIF157600

Results: Malignant cervical epithelial cells did not manifest noticeable signs
of tumor escape, whereas lysosomal-associated membrane protein 3-positive
(LAMP31) dendritic cells (DCs) in a mature state with immunoregulatory roles
were found to express IDO1 and affect tryptophan metabolism. These cells
interacted with both tumor-reactive exhausted CD8*% T cells and CD4" regu-
latory T cells, synergistically forming a vicious immunosuppressive cycle and
mediating CC immune escape. Further validation through multicolor immuno-
histochemical staining showed co-localization of neoantigen-reactive T cells
(CD3*, CD4*"/CD8", and PD-1*) and LAMP3" DCs (CD80* and PD-L1"). Addi-
tionally, a combination of the IDO1 inhibitor with an ICB agent significantly
reduced tumor volume in the mouse model of CC compared with an ICB agent
alone.

Conclusions: Our study suggested that a combination treatment consisting of
targeting IDO1 and ICB agent could improve the therapeutic efficacy of cur-
rent CC immunotherapies. Additionally, our results provided crucial insights for

KEYWORDS

1 | BACKGROUND

Cervical cancer (CC) is the fourth most common cancer
in women worldwide, with approximately 85% of cases
occurring in developing countries [1]. Surgery, radiother-
apy, and chemotherapy are the main treatments for CC.
Immunotherapy has become a novel treatment option
for patients with recurrent metastatic disease. In the
past decade, multiple clinical trials [2-5] have been con-
ducted to investigate the efficacy of immune checkpoint
blockade (ICB) agents, such as pembrolizumab (anti-PD-1
antibody), nivolumab (anti-PD-1 antibody), and zalifre-
limab (anti-CTLA4 antibody), in patients with recurrent
or metastatic CC. Although pembrolizumab was approved
by the U.S. Food and Drug Administration based on the
KEYNOTE-158 trial (NCT2628067), the objective response
rate of currently developed ICB drugs seldom reaches 30%,
and their administration is sometimes accompanied by
serious treatment-related adverse events. Immunotherapy
for CC has tremendous room for improvement in efficacy.

To further enhance the efficacy of immunotherapy, the
mechanism of tumor immune microenvironment (TIME)
remodeling needs to be understood. Based on the con-
cept of cancer immune editing [6], cancer development
comprises of 3 “E” phases: elimination, equilibrium, and
escape. Elimination is the process by which the immune
system recognizes and eradicates cancer cells. Equilibrium

designing drugs and conducting future clinical trials for CC.

cervical cancer, dendritic cell, immune checkpoint blockade, immune escape, indoleamine 2,3-
dioxygenase 1, single-cell analysis, T cell

is a state of tumor latency during which tumor cells remain
subclinical, in which tumor cells are not completely
removed yet do not increase in number. Escape is the
phase in which tumor cells are capable of evading immune
recognition and elimination, leading to unlimited tumor
growth and progression. In general, tumor immune eva-
sion and an immunosuppressive microenvironment lead
to inefficient tumor eradication. Previous studies of CC on
immune escape and suppression have either focused on
well-known immune checkpoint inhibitors, such as PD-L1
[7], offering little novel value or merely reported pheno-
typic changes in certain immune cell types [8], failing to
present a convincing molecular mechanism. Considering
that the mechanisms underlying CC escape and immune
microenvironment remodeling remain elusive, further
investigations are needed for achieving immunotherapy
with high efficacy.

Using single-cell RNA sequencing (scRNA-seq), intratu-
moral transcriptional heterogeneity, and cellular crosstalk
within the tumor microenvironment (TME) have been
extensively studied in various cancers [9-11]. Notably, the
latest studies on lung and gastrointestinal cancers [12,
13] demonstrated that scRNA-seq could be utilized to
characterize tumor-infiltrating lymphocytes (TILs) that
are specifically reactive towards tumor-associated neoanti-
gens, which were reported to be key elements for deter-
mining treatment efficacy in each patient. Thus, using
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the powerful scRNA-seq tool, concentrating on unique
cell subpopulations and associated cellular interactions
that mediate immune suppression within the CC TME
might offer insights on improving the therapeutic effects
of immunotherapy for CC.

In the present study, we aimed to identify specific cel-
lular interactions and elucidate the potential mechanisms
mediating CC immune escape. A comprehensive inves-
tigation through scRNA-seq was conducted on not only
malignant cervical epithelial cells but also immune pop-
ulations, including dendritic cells (DCs) and T cells. With
experimental validation, our study pioneeringly provided
novel insights into how to further improve the efficacy of
current immunotherapies for CC.

2 | MATERIALS AND METHODS

2.1 | Human specimens

A total of 3 formalin-fixed, paraffin-embedded CC sam-
ples along with 2 normal cervix samples and 2 high-grade
squamous intraepithelial lesions (HSIL) tissues for mul-
ticolor immunohistochemistry (IHC) staining were col-
lected from the tissue bank of the Obstetrics and Gynecol-
ogy Hospital of Fudan University, Shanghai, China, under
the approval of Ethics Committee (2020-22) with informed
consent. CC samples were obtained during primary treat-
ment of surgical resection while normal cervix and HSIL
tissues were obtained during colposcopy biopsies with
pathologic diagnosis by two qualified pathologists. More
detailed clinicopathological information of these 7 samples
were listed in Supplementary Table SI.

2.2 | Celllines

The TC-1 cell line was purchased from the Chinese
Academy of Sciences Shanghai Cellular Library (Shang-
hai, China). Cells were maintained in RPMI 1640 medium
(Gibco, Gaithersburg, MD, USA) supplemented with
100 IU/mL penicillin G (Sangon Biotec, Shanghai, China),
100 mg/mL streptomycin sulfate (Sangon Biotech), and
10% FBS (Gibco) under a humidified atmosphere of 5% CO,
at 37°C.

2.3 | scRNA-seq datasets

To acquire transcriptomic profiles during the malignant
transition of the cervix, we obtained 10x Genomics SCRNA-
seq data from 17 cervical tissue samples that were previ-
ously generated by our group (Gene Expression Omnibus
accession number: GSE197461 [14] and GSE208653 [15].

GSE197461 dataset consisting of both scRNA-seq and T
cell receptor-sequencing [TCR-seq data] and GSE208653
dataset consisting of sScRNA-seq data) altogether included
4 normal cervical tissue samples, 2 HSIL samples obtained
by colposcopy biopsy and 11 CC tissues (5 squamous cell
carcinoma [SCC] samples and 6 adenocarcinoma [ADC]
samples) by surgical resection with pathological diagnosis.
All 11 patients with CC were primarily treated preoper-
atively at FIGO stages I-II. The exclusion criteria were
as follows: (1) serious concomitant systemic disorder, (2)
history of chemotherapy or radiotherapy, (3) history of
malignant tumors other than CC, and (4) evidence of dis-
tant metastasis. The detailed clinical characteristics of the
17 CC samples are presented in Supplementary Table S1.

2.4 | scRNA-seq data processing and
analysis

scRNA-seq data were analyzed using the NovelBrain
Cloud Analysis Platform (www.novelbrain.com). We
applied fastp [16] with default parameters to filter the
adaptor sequences and remove low-quality reads to obtain
clean data. Subsequently, feature-barcode matrices were
obtained by aligning the reads to the human genome
(GRCh38 Ensemble, version 100) using CellRanger (ver-
sion 5.0.1, 10x Genomics). We applied Downsampling
analysis to the samples that were sequenced according
to the mapped barcoded reads per cell of each sample to
ultimately achieve the aggregated matrix. Cells containing
over 200 expressed genes and a mitochondrial unique
molecular identifier (UMI) rate below 20% were subjected
to cell quality filtering, and mitochondrial genes were
removed from the expression table.

The Seurat package (version 3.1.4; https://satijalab.org/
seurat/) was used for cell normalization and regression
based on the expression table according to the UMI
counts of each sample and the percentage of mitochondrial
genes to obtain the scaled data. The fastMNN function
(k = 5, d = 50, approximate = TRUE) in the R package
scan (v1.12.1) was used for applying the mutual nearest-
neighbor method to correct for batch effects among sam-
ples. Using a graph-based cluster method, we acquired
unsupervised cell cluster results based on the top 10 prin-
cipal components in principal component analysis (PCA)
and calculated the marker genes using the FindAllMark-
ers function with the Wilcoxon rank-sum test algorithm
under the following criteria: Ln[fold change, (FC)> 0.25,
P value < 0.05, and min.pct (minimum percentage) > 0.1.
To identify the cell types in detail, clusters of the same
cell type were selected for another round of uniform man-
ifold approximation and projection (UMAP), graph-based
clustering, and marker analysis.
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2.5 | Copy number variation (CNV)
estimation

In scRNA-seq analysis, endothelial cells, fibroblasts and
smooth muscle cells were used as references to identify
somatic CNVs using the R package inferCNV (version
0.8.2). Each cell was scored according to the extent of the
CNV signal, defined as the mean of the squared CNV
values across the genome. Putative malignant cells were
defined as those with a CNV signal > 0.04 and CNV
correlation > 0.5.

2.6 | Differential gene expression
analysis

In scRNA-seq analysis, to identify differentially expressed
genes among the groups (malignant epithelial cells vs. non-
malignant epithelial cells), the FindMarkers function with
the Wilcoxon rank sum test algorithm was used. Signifi-
cantly differentially expressed genes were selected as those
that met the following criteria: (1) InFC > 0.25, (2) P value
< 0.05, and (3) min.pct > 0.1.

2.7 | Pseudotime analysis

Single-cell trajectory analysis was performed using Mon-
ocle2 [17] (http://cole-trapnell-lab.github.io/monocle-
release) with DDR-Tree and default parameters to deter-
mine the dramatic translational relationships among cell
types and clusters. Before Monocle2 analysis, we selected
marker genes from the Seurat clustering results and raw
expression counts from the cells that passed the filtering.

2.8 | QuSAGE analysis

To characterize the relative activation of a given gene set,
such as KEGG and metabolic gene sets, we performed
QuSAGE (2.16.1) analysis [18]. Briefly, Briefly, QuSAGE
accounted for inter-gene correlations and corrected these
correlations by improving the estimation of the variance
inflation factor from expression data.

2.9 | Cellular interaction analysis

We conducted cellular interaction analysis using Cell-
PhoneDB (https://www.cellphonedb.org) [19], a public
repository of ligands, receptors, and their interactions; this
enables a systematic analysis of cell-cell communication
at the molecular level. Membranous, secreted, and periph-

eral proteins were annotated. The significant mean and
cell communication significance (P < 0.05) were calculated
on the basis of the interactions and normalized cell matrix
achieved by Seurat normalization.

2.10 | The Cancer Genome Atlas (TCGA)
public dataset analysis

Pearson correlation analysis was conducted using the
powerful online tool GEPIA [20] (http://gepia.cancer-
pku.cn/) to investigate the association between the infil-
tration abundance of DC_LAMP3 cells and that of
CD4_Tregs/CD8_T ex cells in the cervical and endocer-
vical cancer (CESC) dataset from the TCGA database
downloaded from Xena (https://xena.ucsc.edu/). A non-
log scale was used for the calculations, and a log-scale axis
was used for visualization.

2.11 | TCR-seq clonotype expansion
analysis

scTCR-seq data were processed using Cell Ranger (version
5.0.1, 10x Genomics) against mouse V(D)J as a reference
provided by 10x Genomics. We maintained cells with at
least one productive TCR a or TCR b chain for subsequent
analyses, such as analyses of the distribution of com-
plementary determining region 3 (CDR3) length, usage
patterns of VDJ gene segments and combinations, and
diversity of the TCR repertoire. In each sample, if two or
more cells had identical a-{ pairs, these T cells were iden-
tified as clonal T cells, and they shared a unique clonotype
ID. To integrate the TCR results with gene expression data,
a TCR-based analysis was performed only for cells identi-
fied as T cells. We identified the T-cell clonotypes that were
shared among the clusters or samples.

2.12 | Multicolor IHC staining

To elucidate the spatial localization of DC_LAMP3,
CD4_Treg, and CDS8_T ex cells, we conducted multicolor
IHC staining assays using the Multiplex IHC kit (mIHC-
3271-6, Absin, Shanghai, China) according to the manu-
facturer’s instructions. The slides were incubated with a
blocking antibody diluent at room temperature (25°C) for
10 min and subsequently incubated overnight at 4°C with
primary antibodies applied sequentially. The slides were
subsequently incubated with a secondary antibody (HRP
polymer, anti-mouse/rabbit IgG; Abcam, Cambridge, UK)
at room temperature for 10 min. Next, a fluorophore
(tyramide signal amplification plus working solution) was
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applied to the sections, followed by microwave heat treat-
ment. The nuclei were stained with DAPI (Beyotime,
Shanghai, China) after all antigens were labeled. Multi-
spectral images of each stained slide were captured using
the Mantra system (PerkinElmer, Waltham, MA, USA).
The primary antibodies used were anti-CD3 (Dilution at
1:200; 85061, CST, Danvers, MA, USA), anti-CD4 (1:200;
48274, CST, Danvers, MA, USA), anti-CDS8A (1:200; 85336,
CST, Danvers, MA, USA), anti-CD80 (1:1000; ab134120,
Abcam, Cambridge, UK), anti-PD1 (1:200; 86163, CST,
Danvers, MA, USA), anti-PD-L1 (1:100; 13684, CST, Dan-
vers, MA, USA), and anti-IDO1 (1:100; ab211017, Abcam,
Cambridge, UK).

2.13 | Animal experiments

All animal experiments were approved by the Fudan Uni-
versity Animal Care and Use Committee. Female C57BL/6
mice (5-6 weeks old) were purchased from the Laboratory
Animal Center of the Shanghai Institutes for Biological
Sciences (Shanghai, China) and housed in a pathogen-free
environment. To establish ectopic tumors, 1 x 10® TC-1
cells (in 200 uL of PBS) were subcutaneously injected into
the right shoulders of the C57BL/6 mice. When the tumor
volume reached approximately 50 mm? (denoted as day
0), the tumor-bearing mice were randomly divided into
10 groups (n = 6 in each group): control, anti-PD-1, anti-
CTLAA4, anti-TIGIT, anti-TIM3, epacadostat (E), anti-PD-1
+ E, anti-CTLA4 + E, anti-TIGIT + E, and anti-TIM3 + E
groups. The transplant recipients received 200 g of anti-
PD-1 (Cat.No.BE0146, Bioxcell, West Lebanon, N.H, USA),
anti-CTLA4 (BE0032, Bioxcell), anti-TIGIT (BE0274, Biox-
cell), or anti-TIM3 agents (BEO115, Bioxcell) twice a week
X 4 doses (Day 3, Day 6, Day 9, and Day 12) through
intraperitoneal injection. The IDOI1 inhibitor epacadostat
(200 mg/kg; MedChemExpress, NJ, USA) was adminis-
tered daily by gavage from day O to 12. Tumor size was
monitored every 3 days and measured at the time of sac-
rifice, and the volume was calculated as (1/2 X length X
width?). Peripheral blood was collected from each mouse
and leukocytes were isolated using a red blood cell lysis
solution (Beyotime Biotechnology, Shanghai, China) for
flow cytometry analysis.

2.14 | Flow cytometry

Single-cell blood suspensions were washed twice with PBS
and incubated for 30 min in the dark with antibodies
against specific surface proteins. To detect intracellular
proteins, cells were stimulated for 6 h with 10 ug/mL
brefeldin A and 2 umol/L ionomycin (Absin, Shanghai,

China) before staining. The cells were then fixed and per-
meabilized using a fixation/permeabilization wash buffer
(BioLegend, San Diego, CA, USA) and stained with anti-
bodies for 30 min in the dark. For Ki67 staining, cells were
incubated in 70% ethanol for 1 h at -20°C and subsequently
stained with an anti-Ki67 antibody (1:1000; 563757, BD Bio-
sciences, San Jose, CA, USA). All antibodies used for flow
cytometry are listed in Supplementary Table S2. All sam-
ples were run on a CytoFLEX platform (Beckman Coulter,
Bria, CA, USA) and analyzed using the FlowJo version 10.8
software (BD Biosciences).

2.15 |
analysis

Quantification and statistical

Specific statistical tests and metrics (mean value + stan-
dard deviation [SD] or median value with 95% confidence
interval [CI]) used for comparisons, along with sample
sizes, are described in the Results section and the figure
legends. Comparisons of continuous data of different
data types between the two groups were performed using
the unpaired two-tailed Student’s t-test, Mann-Whitney
test, or Kruskal-Wallis test, while one-way ANOVA with
Tukey’s post hoc test was used to compare data between
multiple groups. All statistical analyses were performed
using GraphPad Prism, version 8 (GraphPad Software,
La Jolla, CA, USA). Statistical significance was set at
P <0.05.

3 | RESULTS

3.1 | Malignant cervical epithelial cells
exhibited no remarkable signs of tumor
escape

To investigate the molecular mechanisms underlying
tumor immune escape during CC development, we per-
formed scRNA-seq using 17 clinical samples, including
normal cervical tissues, HSIL foci, and CC tissues (Sup-
plementary Table S1). Having captured 119,351 cells and
performed routine data processing, we obtained 32 cell
subpopulations by unsupervised clustering and further
categorized them into the following 11 cell types according
to well-known marker genes [21]: epithelial cells (EPCAM
and KRTIS8), endothelial cells (VWF and PLVAP), fibrob-
lasts (COL1AI and LUM), smooth muscle cells (ACTA2 and
TAGLN), neutrophils (CSF3R), mast cells (CPA3), mono-
cytes (FCNI), macrophages (CIQB and LYZ), dendritic cells
(DCs) (IRF8), B/plasma cells (JCHAIN and MZBI), and T
cells (CD2 and CD3D) (Figure 1A-B, Supplementary Figure
S1A).
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FIGURE 1 Malignant cervical epithelial cells exhibit no remarkable signs of tumor escape. (A) UMAP projection of 119,351 cells from 17
clinical samples consisting of normal cervical tissues, HSIL foci, and CC tissues that were clustered into 32 clusters. Each dot corresponds to a
single cell and is colored according to the cell cluster. (B) UMAP projection of 119,351 cells, which were further categorized into 11 major cell
types. Each dot, which corresponds to a single cell, is colored according to cell type. See also Supplementary Figure S1A. (C) UMAP projection
of the 24 epithelial subclusters generated from unsupervised reclustering. Each dot, which corresponds to a single epithelial cell, is colored
according to subcluster. See also Supplementary Figure S1B. (D) CNV profiles of epithelial cells inferred from scRNA-seq of normal cervical
tissues (N1 with HPV infection [Normal 1_HPV+]), HSIL_2, and SCC_4 data. Red and blue indicate chromosomal amplifications and
deletions, respectively. (E) UMAP projection of all epithelial cells presenting as malignant (light blue) and non-malignant (red). (F) UMAP
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First, we focused on epithelial cells, which are the major
components of the CC. Based on unsupervised clustering,
we identified 24 epithelial cell clusters (Figure 1C, Supple-
mentary Figure S1B). To further understand the malignant
transition of epithelial cells during cervical carcinogene-
sis, we evaluated CNV in epithelial cells from each clinical
sample using inferCNV analysis. We discovered consid-
erably greater substantial DNA fragment amplification
and deletion in CC-derived epithelial cells, representing a
higher neoantigen burden and greater malignancy, com-
pared with that in epithelial cells originating from the
normal cervical tissues or HSIL foci (Figure 1D-F).

We compared malignant and non-malignant cervical
epithelial cells to determine whether malignant cervical
epithelial cells evade recognition and eradication of the
immune system by mechanisms such as antigen modula-
tion, defects in the antigen-processing machinery, down-
regulation of major histocompatibility complex (MHC)-I
molecules, or upregulation of ligands for well-known
immune checkpoints [22]. Regarding antigen modula-
tion, the expression of tumor-associated antigen-related
adhesion molecules (Carcinoembryonic Antigen Related
Cell Adhesion Molecules: CEACAMS5, CEACAMS6, and
CEACAM7)was higher in malignant cervical cells, demon-
strating no specific signs of antigen depletion at the
mRNA level (Figure 1G); however, determining whether
antigen modulation occurs at the genomic or posttrans-
lational level requires further investigation. Regarding
antigen-processing machinery, critical genes involved in
antigen processing (including Proteasome Subunit Beta:
PSMB 8/9/10, Endoplasmic Reticulum Aminopeptidase:
ERAPI/2, The Antigen Processing genes: TAPI1/2, and
Tapasin Binding Protein: TAPBP) were more highly
expressed in malignant epithelial cells (Figure 1H), poten-
tially indicating a strengthened antigen-processing effect
as feedback for CC oncogenesis, instead of functional
depletion. MHC-I (HLA-A/B/C/E/F) and the related com-
ponent B2M were upregulated in malignant epithelial
cells rather than being unexpressed (Figure 1I). Regard-
ing the ligands (CD86 and CD274) for well-known immune
checkpoints (CTLA4 and PD-1), a higher expression
was observed in malignant epithelial cells than in non-
malignant cells; however, no more than 10% of malignant
epithelial cells expressed CD274 or CD86 (Figure 1J). The

above findings showed that malignant cervical epithe-
lial cells retained their immunogenicity and revealed few
defects in antigen processing and that they did not show
downregulation of MHC-I or extensive upregulation of lig-
ands for known immune checkpoints. In summary, signs
of immune escape were not apparent in malignant cervical
epithelial cells.

Tumor immune suppression is generally associated with
not only tumor escape but also dysfunctional antigen-
presenting cells (APCs) and immune effector cells [23].
Therefore, we subsequently focused on DCs, which are
professional APCs, to further explore the significant events
that DCs experience during CC development and deter-
mine whether DCs regulate CC immune evasion.

3.2 | LAMP3* DCs: mature DCs with
immunoregulatory effects that participate
in tryptophan metabolism

We acquired 9 DC clusters by re-clustering and categorized
them into the following 6 subsets according to marker
gene expression [24] (Figure 2A-B, Supplementary Figure
S2A): DC_CD207_CDI1C (CD207 and CDIC), DC_CDIC
(CDIC, FCERI1A, CLEC10A), DC_CLEC9A (CLEC9A,
XCRI1, CADMI), pDC (LILRA4), DC_cycling (MKI67), and
DC_LAMP3 (LAMP3). According to the classic DC mark-
ers, DC_CD207_CDI1C and DC_CDIC cells, which express
high levels of CDIC, FCERIA, and CLECI0A, corresponded
to cDC2s, which is responsible for antigen presentation on
MHC-II molecules for CD4* T-cell priming. DC_CLEC9A
cells, which specifically expressed CLEC9A, XCRI, and
CADM1, corresponded to cDCls, which specialize in the
cross-presentation of antigens onto MHC-I molecules
for CD8*' T-cell priming. In addition, DC_cycling cells,
which highly expressed genes closely related to the cell
cycle, such as TOP2A and MKI67, demonstrated extensive
proliferation and expansion. Notably, DC_LAMP3 cells
did not correspond to any classic DC subpopulation based
on well-recognized markers. To further identify the dif-
ferences and relationships between DC_LAMP3 cells and
other DC subpopulations, we conducted pseudotime and
CytoTrace analyses (Figures 2C, Supplementary Figure
S2B) and discovered that DC_LAMP3 cells were terminally

projection of all epithelial cells presenting at different disease stages, including those in the normal cervix (N), HSIL, and CA (cancer). Each

dot, which corresponds to a single cell, is colored according to disease stage. (G-J) Dot plot indicating the average expression levels and

proportions of cells expressing tumor-associated antigen-related adhesion molecules (G), antigen processing-related genes (H), MHC-I
molecules (I), and ligands for immune checkpoints (J) in malignant and non-malignant epithelial cells. The colors represent the average
expression levels, and dot sizes represent the percent expression of selected genes. Abbreviations: UMAP, Uniform Manifold Approximation

and Projection; HSIL, high-grade squamous intraepithelial lesion; CNV, copy number variation; scRNA-seq, single-cell RNA sequencing;

HPV, human papillomavirus; SCC, squamous cell carcinoma; MHC, major histocompatibility complex.
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Mature LAMP3* DCs exert immunoregulatory effects and participate in tryptophan metabolism in the CC TME. (A) UMAP

projection of the 9 subclusters of DCs generated from unsupervised clustering, which were categorized into 6 main groups according to
marker gene expression. (B) Marker gene expression plotted onto the UMAP projection: CDIC, FCERIA, and CLECI0A for DC_CDIC
(subcluster 0, 3, 7, 8) and CD207 for DC_CD207_CDIC (subcluster 5); MKI67 for DC_cycling (subcluster 1); CLEC9A, XCRI1, and CADMI for
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differentiated DCs derived from both c¢DCls
(DC_CLEC9A) and c¢DC2s (DC_CD207_CD1C and
DC_CDIC). Accordingly, DC_LAMP3 cells were charac-
terized by the specific expression of maturation markers,
such as LAMP3, CD40, CD80, and RELB (Figure 2D).

Next, we explored the molecular functions of
DC_LAMP3 cells. Notably, DC_LAMP3 cells demon-
strated migrative ability with a high expression of CCR7,
MYOIG, FSCNI1, MARCKS, and MARCKSLI (Figure 2E).
In addition, compared with other cDCs, DC_LAMP3 cells
exhibited a significantly lower expression of Toll-like
receptors (TLRs) and their adaptors (TLRI, TLR2, TLRA4,
TLR7, MYD88, and MAVS) (Figure 2F) and higher expres-
sion of immunoregulatory markers (CD274, PDCDILG2,
CD200, FAS, SOCS1, and SOCS2) (Figure 2G), indicat-
ing inhibitory immune regulation by DC_LAMP3 cells.
Furthermore, DC_LAMP3 cells expressing high levels
of IDO1 actively participated in tryptophan metabolism
(Figure 2H), which was reported to be associated with
immune suppression [25, 26].

Considering that DC_LAMP3 cells tended to be more
abundant in tissues from the CC group than in precan-
cerous lesions and normal cervical tissues (Figure 2I),
we inferred that DC_LAMP3 cells might be closely asso-
ciated with cervical malignant transition. Subsequently,
we further investigated the cellular interactions between
malignant epithelial cells and DCs, especially DC_LAMP3
cells (Figure 2J). Notably, we found no CEACAMS5-CD1D
interaction mediating the recognition and presentation of
self-antigens between malignant cervical epithelial cells
and DC_LAMP3 cells; however, we observed a remark-
able interaction between malignant cervical epithelial cells
and cDCI cells. This finding implied an impaired antigen
presentation in mature DC_LAMP3 cells, which poten-
tially facilitates CC immune escape. Furthermore, we
identified a VEGFA/SEMA3F/SEMA3C/PGF-NRP2 inter-

action between malignant cervical epithelial cells and
DC_LAMP3 cells, which synergistically stimulated angio-
genesis and tumorigenesis [27-29].

These findings revealed the mature state, immunoregu-
latory effect, and role of DC_LAMP?3 cells in tryptophan
metabolism, indicating impaired antigen processing and
presentation. However, further exploration is required to
determine how DC_LAMP3 cells communicate with other
immune cells, especially T cells, thus modulating CC
immune escape.

3.3 | CD8" reactive T cells in CC
microenvironment mainly exhibited
dysfunction and exhaustion

Before investigating the cellular crosstalk between
DC_LAMP3 and T cells, we investigated the molecu-
lar features and biological functions of T cells within
the cervical immune microenvironment. After unsu-
pervised re-clustering, 11 CD8' T-cell clusters were
further grouped into 7 types as follows [30] (Figure 3A-B,
Supplementary Figure S3A): CDS8_Naive (CCR7 and
LEFT), CD8_recently activated effector memory or effec-
tor T cells(CD8_Temra/eff) (CX3CRI and FGFBP2),
CD8_mucosa-associated invariant T cells (CD8_MAIT)
(IL7R and KLRBI), CDS8_resident memory T cells
(CD8_Trm) (CAPG and XCLI), CD8_effector memory T
cells (CD8_Tem) (GZMK and CXCR4), CD8_exhausted T
cells (CD8_Tex) (CXCL13 and HAVCR2), and CD8_Cycling
(MKI67 and TOP2A). Regarding the proportion of dif-
ferent CD8" T cell types in the normal cervical tissues,
HSILs, and CC tissues, we observed that CD8_Trm cells
extensively infiltrated into the normal cervical and HSIL
tissues, whereas CD8_Tex cells were abundant in the CC
group (Supplementary Figure S3B).

DC_CLEC9A (subcluster 4); LILRA4 for pDC (subcluster 2); LAMP3 for DC_LAMP3 (subclusters 6). The color gradation from grey to red
indicates relative expression levels from low to high, respectively. (C) Differentiation trajectory of DC subclusters predicted by Monocle

indicating the terminal location of DC_LAMP3 cells. (D-G) Dot plot indicating the average expression levels and proportion of cells expressing
maturation markers (D), migration markers (E), TLRs and adaptors (F), and immunoregulatory markers (G) in the 6 main DC groups. The
colors represent the average expression levels, and dot sizes represent the percent expression of selected genes. (H) Heatmap demonstrating
the QUSAGE enrichment scores for the metabolic pathways for each DC subcluster (upper) and a violin plot showing expression of the IDO1
gene in each DC subcluster (lower). In the heatmap, a score of 0 (white) indicates nonsignificant enrichment after FDR correction, whereas
red and blue indicate positive and negative associations, respectively. (I) Scatter plots indicating the proportions of DC_LAMP3 cells among
all DCs in 3 disease stages, including cervical CA (cancer), HSIL, and N (normal cervix). Error bar: median value with 95%CI (n = 17 standing
for 17 CC samples). P values were obtained by the Kruskal-Wallis test (P = 0.089). (J) Dot plots demonstrate selected ligand-receptor
interactions between different DC groups and malignant cervical epithelial cells. The involved cell types and ligand-receptor interactions are
indicated by columns and rows, respectively. The means of the average expression levels of two interacting molecules are indicated by the
color key, with blue to red representing low to high expression, respectively. The [-LoglO(P values)] are indicated by dot size. Abbreviations:
DCs, dendritic cells; CC, cervical cancer; TME, tumor microenvironment; TLR, toll-like receptor; CI, confidence interval.
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According to Zheng et al. [13], which integrated in
vitro immunological screening and scRNA sequencing,
CD8* T cells can be categorized into 3 subtypes accord-
ing to immune exhaustion and neoantigen reactivity:
(1) immune non-exhausted and neoantigen non-reactive
CDS8™ T cells (Nex Nre; IL7R), (2) immune exhausted and
neoantigen non-reactive CD8% T cells (Ex Nre; GZMK
and ITM2C), and (3) immune exhausted and neoanti-
gen reactive CD8" T cells (Ex Re; CXCL13, ENTPDI and
GZMA). Intriguingly, we found that in the present study
(Figure 3C-D), CD8_Naive cells (cluster 10), CD8_MAIT
cells (cluster 1), and some CD8 Trm cells (cluster 5)
may have corresponded to immune non-exhausted and
neoantigen non-reactive CD8% T cells, and CD8_Tem
cells (clusters 3 and 4) and some CD8_Trm cells (clus-
ter 6) may have corresponded to immune exhausted
and neoantigen non-reactive CD8" T cells, while most
CD8_Tex cells and CD8_cycling cells, particularly abun-
dant in CC, probably corresponded to immune exhausted
and neoantigen reactive CD8* T cells. Furthermore, TCR
analysis (Figure 3E-G) indicated that CD8_Tex cells with
high expression of TOX, CXCL13, PDCDI1, ENTPDI, TIGIT,
HAVCR2, LAG3, and KIR2DL4 exhibited the greatest clonal
expansion, highlighting both tumor antigen reactivity
and attenuation of anti-tumor immunity. Additionally,
CD8_Trm and CD8_Tem cells showed relatively abun-
dant TCR clonotypes but probably no tumor neoantigen-
associated clonotypes, which are characterized by low
expression of CXCLI13 and high expression of GZMK.

However, CD8_Temra/eff cells (cluster 7), which were
characterized by a high expression of GZMA but no expres-
sion of CXCL13 (Figure 3D), did not belong to the above 3
subtypes. Therefore, we hypothesized that CD8_Temra/eff
cells are immune non-exhausted and neoantigen reactive
(Nex Re; Figure 3C) CD8™ T cells that function as effector T
cells. TCR analysis indicated that the CD8* Temra/eff cells
did not have extensively expanded TCR clonotypes. How-
ever, clonally expanded CD8_Temra/eff cells expressed

high levels of TBX2I (a transcription factor closely related
to immune reaction-activating Thl genetic programs),
PRF1 (perforin 1, involved in defense against neoplastic
cells), and IFNG (type II interferon, involved in antimi-
crobial, antiviral, and antitumor responses by activating
effector immune cells and enhancing antigen presenta-
tion) but hardly expressed immune checkpoints repre-
senting immune exhaustion (Figure 3F and H), which
supported our hypothesis that CD8_Temra/eff cells in our
study might be immune non-exhausted and neoantigen
reactive CD8* T cells.

We identified 4 types of CD8" T cells in the CC
microenvironment: immune non-exhausted and neoanti-
gen non-reactive, immune exhausted and neoantigen non-
reactive, immune non-exhausted and neoantigen reactive,
and immune exhausted and reactive cells. Strikingly, most
neoantigen-reactive CD8" T cells in the CC TIME had
already become dysfunctional and exhausted, whereas
only a minority exhibited effective immune function.
Therefore, stimulating neoantigen reactivity and restor-
ing the anti-tumor cytotoxicity of CD8* T cells are major
strategies in the development of novel cancer immunother-
apies.

3.4 | CD4" reactive T cells in CC
microenvironment: helpers and regulators

We further characterized CD4" T cells based on unsu-
pervised clustering and marker gene expression [30]
(Figure 4A, Supplementary Figure S3C).Among them
are the well-known CD4_regulatory T cells (CD4_Tregs)
(FOXP3, IL2RA, and CTLA4), which exert immunoreg-
ulatory effects, and helper CD4_T cells (CD4_Th cells),
including both CD4_effector memory/type 1-like helper
CD4_T cells (CD4_Tem/Thl-like cells) (CXCL13 and
IFNG) and Thil-like cells (CXCL13 and CD200), which
assist cytotoxic CD8" T lymphocytes in antitumor

FIGURE 3

CD8* reactive T cells in the CC microenvironment mainly exhibit dysfunction and exhaustion. (A-B) UMAP projection of

the 11 subclusters of CD8* T cells generated from unsupervised reclustering, which could be categorized into 7 main groups (A) according to
marker gene expression (B): CCR7 and LEFI for CD8_naive (subcluster 10); CX3CRI and FGFBP2 for CD8_Temra/eff (subcluster 7); IL7R and
KLRBI for CD8_MALIT (subcluster 1); CAPG and XCLI for CD8_Trm (subcluster 0, 5, and 6); GZMK and CXCR4 for CD8_Tem (subcluster 3
and 4); CXCL13 and HAVCR?2 for CD8_ Tex (subcluster 2 and 9); and MKI67 and TOP2A for CD8_Cycling (subcluster 8). The color key from
grey to red indicates relative expression levels from low to high, respectively. (C) UMAP projection of the 11 subclusters of CD8" T cells
presenting as Nex Nre cells (light blue), Nex Re cells (purple), Ex Nre cells (green), and Ex Re cells (red). (D) Violin plot showing the gene
expression of IL7R, ITM2C, GZMK, CXCLI13, ENTPDI1, and GZMA in each CD8" T subcluster. (E) Pie graph illustrating the proportions of
different subgroups among the CD8" T cells that had more than 5 expanded clonotypes (n > 5). Each color corresponds to one CD8* T
subgroup. (F-H) Violin plots indicating the expression levels of genes associated with immune exhaustion and tumor reactivity (F),
exhaustion but nonreactivity (G), and a positive immune reaction (H) in different groups of CD8* T cells with major expanded clonotypes. P
values were obtained by one-way ANOVA or Kruskal-Wallis test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Abbreviations: Nex,
non-exhausted; Nre, non-reactive to tumor antigen; Re, reactive to tumor antigen; Ex, exhausted; ns, not significant.
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immunity (Figure 4B). By comparing the proportions of
different CD4* T-cell subsets in normal cervical tissues,
HSIL foci, and CC tissues (Figure 4C), we found that
CD4_Tregs remained in balance with CD4_Th cells
in terms of infiltration in the normal cervical tissues;
however, they were less abundant than CD4_Th cells in
HSIL foci (Treg/Th <1), and they outnumbered CD4_Th
cells in CC tissues (Treg/Th >1) (Figure 4D). Hence, we
hypothesized that once the balance between CD4% Th
cells and Tregs is disrupted, cervical lesions are likely to
progress to malignancy.

Interestingly, we observed that most CD4_Tem/Thl-
like cells and CD4_Tregs (clusters 7, 9, 4, and 6) in our
study tended to be immune exhausted and neoantigen-
reactive CD4*" T cells, as defined in Zheng et al. [13],
which characterized marker genes, such as ENTPDI
and TOX (Figure 4E-F). TCR analysis confirmed that
CD4_Tem/Thl-like cells and CD4_Tregs exhibited the
greatest TCR clonotype expansion (Figure 4G). This result
indicated that although they demonstrated functional het-
erogeneity, CD4_Tem/Thl-like cells, which assist in anti-
tumor immunity, and CD4_Tregs, which negatively mod-
ulate the immune response, were probably neoantigen-
reactive with clonotype expansion. Intriguingly, clon-
ally expanded CD4_Tem/Thl-like cells (helper immune
exhausted and neoantigen reactive CD4* T cells) exhibited
greater immune exhaustion, considering the expression
levels of TOX and PDCDI (Figure 4H), while clonally
expanded CD4_Tregs (regulatory immune exhausted and
neoantigen reactive CD4" T cells) played a crucial role in
T cell differentiation and activation, with upregulation of
TNFRSF18 and BATF expression (Figure 41).

These findings indicated that a sophisticated balance
between helper and regulatory reactive CD4%1 T cells was
valuable for CC therapy. In particular, relieving the exhaus-
tion of CD4* T helper cells and inhibiting the effects of
CD4* T regulators should be considered.

3.5 | DC_LAMP3 cells communicated
synergistically with both reactive CD8_Tex
cells and CD4_Tregs to mediate CC
immune escape

Having described the features and functions of reactive
T cells in the CC microenvironment, we focused on the
association and interactions between DCs and neoantigen-
reactive T cells. Notably, we found a positive association
in terms of cell abundance between DC_LAMP3 cells,
CD8_Tex cells, and CD4_Tregs; these correlations also
existed in the TCGA CESC dataset, indicating a potential
close interaction (Figure 5A-B).

Regarding the cellular crosstalk between DCs and
CD8_Tex cells, the mean expression of ligand-receptor
pairs related to immune checkpoints (CD274/PDCD1LG2-
PDCD1, CD80/CD86-CTLA4, LGALS9-HAVCR2, PVR-
CD96, and PVR/NECTIN2-TIGIT) was basically higher in
LAMP3* DCs and CD8_Tex cells than in other DC subpop-
ulations and CD8_Tex cells, highlighting the immunoregu-
latory effects of DC_LAMP3 cells (Figure 5C). In addition,
by comparing ligand-receptor interactions in tissues repre-
senting different disease stages, including normal cervical
tissues, HSIL, and CC tissues (Figure 5D), we hypothe-
sized that immune surveillance and tolerance occur in
the normal cervical tissues, a positive immune reaction
occurs in HSILs, and immune suppression occurs in CC
tissues. In particular, the cellular interactions between
immune inhibitory checkpoints, such as CD80/CD86-
CTLA4, LGALS9-HAVCR2, PVR/NECTIN2-TIGIT, and
CD274/PDCD1LG2-PDCDI1, remained at a low level in
the normal cervical tissues, indicating immune tolerance
and surveillance, probably because of initial microbial
infection such as human papillomavirus (HPV) infec-
tion. These interactions were even less detectable in
HSIL, revealing a positive immune reaction, but consider-
ably more pronounced in CC tissues, indicating immune

FIGURE 4

CD4* reactive T cells in the CC microenvironment could be divided into helpers and regulators. (A-B) UMAP projection of

the 10 subclusters of CD4* T cells generated from unsupervised reclustering, which could be categorized into 5 main groups: (A) with marker
gene expression; (B) FOXP3, IL2RA, and CTLA4 for CD4_Tregs (subclusters 4 and 6); CXCL13, IFNG, and CD200 for Tem/Thl-like cells
(subcluster 7) and Thi-like cells (subcluster 5). The color gradation from grey to red indicates relative expression levels from low to high,

respectively. (C) Histogram indicating the ratios of each CD4" T-cell type in the 17 samples, including normal cervical tissues, HSIL, and CC
tissues, including both SCC and ADC. (D) Box plots indicating the proportion of CD4_Tregs among all CD4* T cells in the cancer group
compared to the noncancer group (left panel) and the ratio between CD4_Th cell and Treg abundance in the normal cervix, HSIL, and cancer
(CA) groups (right panel). Error bar: median value with 95%CI (n = 17 representing 17 clinical samples altogether). P values were obtained by
Student’s t test and one-way ANOVA with Tukey’s multiple comparison test, respectively. ***, P < 0.001; **** P < 0.0001. (E) UMAP
projection of potential Ex Re CD4* T cells (red). (F) Gene expression of ENTPD1 and TOX plotted onto the UMAP projection. (G) Pie graph
illustrating the proportions of different subgroups among the CD4" T cells that had more than 5 expanded clonotypes (n > 5). Each color
corresponds to one CD4* T cell subgroup. (H-I) Violin plots indicating the expression levels of genes associated with immune exhaustion (H)
and differentiation and activation (I) in CD4_Tregs compared with that in CD4_Tem/Thl-like cells with major expanded clonotypes. P values
were obtained by Student’s t test. **, P < 0.01; ****, P < 0.0001. Abbreviations: HSIL, high-grade squamous intraepithelial lesion; CC, cervical
cancer; SCC, squamous cell cervical cancer; ADC, adenocarcinoma of the cervix; ANOVA, analysis of variance.
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exhaustion. These findings verify the immunoregulatory
role of the DC_LAMP3-CD8_Tex interaction, which poten-
tially contributes to CC progression.

In terms of the cellular interplay between DC_LAMP3
cells and CD4_Tregs (Figure 5E), LAMP3_DCs produced
multiple chemokines to attract and recruit CD4_Tregs,
which were the most apparent in the CC group (CCL19-
CCR7, CCL22-CCR4, and CXCL9/CXCL10-CXCR3). In
addition, we observed closer adhesion-related interactions
(SPP1-CD44 and ICAMI-ITGAL) in CC tissues than in
normal cervical tissues and HSIL foci. Furthermore, we
observed the activation of CD4_Tregs upon co-stimulation
with DC_LAMP3 cells in the CC TIME. In particu-
lar, the costimulatory signals of activating CD4_Tregs
(CD80/CD86-CD28, ICOSLG-ICOS) remained at a rel-
atively low level in normal cervical tissues, indicating
immune discrimination and tolerance from normal tis-
sues. The signals were even lower within the HSIL
foci, implying inactivation of CD4_Tregs and an effi-
cient T-helper immune response targeting neoplastic
cells; however, they reached the highest level in CC
tissues (CD80/CD86-CD28, ICOSLG-ICOS, and CD70-
CD27), indicating extensive activation of CD4_Tregs. Fur-
thermore, we observed remarkable interactions related
to immune escape (CD86-CTLA4, PVR/NECTIN2-TIGIT,
and LGALS9-HAVCR?2) in the CC group, which enhanced
the immunosuppressive roles of CD4_Tregs and impaired
the antitumor effects of other effector T cells. These results
demonstrated that DC_LAMP3 cells interact with both
neoantigen-reactive CD8_Tex cells and CD4_Tregs, thus
synergistically mediating CC immune escape.

3.6 | IDO1 inhibition further enhanced
the treatment efficacy of ICB in CC animal
model

To further validate the association and interaction between
DC_LAMP3 cells and neoantigen-reactive T cells in CC,

including CD8_Tex and CD4_Treg cells, we performed
multicolor THC staining, which confirmed the physi-
cal co-localization of neoantigen-reactive T cells (CD3",
CD4%/CD8", and PD-1") and DC_LAMP3 cells (CDSO*
and PD-L1%") evident in CC microenvironment compared
with normal cervix and precancerous lesions (Figure 6A-B,
Supplementary Figure S4).

As previously illustrated, we found that DC_LAMP3
cells specifically express IDO1 and actively participate
in tryptophan metabolism, and DC_LAMP3 cells com-
municate with neoantigen-reactive T cells, including
CD8_Tex cells and CD4_Tregs, which contribute to CC
immune suppression and disease progression. On the
basis of these findings, we hypothesized that the inter-
action between DC_LAMP3 cells and reactive T cells
remodels the immunosuppressive environment in CC and
that IDO1 may greatly contribute to this process. Fur-
thermore, we hypothesized that the combination of an
IDO1 inhibitor and ICB might benefit patients with CC.
To test this hypothesis, we constructed a subcutaneous
tumorigenesis model in C57BL/6 mice using murine CC
cells (TC1) to evaluate the effectiveness of combined ther-
apy with an IDOL1 inhibitor (epacadostat, E) and ICB
(Figure 7A-B). Compared with the untreated group, the
anti-PD-1, anti-CTLA4, and anti-TIGIT groups exhibited
reduced tumor growth. Although the independent use of
the IDO1 inhibitor did not reduce tumor growth, combined
treatment with the IDO1 inhibitor and ICB (anti-PD-1,
anti-CTLA4, and anti-TIGIT agents) decreased the enzy-
matic activity of IDO1 and tended to cause a greater
reduction in both tumor volume and weight than the
administration of an ICB agent alone. This result was par-
ticularly observed in the anti-CTLA4 + E group, in which
this difference was statistically significant (Figure 7C-D,
Supplementary Figure S5A-D), suggesting that combina-
tion therapy could effectively inhibit CC inhibition in vivo.
In addition, we investigated CD8" T cell infiltration and
the immune response after treatment with IDO1 inhibitor
and/or ICB. Although CD8* T cell abundance did not

FIGURE 5

DC_LAMP3 cells communicate with both reactive CD8_Tex cells and CD4_Tregs. (A) Scatter plot indicating the positive

association between the abundance of CD8_Tex cells and that of DC_LAMP3 cells in the cervical environment, according to the present study
(left panel, Pearson’s correlation, R = 0.607) and TCGA CESC dataset (right panel, Pearson’s correlation, R = 0.6, P value < 0.0001). (B) Scatter
plot indicating the positive association between the abundance of CD4_Tregs and that of DC_LAMP3 cells in the cervical environment,
according to the present study (left panel, Pearson’s correlation, R = 0.499) and TCGA CESC dataset (right panel, Pearson’s correlation, R =
0.65, P value < 0.0001). (C) Dot plot demonstrating selected ligand-receptor interactions between different DC groups and CD8_Tex cells. The
involved cell types and ligand-receptor interactions are indicated by the columns and rows, respectively. The means of the average expression
levels of two interacting molecules are indicated by the color gradation, with blue to red representing low to high expression, respectively. The
“-LoglO(P values)” are indicated by dot size. (D-E) Dot plots demonstrate selected ligand-receptor interactions between DC_LAMP3 cells and
CD8_Tex cells (D), as well as those between DC_LAMP3 cells and CD4_Tregs (E) in the normal cervix, HSIL, and CA (cancer) groups. The
histologic subtypes and ligand-receptor interactions are indicated by the columns and rows, respectively. The means of the average expression
levels of two interacting molecules are indicated by the color gradation, with blue to red representing low to high expression, respectively. The
“-LoglO(P values)” are indicated by dot size. Abbreviations: TCGA, The Cancer Genome Atlas; CESC, cervical and endocervical cancer.
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FIGURE 6

(B)

Co-localization of reactive T cells and DC_LAMP3 cells in CC TIME. (A) Representative images of multiplex THC staining

for the co-localization of Treg cells (CD3"CD4*PD-1*) and DC_LAMP3 cells (CD80*PD-L1*) in CC tissue samples. Proteins that were
detected using the respective antibodies are indicated on the top. The orange, red, green, yellow, and magenta arrows indicate cells in CC
tissue samples with positive expression of the CD3, CD4, PD-1, CD80, and PD-L1 proteins, respectively (bottom panel). Scale bars, 50 um and
20 um for the top and bottom panels, respectively. (B) Representative images of multiplex IHC staining for the co-localization of CD8_Tex
cells (CD3*CD8*"PD-1*") and DC_ LAMP3 cells (CD80*PD-L1*) in CC tissue samples. Proteins that were detected using the respective
antibodies are indicated on top. The orange, red, green, yellow, and magenta arrows indicate cells in CC tissue samples with positive

expression of the CD3, CD8, PD-1, CD80, and PD-L1 proteins, respectively (bottom panel). Scale bars, 50 um and 20 um for the top and bottom

panels, respectively. Abbreviations: DCs, dendritic cells; CC, cervical cancer; TIME, tumor immune microenvironment; Treg, regulatory T

cells; Tex, exhausted T cells; IHC, immunohistochemistry.

significantly differ between the groups (Figure 7E), the fol-
lowing characteristics were significantly different in the
ICB + E groups, especially in the anti-PD-1 + E group, com-
pared with the control group/E group/anti-PD-1 group:
proliferation, represented by Ki67 expression; cytotoxicity,
represented by GZMB expression; and immune reaction,
represented by TNF-a expression (Figure 7F-H). Addition-
ally, CXCL13 expression, which indicates tumor antigen
reactivity, was higher after the application of ICB + E than
after the application of an ICB agent alone; however, the
difference was not statistically significant (Figure 7T). Col-
lectively, these findings demonstrate that IDO1 inhibition
further enhances the treatment efficacy of ICB by stim-
ulating CD8* T-cell proliferation and effector function,
providing essential clues for the development of combined
immune therapy for CC.

4 | DISCUSSION

In the present study, against our expectations, malignant
cervical epithelial cells did not show noticeable signs
of tumor escape. Therefore, we focused our attention
on immune cells, especially DCs, which are responsi-
ble for antigen processing and presentation, as well as T
cells, which are indispensable components of the adap-
tive immune system and critical effectors of the antitumor
response (Figure 8).

Current efforts to enhance the efficacy of immunother-
apy have focused on reversing T-cell exhaustion and
restoring antitumor functions, such as using anti-PD-
1/anti-CTLA4 therapies targeting CD8" T cells or anti-
PDL1 therapies targeting tumor cells [31]. However, less
attention has been paid to other cell subsets in the TME
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FIGURE 7 IDOLl inhibition further enhanced the treatment efficacy of ICB in CC animal models. (A-B) Photographs of TC1 tumors by
indicated treatment. The tumors were removed from C57BL/6 mice on Day 12 after TC1 cell injection (n = 6 for each group in A: isotype as
control group [Ctrl] and anti-PD-1, anti-CTLA4, anti-TIGIT, and anti-TIM3 groups; n = 6 for each group in B: Epacadostat [E], anti-PD-1 + E,
anti-CTLA4 + E, anti-TIGIT + E, and anti-TIM3 + E groups). (C-D) Average tumor growth curves of TC1 tumors in mice that underwent
different treatments. Error bar: mean + SD (n = 6 for each treatment group). P values were obtained by one-way ANOVA with Tukey’s
multiple comparison test. *, P < 0.05; **, P < 0.01; ns, not significant. (E) Scatter plot showing CD8 expression in CD3* T cells from the
peripheral blood of C57BL/6 mice bearing TC1 tumors after different treatment regimens through flow cytometry. Error bar: mean value with
95%CI (n = 6 for each treatment group). P values were obtained by one-way ANOVA. ns, not significant. (F-I) Scatter plots showing the
expression of Ki67, GZMB, TNF-a, and CXCL13 in CD8* T cells from the peripheral blood of C57BL/6 mice bearing TC1 tumors after different
treatment regimens through flow cytometry. Error bar: mean value with 95%CI (n = 6 for each treatment group). P values were obtained by
one-way ANOVA with Tukey’s multiple comparison test. *, P < 0.05; **, P < 0.01; ns, not significant. Abbreviations: IHC,
immunohistochemistry; SD, standard deviation; ANOVA, analysis of variance.
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cervical and endocervical cancer; IHC, immunohistochemistry; Kyn, kynurenine; ICB, immune checkpoint blockade.

that may also mediate malignant transition and immune
suppression. DCs are a diverse group of specialized APCs
that can promote immunity or tolerance by sampling
and presenting antigens to T cells and by providing
immunomodulatory signals through cell-cell contacts and
cytokines in the context of cancer. Hence, we thoroughly
investigated the DCs within the microenvironments of
CC and precancerous lesions. DC_LAMP3 cells, charac-
terized by specific LAMP3 and CD274 expression, showed
a greater abundance in the CC ecosystem than in the
non-cancer microenvironment and manifested a mature
state and exerted immunoregulatory effects. These cells
could be considered tolerogenic DCs in the context of
CC, consistent with previous studies on other cancers [10,
32]. In addition, we observed that DC_LAMP3 cells pro-
moted tryptophan metabolism by highly expressing IDO1,
which encodes an enzyme that catalyzes the initial oxida-
tion of L-tryptophan (L-Trp) and induces the accumulation
of kynurenine (Kyn) metabolites. These metabolites have
been reported to not only inhibit the proliferation and
activity of CD8" T effector cells but also contribute to
the differentiation of CD4" Treg cells, thus leading to
immune dysregulation. These results further confirmed
the tolerogenic and regulatory roles of DC_LAMP3 cells.
In addition, we observed impaired tumor-associated anti-
gen recognition and pro-angiogenic effects in DC_LAMP3
cells by analyzing the crosstalk between DC_LAMP3 cells
and malignant epithelial cells. Collectively, these results
indicate that DC_LAMP3 cells are a ubiquitous tolerogenic
DC population in the CC TIME that regulate tryptophan
metabolism and exhibit immune-regulatory functions,
thus contributing to tumor escape and disease progression.

Additionally, our study revealed that DC_LAMP3
cells interacted with both neoantigen-reactive CD8_Tex
cells and CD4_Tregs, thereby synergistically fostering
an immunosuppressive niche in CC. We discovered

that DC_LAMP3 cells not only attract, recruit, and acti-
vate CD4_Tregs through chemokines (CCL19-CCR?7,
CCL22-CCR4, and CXCL9/CXCL10-CXCR3) and costim-
ulatory signals (CD80/CD86-CD28 and ICOSLG-ICOS)
but also mediate CC immune escape through multiple
immune checkpoint ligand-receptor pairs (CD274/PDL2-
PDCD1, CD86-CTLA4, PVR/NECTIN2-TIGIT, and
LGALS9-HAVCR2) between DC_LAMP3 cells and
CD8_Tex/CD4_Treg cells. Some of these activities have
been demonstrated in other cancers, highlighting the
extensive importance of DC_LAMP3 cells during tumori-
genesis. Intriguingly, the expression of IDO1 in DCs can
be upregulated by immune checkpoint molecules on T
cells, such as PD-1/CTLA4, further boosting tryptophan
metabolism and forming a vicious immunosuppressive
cycle [33, 34].

On the basis of these observations, we hypothesized
that the combination of an IDO1 inhibitor and ICB could
break this immunosuppressive cycle in CC by inhibit-
ing tryptophan metabolism and restoring the antitumor
function of T cells. Therefore, we established a sub-
cutaneous tumorigenesis model in C57BL/6 mice with
TC1 cells to assess the efficacy of combination treatment
with an IDO1 inhibitor (epacadostat) and ICB (anti-PD-1,
anti-CTLA4, anti-TIGIT, and anti-HAVCR2/TIM3 agents)
in vivo. An anti-PD-1 agent plus epacadostat and an
anti-CTLA4 agent plus epacadostat demonstrated better
efficacy in inhibiting tumor growth than either ICB or
epacadostat alone. Regarding the restoration of antitumor
immunity, an anti-PD-1 agent plus epacadostat showed
the best performance and enhanced CD8* T cell prolifer-
ation and cytotoxicity. In summary, we verified through
animal experiments that IDO1 inhibition could further
enhance the treatment efficacy of ICB drugs, especially
anti-PD-1 agents, in CC by stimulating CD8* T-cell pro-
liferation and effector function, offering critical clinical
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FIGURE 9 Schematic diagrams illustrating the vicious immunosuppressive cycle formed by DC_LAMP3 cells and reactive T cells in the
CC TME and a potential therapeutic strategy. (A) From the perspective of tumor immunity, cellular crosstalk between DC_LAMP3 cells and
malignant CC epithelial cells induces impaired antigen recognition and immune tolerance, whereas the interplay between DC_LAMP3 cells
and CD4_Tregs and CD8_Tex cells is associated with recruitment, immunoregulation, and immunosuppression. From the perspective of
tumor metabolism, the upregulation of IDO1 in DC_LAMP3 cells can convert Trp to Kyn metabolites, which activate AhR pathways and
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insight. IDO1 is an attractive therapeutic target owing
to its biological importance in cancer immunotherapy.
Till date, several IDO1 inhibitors, including epacadostat
[35], BMS986205 [36], and indoximod [37], have advanced
into clinical trials. Although some studies have reported
that IDO1 inhibitors combined with immune check-
point inhibitors (pembrolizumab/nivolumab/ipilimumab)
showed markedly enhanced antitumor efficacy in solid
tumors [38, 39], negative results were reported in a phase
III trial (NCT02752074) that investigated the efficacy and
safety of a combination treatment with pembrolizumab
and epacadostat in participants with unresectable and
metastatic melanoma [40]. This led to the termina-
tion or withdrawal of other phase III trials, such as
NCT03310567, NCT01685255, NCT03361228, NCT03463161,
and NCT03325465, greatly hampering the development
of IDOL1 inhibitors. Considering that no clinical trials
have yet been conducted to investigate the efficacy of
IDO1 inhibitors combined with ICB for CC, we suggested
that on the basis of our preclinical results, clinical tri-
als should be considered and designed for patients with
CC. Nevertheless, the following issues should be consid-
ered: (1) To achieve satisfactory IDO1-targeting therapy,
insights into the structural features and inhibitory mech-
anisms of IDO1 should be prioritized. Novel therapeutic
options targeting IDO1 could be introduced, including
small-molecule inhibitors such as peptide vaccines and
proteolysis-targeting chimeras (PROTAC) [41], which are
emerging strategies for degrading oncogenic proteins via
the ubiquitin-proteasome pathway. (2) Till date, a clear
biomarker is lacking for PD-1/ PD-L1 therapy, since a com-
bined positive score < 1 is only observed in approximately
10% of patients with CC, and even within this 10%, a minor
response can be found where anti-PD-1/PD-L1 treatment is
notindicated [42]. Therefore, we suggested that participant
populations in clinical trials should be stratified according
to IDO1 expression levels. Patients with CC presenting pos-
itive IDO1 expression may benefit more from combination
therapy with an IDOI1 inhibitor and ICB. In summary, we
propose that the combination of IDOL1 targeting with ICB
could benefit patients with CC (Figure 9); however, ratio-
nally designed clinical trials and alternative IDO1-targeted
therapies are urgently needed.

Nevertheless, our study has several limitations. First,
neoantigen-reactive T cells were identified on the basis of
only reported gene markers, without DNA levels, to eval-
uate tumor somatic mutations and neoantigens. Another
major limitation of the conclusions of our data was the
use of subcutaneous flank xenograft. The use of an ortho-
topic metastatic model transplanted into the cervical cavity
region could provide more valuable insight into the abil-
ity of combined use of IDOL1 inhibitor and ICB to inhibit
the progression of CC. Additionally, a deeper mechanistic
study is needed for investigating the pathway upstream of
IDO1 upregulation in tolerogenic DC_LAMP?3 cells to fur-
ther reinforce our understanding of the CC immune land-
scape and illustrate the underlying metabolic mechanisms
of immune suppression in CC.

5 | CONCLUSIONS

The present results revealed the dynamic nature of the
immune microenvironment in the cervix during disease
progression from normal cervical tissue to precancerous
lesions and cancer by demonstrating the key roles of
specific immune subpopulations, including DC_LAMP3,
CD4_Treg, and CD8_Tex cells. Considering the scRNA-
seq data, results of multicolor IHC analysis, and animal
experiments, we proposed that the interaction between
IDO1-expressing DC_LAMP3 cells and reactive T cells syn-
ergistically reshapes the immunosuppressive microenvi-
ronment in CC. This suggested that a combined treatment
targeting IDO1 and ICB (such as anti-PD1/anti-CTLA4
agents) could improve the therapeutic efficacy of current
immunotherapies for patients with CC presenting positive
IDOL1 expression. Our results offered novel insights and
critical clues for designing and conducting future clinical
trials in patients with CC.
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