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Abstract

Objectives: Gastric-type adenocarcinoma (GAS), an aggressive subtype of non-human papillomavirus (HPV)-associated (NH-
PVA) cervical adenocarcinomas (ADC), remains a treatment-refractory disease with poor prognosis. This study aims to explore
the oncogenic mechanism and efficacious therapeutic target of GAS.

Methods: We included 19 NHPVA and 153 HPVA ADC patients from our center to investigate clinicopathological features. We
collected 3 GAS and 2 usual-type endocervical adenocarcinomas (UEA) for single-cell RNA sequencing and T-cell receptor se-
quencing. We conducted immunohistochemical staining of 25 GAS and 25 UEA samples and multicolor immunohistochemical
staining of 2 GAS samples for validation. We explored the efficacy of anti-clusterin (0GX-011) and/or cisplatin (DDP) for GAS
based on GAS-derived tumoroids.

Results: Based on clinical data, we clinicopathologically verified the malignancy of GAS. Through single-cell RNA sequencing,
we delineated key cell subtypes including GAS epithelial cells, “GAS-enriched fibroblasts”, “GAS-associated y4dT cells”, and
CD8+ exhausted T cells enduring heat stress and contributing to GAS aggressive phenotype. Regarding validation, we verified
clusterin (CLU)-associated heat stress, highlighted the potential role of CLU-associated stress in promoting immune escape,
and established a four-gene signature (CLU, PDGFB, TIGIT, and C3) indicating poor prognosis of GAS induced by CLU-associated
stress and immune escape. Based on GAS-derived tumoroids retaining the histological features, CLU-associated stress, and
genetic profile of parental tumor, we validated the anti-tumor and sensitizing DDP efficacy of targeting CLU.

Conclusion: CLU-associated heat stress of key cell subtypes contributed to the malignant GAS microenvironment. Additionally,
we pioneeringly constructed GAS-derived tumoroids and suggested that combining CLU-targeted treatment and DDP could
improve the therapeutic efficacy for GAS.
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Introduction

Cervical cancer (CC) is the most prevalent cancer of the female
reproductive system worldwide [1]. Compared to patients with
squamous cell carcinoma, those with adenocarcinoma of the
cervix (ADC) have a much poorer prognosis and higher mortality.
According to the International Endocervical Adenocarcinoma Cri-
teria and Classification proposed in 2018 [2], ADC can be classi-

fied into human papillomavirus (HPV)-associated (HPVA) and non-
HPV-associated (NHPVA) ADC. Among NHPVA ADCs, gastric-type
adenocarcinoma (GAS), which accounts for the greatest percent-
age (71%-87.5%), has received extensive attention given its high
mortality and remarkable aggressiveness [3-5].

To date, the following challenges remain in the diagnosis and
treatment of GAS. (i) High misdiagnosis rate: occurrence in the up-
per segment of the cervical canal, negative HPV infection testing
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results, and morphological traits similar to benign lesions make
GAS easier to misdiagnose [6-8]. (i) Remarkable aggressiveness:
compared to usual-type endocervical adenocarcinoma (UEA), GAS
is prone to not only vaginal and parametrial invasion but also ap-
pendage, peritoneum, and abdominal cavity metastases [9, 10].
(iii) Low treatment efficacy: the effectiveness of conventional ra-
diotherapy, chemotherapy, and concurrent chemoradiotherapy
(CCRT) is poor for patients with GAS, regardless of clinical stage
[11]. It has been reported that the response rate of GAS to radio-
therapy is lower than that of UEA (50% versus 81.8%) [10]. (iv) High
recurrence rate and poor prognosis: recurrence of GAS occursin up
to 32% of patients, four times the recurrence rate of UEA [9]. Even
at an early stage, GAS has an unfavourable prognosis. The 5-year
overall survival (OS) was 36.9% for GAS versus 90.0% for HPVA ADC
[9], whereas disease-specific survival was 42% for GAS versus 91%
for HPVA ADC [12]. Briefly, it remains a great challenge to make a
correct diagnosis and conduct effective therapeutic measures for
GAS patients. One significant reason for such unsatisfactory clin-
ical outcomes is inadequate understanding of the oncogenesis of
GAS. Current studies have unilaterally focused on the carcinogen-
esis of GAS from a genomic perspective [13, 14], but are insufficient
to comprehensively illustrate the pathogenetic mechanisms be-
hind the malignant behaviors and poor prognosis of GAS. Hence,
there is an urgent need for a more systematic and deeper explo-
ration of the mechanisms underlying the aggressive characteris-
tics of GAS.

It has been reported that the tumor-reprogrammed microenvi-
ronment plays a vital role in nurturing immune evasion, drug re-
sistance, and tumor development [15, 16]. Recently, the combina-
tion of single-cell RNA sequencing (scRNA-seq) and T-cell recep-
tor sequencing (TCR-seq) has provided an effective way to anal-
yse the highly complex tumor microenvironment (TME), to detect
key cellular subpopulations and intercellular crosstalk, and to ex-
plore the crucial pathways and molecular events within the TME
[17-19]. Additionally, advances in tumoroid-based in vitro models,
which have been defined as organ miniatures or avatars resem-
bling tumour complexity [20], could aid our understanding of the
role played by TME in cancer progression and its response to drug
treatment, helping to guide personalized therapy. Currently, the
consolidation of advanced methods has been applied in multiple
cancers, not only providing insights into the mechanism of tumor
progression but also facilitating novel therapeutic targets [21-23].
However, to our knowledge, no study has been published concen-
trating on the pathogenic mechanisms of GAS from the perspec-
tive of TME, integrating scRNA-seq and TCR-seq with a patient-
derived tumoroid model, driving us to conduct further investiga-
tion.

In the present study, we first confirmed the aggressive pheno-
type and poor prognosis of GAS using clinical data from our cen-
ter. Subsequently, we not only unveiled the unique clusterin (CLU)-
associated heat stress in the GAS TME, but also demonstrated
its potential role in promoting immunosuppression, collectively
contributing to the malignancy of GAS. Most importantly, we in-
novatively established 3D GAS-derived tumoroids recapitulating
the histological features, CLU-associated stressful TME, and ge-
netic characteristics of the original tissue, and further validated
the therapeutic efficacy and chemotherapy-sensitizing properties
of targeting CLU by OGX-011, offering a novel research model for
GAS and providing an encouraging outlook of targeting CLU for
GAS treatment.

Materials and methods
Study population

We included 172 ADC patients from the Obstetrics and Gynaecol-
ogy Hospital of Fudan University, including patients with HPVA
ADC (n = 153) and NHPVA ADC (n = 19). The inclusion criteria
were as follows: (i) hospitalized at our hospital for surgery from
1 July 2020 to 30 June 2021; (i) diagnosis of adenocarcinoma or
adenosquamous carcinoma of the cervix confirmed by pathologi-
cal examination; and (iii) International Federation of Gynecology
and Obstetrics (FIGO) clinical stage IA1-11A2 based on preopera-
tive diagnosis. The exclusion criteria were as follows: (i) pregnancy
status or combination of other malignancies or severe medical or
surgical disease; (ii) having received treatment (e.g. neoadjuvant
chemotherapy) prior to undergoing surgical treatment for cervical
cancer; (iii) death due to surgical complications; and (iv) excessive
missing clinical information.

Data collection

We retrospectively collected the following clinical data from
each patient: (i) clinical features: signs and symptoms (vaginal
drainage, barrel cervix) and clinical tests [HPV test and liquid-
based cytology test (LCT)], (ii) pathological features: histologi-
cal subtypes (UEA, adenosquamous carcinoma, squamous car-
cinoma combined with adenocarcinoma, mucinous adenocarci-
noma, minimal derived adenocarcinoma, and GAS) and pathologi-
cal characteristics (infiltration depth, vaginal involvement, uterine
involvement, adnexal invasion, and pelvic lymph node metasta-
sis), and (iii) survival information: OS and regression-free survival
(RFS).

The primary outcomes were 2-year RFS and 2-year OS. RFS was
defined as the time interval from the initial ADC diagnosis to the
first detection of any recurrence or the last follow-up. OS was de-
fined as the time interval from the initial diagnosis to ADC-related
death or the last follow-up. Patients who failed to achieve a sur-
vival event at the last follow-up were reviewed. Median OS was de-
fined as the median time from the commencement of treatment
until death from any cause. A significance level of 0.05 was used
for all comparisons.

Human specimens

We included 3 GAS and 2 UEA samples for scRNA-seq and TCR-
seq. Immunohistochemical (IHC) staining was performed on 25
UEA and 25 GAS samples, and multicolor immunohistochemical
(mIHC) staining was performed on 2 GAS samples. GAS-derived tu-
moroids were established from another 1 case of GAS. All of the in-
cluded tumor samples were obtained during primary treatment of
surgical resection. Detailed clinical characteristics of GAS and UEA
samples are shown in supplementary Tables 1, 2, 3, and 4, see on-
line supplementary material.

scRNA-seq and TCR-seq

Utilizing the 10 x Genomics Chromium Controller Instrument,
Chromium Single Cell 5’ library, gel bead kit, and V(D)J enrichment
kit (10 x Genotics, Pleasanton, CA, USA), scRNA-seq and TCR-
seq libraries were prepared. scRNA-seq was conducted by pro-

920z 11dy /| uo 1senb Aq 41+99%8/€006eqd) | /6/al0e/Wod/woo"dno-olwepese//:sdny Wwoly papeojumoq


https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbag003#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbag003#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbag003#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbag003#supplementary-data

fessionals from NovelBio Co, Ltd. Briefly, cells were concentrated
to 1000 cells/pl and loaded into each lane to produce single-cell
gel bead-in-emulsions (GEMs), yielding an expected 5000 single-
cell mRNA barcodes per sample. Following the reverse transcrip-
tion step, the GEMs were disrupted, and the barcoded cDNA was
purified and amplified. This amplified barcode cDNA was then
utilized to construct 5’ gene-expression libraries and TCR enrich-
ment libraries. For the construction of 5’ libraries, the amplified
barcode cDNA was fragmented, A-tailed, ligated with an articu-
lator, and amplified using exponential PCR. For V(D)J libraries,
human T-cell V(D)J sequences were enriched from the amplified
cDNA, followed by fragmentation, A-tailing, articulator ligation,
and exponential PCR amplification. The final libraries were quan-
tified using the Qubit high-sensitivity DNA assay (Thermo Fisher
Scientific), while the size distribution of the libraries was deter-
mined using a high-sensitivity DNA microarray on a Bioanalyzer
2200 (Agilent). All the libraries were sequenced by Illumina se-
quencing (Illumina, San Diego, CA, USA) with 150 bp paired-end
sequences.

Gene ontology analysis

Gene ontology (GO) [24] analysis was performed to facilitate the
elucidation of the biological significance of marker genes and
differentially expressed genes (DEGs). We downloaded GO an-
notations (http://www.ncbi.nlm.nih.gov/), UniProt (http://www.
uniprot.org/), and GO (http://www.geneontology.org/) from Na-
tional Center for Biotechnology Information (NCBI). Fisher’s exact
test was used to identify significant GO categories, and FDR was
used to correct for P values.

Pathway analysis

Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database, significant pathways for marker genes and DEGs were
identified using pathway analysis. We turned to Fisher’s exact test
to select significant pathways, with significance thresholds de-
fined by P values and false discovery rates (FDRs) [25].

Pseudotime analysis

We applied a single-cell trajectory analysis (http://cole-trapnell-
lab.github.io/monocle-release) using Monocle2 along with the
discriminative dimensionality reduction (DDR) tree and default
parameters. Prior to the Monocle analysis, we selected Seurat
clustering results for marker genes and passed raw expression
counts of filtered cells. The branching expression analysis model
(BEAM analysis) was applied to the gene analysis for branching
fate determination based on pseudotemporal analysis.

CytoTRACE

Cellular Trajectory Reconstruction Analysis using gene Counts and
Expression (CytoTRACE), a computational method, was applied
to predict the differentiation state of cells from scRNA-seq data
by counting the number of detectably expressed genes per cell
[26].
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Cell communication analysis

To make possible a systematic analysis of cell—cell communica-
tion molecules, we applied cell communication analysis based
on CellPhoneDB [27], a public repository of ligands, receptors,
and their interactions. Membrane proteins, secreted proteins,
and peripheral proteins were annotated for clusters at different
time points. Significant mean and cell communication signifi-
cance (P value < 0.05) were calculated based on the interac-
tions obtained by Seurat normalization and the normalized cell
matrix.

QuSAGE analysis (gene enrichment
analysis)

To characterize the relative activation of a given gene set,
such as the KEGG, Hallmark (h.all.v7.0.symbols, https://www.
gsea-msigdb.org/gsea/msigdb/index.jsp), and Reactome (https://
reactome.org) gene sets, QUSAGE (2.16.1) analysis was performed
[28].

Differential gene expression analysis

To identify DEGs between samples, FindMarkers, a function with
the Wilcoxon rank sum test algorithm, was used under the fol-
lowing criteria: (i) Logarithm of Fold Change (InFC) > 0.25; (ii) P
value < 0.05; and (iii) minimum pressure > 0.1.

TCGA public dataset analysis

We downloaded clinicopathological information, and survival
data of the TCGA CESC dataset from Xena (https://xenabrowser.
net/datapages/). Survival analysis was conducted using the pow-
erful online tool GEPIA (http://gepia.cancer-pku.cn/) or R software
(version 3.6.2; R Foundation for Statistical Computing) with pack-
ages.

Cell culture

HT-3 cells were maintained in Dulbecco’s modified Eagle’s
medium (Gibco, 11965 118) containing 10% fetal bovine serum
and 1% penicillin streptomycin. Cells between passages 10-20
were used for experiments following authentication by short
tandem repeat (STR) profiling. Routine mycoplasma testing was
performed using the MycoAlert detection kit (Lonza, LT07-218).

In vitro cytotoxicity assay

The cytotoxicity under different treatment conditions was as-
sessed using the cell counting kit-8 (CCK8) assay. Cells were
seeded into culture plates and exposed to various drug treat-
ments, including cisplatin (DDP), CLU inhibitor (OGX-011), and
their combination. Cell viability was evaluated by CCK-8 assay
72 h after transfection. Cell viability was measured according to
the manufacturer’s instructions using the CCK8 assay, with ab-
sorbance recorded at 450 nm on a microplate reader. The viabil-
ity of cells is calculated as (As—Ab)/(Ac—Ab) x 100% (As: treated
groups; Ab: blank; Ac: control).
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RNA isolation, reverse transcription, and
quantitative real-time PCR

Total RNA was isolated with Trizol reagent (Invitrogen, #15596026)
and reverse transcribed using first-strand cDNA synthesis super-
mix (YEASEN, #11141ES60). Quantitative PCR was performed on
a Step One Plus Real-Time PCR System with SYBR green mix
(YEASEN, #11203ES08), using B-actin as endogenous control. CLU
expression was calculated by the 2722 method with triplicate
technical replicates.

Western blotting

Proteins were extracted using either western/immuno
precipitation (IP) lysis buffer or RIPA buffer containing pro-
tease/phosphatase inhibitors. Protein concentration was de-
termined by bicinchoninic acid assay. Samples were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF)
membranes (0.45 ;«m) using a Bio-Rad system. After blocking with
5% bovine serum albumin for 1 h, membranes were incubated
with primary antibodies at 4°C overnight, followed by incubation
with secondary antibodies at room temperature for 1 h. Protein
bands were visualized by enhanced chemiluminescence detection
(ImageQuant LAS 4000) and quantified using ImageJ.

GAS-derived tumoroid culture

After isolating, the GAS tissues (supplementary Table 4) were
placed in sterile phosphate-buffered saline (PBS) and trans-
ported to the laboratory, maintaining a temperature of 4°C.
To minimize contamination, the tissues were submerged in 20
ml of pre-cooled (4°C) PBS containing a 2 x solution of peni-
cillin/streptomycin/amphotericin B (Solarbio, Cat#P7630, Beijing,
China) under sterile conditions for 5 min. They were then washed
three times with the same solution. Following each wash, the tube
containing the tissues was chilled on ice to allow natural sedimen-
tation, and as much supernatant was removed as possible to elimi-
nate impurities. Subsequently, the tissue was cut into small pieces
using ophthalmic scissors, aiming for a size of 0.5-1 mm? (exces-
sive fragmentation could affect cell viability). Next, an appropri-
ate amount of GAS tissue dissociation solution was added, con-
sisting of 2 mg ml™! of collagenase | (Solarbio, Cat#C8140, Bei-
jing, China), 2 mg ml~! of dispase Il (Solarbio, Cat#D6430, Bei-
jing, China), and 0.2 mg ml~! of DNase | (Solarbio, Cat#D8071,
Beijing, China) in Dulbecco’s modified Eagle’s medium (BOSTER,
Cat#PYG0004, Shanghai, China). This medium was supplemented
with 1 x penicillin/streptomycin (Solarbio, Cat#P1400, Beijing,
China) and 10 ;«m Y-27632 (MCE, Cat#HY-10583, Shanghai, China).
The tissue pieces were then digested at 37°C for 40-60 min. During
this digestion process, the fragments were mixed with the colla-
genase | solution every 10 min, and the progress of digestion was
monitored. Once digestion was complete, the cells were filtered
through a 70 um nylon cell strainer and centrifuged for 5 min at
400 x g. If a visible red color was present in the cell pellet, 5 ml of
red blood cell lysis buffer (Standard Reagent, Cat#0210 706, Hy-
derabad, India) was added to remove red blood cells. The result-
ing cells were then embedded into basement membrane matrix

(M001-04, Jiyan bio tech, Shanghai, China) on suspension plates
and covered with the full growth medium.

At 2 days prior to drug exposure, organoids were disrupted
into single cells using TrypLE and filtered using a 70-mm ny-
lon cell strainer. A total of 2000 cells were seeded in 96-well
plates and allowed to form organoids for 5 days. Cisplatin (5 «m)
(MCE, Cat#HY-17394, Shanghai, China) and 300 nm OGX-011 (MCE,
Cat#HY-143230, Shanghai, China) were added. Cisplatin and OGX-
011 were dissolved in PBS. All wells were normalized to the sol-
vent used. Images were captured using a Leica SP8 confocal mi-
croscope at 0 day (0 h), 1 day (24 h), 2 days (48 h), and 3 days (72 h)
after drug addition. Three selected fields of images were captured
in each sample, and the sizes of tumoroids were estimated using
ImageJ.

IHC analysis

Overall, 25 GAS and 25 UEA tissues from human models were
collected and fixed in 10% formalin overnight and embedded
in paraffin (supplementary Table 2). A list of antibodies used
in this study is provided in supplementary Table 5, see online
supplementary material. Integrated optical density (IOD) was
measured using Image-Pro Plus according to a previous study [29].
Average optical density (AOD), which was calculated by dividing
I0D by area, reflects the expression level of the target protein. Us-
ing median H-score as the cutoff, patients were classified into high-
or low-TIGIT groups or high- or low-C3 groups (n = 25 each).

Immunofluorescence staining and
histological processing

GAS-derived tumoroids were collected and suspended in 4%
paraformaldehyde (PFA) at room temperature for 1 h for fixation
and then washed in PBS and cryoprotected in 15% sucrose in PBS
for 4-5 h followed by 30% sucrose overnight at 4°C. GAS-derived
tumoroids were embedded together in blocks in tissue-freezing
medium, frozen on dry ice, and stored at —70°C. Then, 10-30 um
cryosections of tumoroids were obtained and stored at —70°C.

Immunofluorescence staining was performed as previously de-
scribed [30]. Slides were thawed, dried for 5-10 min in a 37°C
incubator, rehydrated in PBS for 5 min, and blocked and per-
meabilized in blocking solution (5% normal donkey serum, 0.1%
Triton X-100 in PBS). The tissue area and slide edges were out-
lined using a hydrophobic PAP pen (Abcam, ab2601, Shanghai,
China), and then slides were incubated with ~500 ml of block-
ing/permeabilization solution (0.1% Triton-X, 5% normal donkey
serum in PBS) in a humidified chamber for 1 h at room tempera-
ture. Slides were incubated in the appropriate primary antibody
diluted in blocking solution under parafilm at 4°C overnight. Sec-
tions were washed in PBST (0.05% Tween in PBS), incubated with
appropriate fluorochrome-conjugated secondary antibodies di-
luted in blocking solution at room termperature for 1 h in the
dark, washed twice in PBS, counterstained with 4’,6-diamidino-2-
phenylindole (DAPI) (1 wg/ml, Sigma-Aldrich, MO, USA) for 5 min,
and rinsed twice in PBS. All images were collected using a Leica
SP8 confocal microscope and analysed using ImageJ software. A
list of antibodies used in this study is provided in supplementary
Table 5.

920z 11dy /| uo 1senb Aq 41+99%8/€006eqd) | /6/al0e/Wod/woo"dno-olwepese//:sdny Wwoly papeojumoq


https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbag003#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbag003#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbag003#supplementary-data
https://academic.oup.com/pcm/article-lookup/doi/10.1093/pcmedi/pbag003#supplementary-data

mlIHC analysis

mIHC staining was performed on 2 formalin-fixed, paraffin-
embedded (FFPE) GAS samples (supplementary Table 3) by stain-
ing 4-um-thick FFPE whole-tissue sections with standard pri-
mary antibodies sequentially and pairing with a tyramide signal
amplification (TSA) 6-color kit (abs50015-100T, Absinbio, Shang-
hai, China). Then, the cells were stained with DAPI. For exam-
ple, deparaffinized slides were incubated with anti-COL1A1 anti-
body (#72026T, CST, MA, USA) for 30 min and then treated with
anti-rabbit/mouse horseradish peroxidase-conjugated secondary
antibody (abs50015-02, Absinbio, Shanghai, China) for 10 min.
Then, labelling was developed for a strictly observed 10 min using
TSA 570 as per the manufacturer’s direction. Slides were washed
in TBST buffer and then transferred to preheated citrate solu-
tion (90°C) before being heat-treated using a microwave set at
20% of maximum power for 15 min. Slides were cooled in the
same solution to room temperature. Between all steps, the slides
were washed with Tris buffer. The same process was repeated
for the antibodies/fluorescent dyes. Each slide was then treated
with two drops of DAPI (abs47047616, Absinbio, Shanghai, China),
washed in distilled water, and manually coverslipped. Slides were
air dried, and pictures were taken with Pannoramic MIDI Il (3DHIS-
TECH, Budapest, Hungary). Images were analysed using Indica
Halo software.

Whole genome sequencing

Whole genome sequencing (WGS) was performed for one tumor
tissue and one tumoroid (Supplementary Table 4). WGS libraries
were prepared with the TruSeq PCR free library prep kit and 150
bp paired-end sequences were generated on a NovaSeq 6000 or
HiSegXinstrument with a median of 100 x coverage (Illumina, San
Diego, CA). The Illumina WGS pipeline (version 5.0) and tumor-
normal app (version 3.0) were used for variant calling of small
nucleotide variants and structural variants. In brief, WGS reads
were mapped to a human reference genome (GRCh37) using Isaac
aligner [31] (version 03.16.02.19). Structural variants were then
called using Manta caller [32] (version 0.28.0). Single nucleotide
variants and small indels (SNVs) were called using Strelka soft-
ware [33] (version 2.4.7). The tumor-normal app used a mixture
of genomic DNA from multiple anonymous donors as unmatched-
normal controls. To remove potential germline variants, all SNVs
with PASS flag were queried against the gnomAD database (https:
//gnomad.broadinstitute.org/) and variants with global popula-
tion frequencies > 1% where excluded.

Statistical analysis

In the Results section and figure legends, specific statistical tests
and metrics are outlined, including mean + SD or median values
with 95% confidence intervals, along with sample sizes. For com-
paring continuous data of varying types between two groups, we
employed the unpaired two-tailed Student’s t-test. For comparing
data across multiple groups, one-way ANOVA with Tukey’s post
hoc test was utilized. All statistical analyses were conducted us-
ing GraphPad Prism version 8 (GraphPad Software, La Jolla, CA,
USA). The predict receiver operating characteristic (ROC) model
curve was used to evaluate the sensitivity and specificity of CLU
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as a biomarker. The threshold for statistical significance was set at
P < 0.05.

Results

Clinical cohort: GAS accounting for 89.5%
of NHPVA ADC cases showed an aggressive
phenotype and poor prognosis

To explore the unique clinicopathological features and prognos-
tic characteristics of NHPVA ADC, especially GAS, we retrospec-
tively collected clinical data from 172 patients from our center;
19 patients had NHPVA ADC, 89.5% of which were GAS; of the
remaining 153 cases of HPVA ADC, UEA accounted for 51.6%.
The study selection schematic diagram is presented in Fig. 1A
and the clinicopathological characteristics are summarized in
Table 1. (i) We found that patients with NHPVA ADC were more
likely to be misdiagnosed even if they underwent screening pro-
grams (HPV test combined with LCT) (P < 0.001), indicating the
difficulty in making a correct and timely diagnosis. (ii) Regard-
ing clinical features, patients with NHPVA ADC had a higher rate
of vaginal drainage (57.9% versus 17.6%, P < 0.001) and barrel
cervix (36.8% versus 11.8%, P = 0.009), revealing unique prop-
erties and morphology. (iii) NHPVA ADC exhibited more malig-
nant biological behavior than HPVA ADC, namely deeper stromal
infiltration (94.7% versus 41.8%, P < 0.001) and a greater ten-
dency to spread and metastasize, including vaginal involvement
(52.6% versus 20.9%, P = 0.008), uterine body involvement (68.4%
versus 18.3%, P < 0.001), adnexal involvement (21.1% versus
2.6%, P =0.006), and pelvic lymph node metastasis (57.9% versus
19.6%, P < 0.001). (iv) NHPVA ADC patients showed a worse prog-
nosis in terms of both OS (P = 0.0013) and RFS (P = 0.0048) than
HPVA ADC patients (supplementary Fig. 1, see online supplemen-
tary material). In brief, NHPVA ADC, of which GAS accounted for
89.5% of cases, exhibited more aggressive phenotype and poorer
prognosis.

Given that GAS, the most common subtype of NHPVA ADC,
showed such aggressive clinical features, we next investigated
the microenvironment of GAS to unveil the underlying molecular
events.

Single-cell transcriptome landscape: GAS
TME showed distinct cell composition
regarding epithelial cells, fibroblasts, and
T cells

To explore the TME of GAS, scRNA-seq was applied to 3 GAS sam-
plesand 2 UEA samples as controls (Fig. 1B). After data preprocess-
ing and quality control, a total of 22 844 cells were differentiated
into 21 different clusters (clusters 0-20) through principal com-
ponent analysis and partitioned into eight major groups (Fig. 1C
and D) annotated by well-known cell-type markers (Fig. 1E): T cells
(CD2, CD3D, and CD3E), B cells (CD19, CD79A, and MS4A1), plasma
cells (IGHG1), myeloid cells (CD14 and C1QA), fibroblasts (DCN,
COLI1AL, and TAGLN), endothelial cells (PECAM1 and VIWF), epithe-
lial cells (EPCAM, KRT18, and KRTS), and undefined cells (PTPRC
and CD79A-negative). Additionally, we presented the cell atlas in
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(A) ADC patients with FIGO stage IA1-11A2 underwent surgical treatment
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at Obstetrics and Gynecology Hospital of Fudan University (n=172)
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Figure 1 Flowchart of the clinical data analysis and single-cell transcriptome atlas of GAS and UEA as control. (A) Flowchart of the clinical data analysis
for the comparison of clinical features between HPVA and NHPVA patients. (B) Schematic diagram of scRNA-seq and TCR-seq of 3 GAS samples and 2 UEA
samples. (C) UMAP plots demonstrating 22 844 cells reclustered into 21 clusters. (D) UMAP plots demonstrating 21 clusters further categorized into eight
major cell types. (E) Bubble plots showing marker gene expression in eight major cell types. The colors represent the average expression levels, and dot
sizes represent the percentage expression of selected genes. (F) UMAP plots of all the cells presenting in different histological groups, including UEA and
GAS. Each dot corresponds to a single cell colored according to different groups, including UEA and GAS. Epithelial cells and fibroblasts from GAS and
UEA did not aggregate with each other, showing significant heterogeneity in UEA and GAS. (G) Pie plot indicating the different ratios of cell subtypes
between UEA and GAS. Strikingly, T cells were more abundant in GAS.

9z0z Iudy 2| uo 1s8nb Aq 11 $99¥8/€0068qd/ | /6/810118/Wod/W0o"dno-olwspeoe//:sdiy Wwolj pepeojumoq



Table 1 Comparison of the clinicopathological features between HPVA and NHPVA ADC.
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Clinicopathological features HPVA (n = 153) NHPVA (n=19) Pvalue
Pathological subtypes
UEA 79 (51.6%) 0 /
Adenosquamous carcinoma 68 (44.4%) 0
Squamous carcinoma combined with adenocarcinoma 5(3.3%) 0
Mucinous adenocarcinoma 1(0.7%) 0
Minimal deviation adenocarcinoma 0 2 (10.5%)
GAS 0 17 (89.5%)
HPV infection
Positive 135 (88.2%) 2 (15.0%) <0.001
Negative 3(2.0%) 14 (70.0%)
Unknown 15 (9.8%) 3 (15.0%)
LCT
Negative for intraepithelial lesion or malignancy (NILM) 30 (19.6%) 8 (42.10%) 0.015
and benign changes
Pathological changes 84 (54.9%) 4 (21.1%)
Unknown 39 (25.5%) 7 (36.8%)
HPV-LCT screening double negative
Yes 1(0.7%) 6 (31.6%) <0.001
No 140 (91.5%) 10 (52.6%)
Unknown 12 (7.8%) 3 (15.8%)
Clinical features
Vaginal drainage 27 (17.6%) 11 (57.9%) <0.001
Barrel cervix 18 (11.8%) 7 (36.8%) 0.009
Pathological features
Infiltration depth (1/3 to full depth) 64 (41.8%) 18 (94.7%) <0.001
Vaginal involvement 32(20.9%) 10 (52.6%) 0.008
Uterine body involvement 28 (18.3%) 13 (68.4%) <0.001
Adnexal involvement 4 (2.6%) 4 (21.1%) 0.006
Pelvic lymph node metastasis 30 (19.6%) 11 (57.9%) <0.001

different histological subtypes, including GAS and UEA (Fig. 1F). In
particular, we found that epithelial cells and fibroblasts from GAS
and UEA samples did not aggregate with each other (Fig. 1D and
F), illustrating that epithelial cells and fibroblasts in GAS were ba-
sically distinct from those in UEA. In addition, we noticed that T
cells were more numerous in GAS (Fig. 1G).

Given that epithelial cells, fibroblasts, and T cells from GAS
showed remarkable heterogeneity compared with those in UEA,
we hypothesized them as significant players in GAS TME. Thus we
further explored the unique features and functions of these cell
types in the microenvironment of GAS.

Key cell subtypes in GAS TME: epithelial
cells, fibroblasts, and T cells in GAS
endured heat stress and potentially
contributed to aggressive phenotype of
GAS

GAS epithelial cells endured heat stress and presented
genome instability

Considering that epithelial cells play a decisive role in oncogen-
esis [34] and GAS epithelial cells were notably distinct from UEA

ones, we first focused on GAS epithelial cells to explore their
unique features. Based on unsupervised reclustering, we identi-
fied eight subclusters of epithelial cells (Fig. 2A). Among them, ep-
ithelial cells in subclusters 2 and 4 were derived from GAS sam-
ples, whereas epithelial cells in subclusters 0, 1, 3, 5, 6 and 7
were derived from UEA samples (Fig. 2B). Firstly, functional enrich-
ment pathway analysis revealed that GAS epithelial cells were ac-
tively involved in regulation of cellular response to heat (Fig. 2C),
implying heat stress of GAS epithelial cells. Besides, regarding
genome variation, we found that classic mutated genes previously
reported in GAS, including STK11, TP53, PAX8,and KRT20 [35], were
expressed at low levels in GAS epithelial cells (Fig. 2D), poten-
tially revealing genome instability of GAS epithelial cells. Through
inferred copy number variation (inferCNV) analysis, the average
copy number variation (CNV) of GAS epithelial cells was the high-
est among all of the cell subtypes in GAS TME (Fig. 2E), suggest-
ing the significant role of GAS epithelial cells in contributing to
the highly malignant phenotype of GAS. Furthermore, the aver-
age CNV of GAS epithelial cells was higher than that of UEA ones
(Fig. 2E), highlighting greater genome instability and higher malig-
nancy of GAS epithelial cells compared to UEA ones. Collectively,
GAS epithelial cells might endure heat stress and present genome
instability, potentially contributing to the malignant phenotype of
GAS.
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“GAS-enriched fibroblasts” with heat stress exhibited
tumor angiogenesis

Given that fibroblasts play instrumental roles in matrix remodel-
ing to shape the TME [36] and GAS fibroblasts showed remark-
able heterogeneity from UEA ones, we subsequently investigated
their characteristics. Through unsupervised reclustering and an-
notation of fibroblasts, 11 subclusters were identified and five sub-
groups were categorized, including smooth muscle cells (SMCs)
(subcluster 10; DES and MYH11), m-pericytes (subcluster 4 and 5;
RERGL and CRIP1), f-pericytes (subcluster 9; STEAP4 and ITGA1),
myoblastic cancer-associated fibroblasts (myCAFs; subcluster 0, 2,
3,6, and 8; SOX4 and IGFBP5), and inflammatory CAFs (iCAFs; sub-
cluster 1 and 7; C3 and DPT) (Fig. 2F, G, and H). Remarkably, given
that the infiltration abundance of iCAFs, m-pericytes and SMCs
was significantly higher in GAS than in UEA (Fig. 21), we classified
iCAFs, m-pericytes, and SMCs as “GAS-enriched fibroblasts”. Based
on marker gene expression and functional pathway enrichment
analysis, we discovered that “GAS-enriched fibroblasts” partici-
pated in angiogenesis highly expressing associated genes (VEGFB,
CCN2 and CCN1) and were involved in cellular response to heat
highly expressing heat stress-related genes (PDGFB, HSPB1, and
HSPY90AAI) (Fig. 2J, K, and L), highlighting the proangiogenic ef-
fects of “GAS-enriched fibroblasts” with great heat stress, poten-
tially promoting GAS progression.

T cells in GAS played vital roles in immune escape with
great heat stress load in GAS TME

“GAS-associated y ST cells” in GAS with heavy heat stress load
revealed immune dysfunction

Given that T cells play vital roles in antitumor immunity and are
highly abundant in the GAS TME, we next explored their specific
characteristics. In addition to well-recognized CD4+ T cells and
CD8+ T cells, we discovered a group of ¥3 T cells whose roles
in GAS tumorigenesis are poorly understood. Through unsuper-
vised reclustering, three subsets of 3 T cells were identified, in-
cluding y T_ITGAE (subcluster 0; ITGAE, TRDV1, CLIC3), y ST_AREG
(subcluster 1; AREG, LTB, IL7R), and y 8T_NKGT (subcluster 2; NKG7,
LAG3, GNLY) (Fig. 3A). Notably, given that y§T_ITGAE cells were
observed in both GAS and UEA TME, whereas y8T_AREG and
y8T_NKGT cells were only observed in the GAS microenvironment
(Fig. 3B), we classified y§T_AREG and y§T_NKGT7 cells as “GAS-
associated y 8T cells” and further explored their characteristics.
According to CytoTRACE and pseudotime analyses, we discovered
that “GAS-associated y 3T cells” holding less differentiation diver-
sity compared to yST_ITGAE cells, were at the final differentiation
state (Fig. 3C and D). Along the developmental trajectory of y§ T
cells, we observed higher expression of heat stress-related genes
(XBP1, HSP90AB1, BAG3) and immune checkpoint genes (CTLA4,
LAG3, TIGIT) in “GAS-associated y 8T cells” (Fig. 3E), indicating the
heat stress load and immune dysfunction in “GAS-associated 5T
cells”. Besides, according to marker gene expression and func-
tional enrichment pathway analysis, “GAS-associated y 3T cells”
were characterized by not only the heat shock protein bind-
ing pathway (BAG3, HSPD1, HSPE1. and HSP90ABI) (Fig. 3F and
H) but also the PD-1 checkpoint pathway in cancer (LTB, LAG3,
SERF2, PTPRCAP. and CD52) (Fig. 3G and 1), implying that “GAS-

associated y 3T cells” exhibited accumulated heat stress load and
immune dysfunction. Briefly, “GAS-associated y 8T cells” with ac-
cumulated heat stress load manifested immune dysfunction, con-
tributing to the formation of the aggressive clinical phenotype of
GAS.

CD8+ T cells especially CD8+ Texs in GAS with accumulation of
heat stress showed immunosuppression
Considering that CD8+ T cells, as the major effector of adap-
tive immunity, have the ability to selectively detect and eradi-
cate cancer cells [37], we next focused on CD8+ T cells to inves-
tigate the exact role of CD8+ T cells in GAS TIME. Based on un-
supervised clustering, we classified CD8+ T cells into the four
main groups: central memory T cells (Tcms; GPR183 and CCR7);
effector memory T cells (Tems; GZMA and HLA-DRB1), effector T
cells (Teffs; FGFBP2 and FCGR3A); exhausted T cells (Texs; LAYN and
CXCL13) (Fig. 4A). Among them, Texs, which are seen as the main
cause of poor tumor control [38], greatly interested us. Accord-
ing to DEG analysis and functional pathway analysis, we discov-
ered that Texs were involved in heat shock protein binding highly
expressing heat stress-related genes (HSP90AA1, HSPE1, HSPD1,
HSPB1, and DNAJAI) (Fig. 4B and D) and PD-1 checkpoint path-
way in cancer highly expressing immune checkpoint genes (T/GIT,
LAYN, CTLA4, PDCD1, and LAG3) (Fig. 4C and E), indicating that
CD8+ Texs endured heat stress and exhibited immune escape. Ad-
ditionally, based on pseudotime analyses, CD8+ Texs were at the
final state of differentiation (Fig. 4F). In addition, along the de-
velopmental trajectory of CD8+ T cells, we observed elevated ex-
pression of stress-related genes (HSP90AA1, HSPD1, and HSPEI)
and immune checkpoint genes (LAG3, LAYN, and TIGIT) (Fig. 4G),
implying the accumulated heat stress load and gradual immune
dysfunction of Texs. Furthermore, the expression level of immune
checkpoint genes (LAG3, LAYN, and TIGIT) was positively correlated
with that of stress-related genes (HSP90AA1, HSPD1, and HSPE1)
(R =0.66, P < 0.0001) (Fig. 4H), indicating that immune dysfunc-
tion of CD8+ T cells was closely associated with heat stress ac-
cumulation. Remarkably, the infiltration abundance of Texs was
higher in GAS than in UEA (Fig. 4l), whereas the expression lev-
els of heat stress-related genes (HSPB1, BAG3, and ST13) and
immune checkpoint genes (CTLA4, TIGIT, and CD96) were signifi-
cantly higher in GAS Texs than those in UEA (Fig. 4J), demonstrat-
ing a higher extent of stress endurance and immune dysregula-
tion of Texs in GAS, thus leading to greater disease aggressiveness
of GAS. Besides, regarding clonotypic expansion through TCR-seq,
we found that CD8+ Texs in GAS samples generally harbored a
higher degree of expanded clonotypes than those in UEA samples,
probably due to the activation of cancer neoantigens derived from
genome instability in GAS, implying greaterimmune exhaustion in
GAS (Fig. 4K). In short, CD8+ Texs in GAS, with notable accumula-
tion of heat stress, manifested immune exhaustion with highly ex-
panded clonotype, playing a role in promoting malignancy of GAS.
To summarize, key cell subtypes in GAS TME including genome-
unstable GAS epithelial cells, proangiogenic “GAS-enriched
fibroblasts”, and immunosuppressed T cells in GAS (“GAS-
associated ydT cells” and CD8+ Texs in GAS) might endure
heat stress and contribute to the formation of the malignant
phenotype and immune dysfunction of GAS.
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Figure 2 Genome unstable GAS epithelial cells and proangiogenic “GAS-enriched fibroblasts” endured heat stress in the GAS TME. (A) UMAP plot of eight
epithelial cell subclusters generated from unsupervised reclustering. (B) UMAP plot of epithelial cells with different histological groups, including UEA
and GAS samples, showed significant heterogeneity of epithelial cells between UEA and GAS. (C) Bar plot showing a high level of regulation of cellular
response to heat through GO analysis in epithelial cells presented with statistical significance [—Log;o (P value)]. (D) Dot plot indicating the different
expression levels and cell expression proportions of classic mutant genes previously reported in GAS, such as STK11, TP53, PAX8, and KRT20 between GAS
and UEA. The colors represent the average expression levels, and dot sizes represent the percentage expression of selected genes. (E) Violin plots
showing distribution of copy number variation scores among different cell types from GAS and UEA indicating the most significant genome stability in
epithelial cells, especially in GAS epithelial cells. (F) UMAP plots of the 11 subclusters generated from fibroblasts reclustering. (G) UMAP plots of the 11
subclusters of fibroblasts categorized into 5 subgroups including smooth muscle cells (SMCs), m-pericytes, f-pericytes, myoblastic cancer-associated
fibroblasts (myCAFs) and inflammatory CAFs (iCAFs). (H) UMAP plots showed the expression levels of the specific marker genes for the 5 types of
fibroblasts: DES and MYH11 for SMCs, RERGL and CRIP1 for m-pericytes, STEAP4 and ITGAI for f-pericytes, SOX4 and IGFBP5 for myCAFs, and C3 and DPT
for iCAFs. The color key from grey to red indicates relative expression levels from low to high. (1) Pie plots showing the different ratios of each major cell
type of fibroblasts in UEA and GAS, indicating that the infiltration abundance of iCAFs, m-pericytes and SMCs was much higher in GAS than in UEA and we
classified iCAFs, m-pericytes and SMCs as “GAS-enriched fibroblasts”. Moreover, we classified myCAFs and f-pericytes as other fibroblasts. (J) Bar chart
showing the enrichment of positive regulation of angiogenesis and cellular response to heat based on the GO pathways in “GAS-enriched fibroblasts”
presented with statistical significance [—Logyo (P value)]. (K) Violin plots indicating the higher expression level of genes associated with angiogenesis
(VEGFB, CCN2, and CCN1) in “GAS-enriched fibroblasts” compared to other fibroblasts. P values were obtained by Student’s t-test. *P < 0.05; **P < 0.01.
(L) Violin plots indicating the higher expression level of genes associated with heat stress (PDGFB, HSPB1, and HSP90AA1) in “GAS-enriched fibroblasts”
compared to other fibroblasts. P values were obtained by Student’s t-test. *P < 0.05; **P < 0.01; ****P < 0.0001.
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Figure 3 “GAS-associated y 8T cells” with heavy heat stress load revealed immune dysfunction in GAS TME. (A) UMAP plots of the three subclusters
generated from reclustering, which could be categorized into three main subtypes (left) based on marker gene expression (right): y §T_ITGAE (subcluster
0; ITGAE, TRDV1, CLIC3), y §T_AREG (subcluster 1; AREG, LTB, IL7R) and y 8 T_NKGT (subcluster 2; NKG7, LAG3, GNLY). (B) Pie plot indicating the different
ratios of each y 4T cell in GAS and UEA illustrating that y §T_AREG and y ST_NKG7 cells were only observed in GAS, and we classified y §T_AREG and
y8T_NKGT cells as “GAS-associated y 8T cells”. (C) Predicted differentiation order of “GAS-associated y 8T cells” by CytoTRACE analysis. (D) Trajectory of
differentiation of “GAS-associated y 8T cells” predicted by Monocle analysis. (E) Expression dynamics of selected marker genes, including stress-related
genes (XBP1, HSP90ABI, and BAG3) and immune checkpoint genes (CTLA4, LAG3, and TIGIT). The color key from grey to red indicates relative expression
levels from low to high. (F) Bar chart showing the enrichment of heat shock protein binding based on the GO pathways in “GAS-associated y 3T cells”
presented with statistical significance [—Logo(P value)]. (G) Bar chart showing the enrichment of PD-L1 expression and PD-1 checkpoint pathway in
cancer based on the pathway analysis in “GAS-associated y 3T cells” presented with statistical significance [—Log;,(P value)]. (H) Bubble plot indicating
the high expression level of genes associated with heat stress (BAG3, HSPD1, HSPE1, and HSP90AB1) in “GAS-associated y 8T cells”. The colors represent
the average expression levels and dot sizes represent the percentage expression of selected genes. (I) Bubble plot indicating the high expression level of
genes associated with immune dysfunction (LTB, LAG3, SERF2, PTPRCAP, and CD52) in “GAS-associated y 8T cells”. The colors represent the average
expression levels and dot sizes represent the percentage expression of selected genes.
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Figure 4 CD8+ Texs in GAS with accumulation of heat stress revealed immunosuppression. (A) UMAP plots of the 11 clusters generated from reclustering
(left), which could be further categorized into 4 major groups (middle) according to marker gene expression (right): GPR183 and CCR7 for Tcms; GZMA and
HLA-DRB1 for Tems; FGFBP2 and FCGR3A for Teffs; and LAYN and CXCL13 for Texs. The color key from grey to red indicates relative expression levels from
low to high. (B) Bar plot showing the enrichment of heat shock protein binding based on the GO pathways in Texs presented with statistical significance
[—Logio(P value)]. (C) Bar plot showing the enrichment of PD-L1 expression and PD-1 checkpoint pathway in cancer based on the pathway analysis in
Texs presented with statistical significance [—Logio(P value)]. (D) Bubble plots indicating the high expression level of genes associated with heat stress
(HSP90AA1, HSPE1, HSPD1, HSPB1, and DNAJAI) in Texs. The colors represent the average expression levels and dot sizes represent the percentage
expression of selected genes. (E) Bubble plots indicating the high expression level of genes associated with immune dysfunction (T/GIT, LAYN, CTLA4,
PDCD1, and LAG3) in Texs. The colors represent the average expression levels and dot sizes represent the percentage expression of selected genes. (F)
Differentiation trajectory of CD8+ T cell subclusters predicted by Monocle indicating the terminal location of Tex. (G) Predicted differentiation order of
the expression of selected marker genes in CD8+ T cells including stress-related genes (HSP90AA1, HSPD1, and HSPE1) and immune checkpoint genes
(LAG3, LAYN, and TIGIT). The color key from grey to red indicates relative expression levels from low to high. (H) Scatter plot indicating the positive
association between three stress-associated gene signatures (HSP90AA1, HSPD1, and HSPE1) and three immune checkpoint-gene signatures (LAG3, LAYN,
and TIGIT) (Pearson’s correlation, R = 0.66). (1) Pie plots indicating the different ratios of each CD8+ T cell subtype in GAS and UEA, illustrating the
significant abundance of Texs in GAS. (J) Bubble plot of stress-related genes (HSPBI1, BAG3and ST13) and immune checkpoint genes (CTLA4, TIGITand
CD96) in GAS and UEA. The colors represent the average expression levels and dot sizes represent the percentage expression of selected genes. (K) Bar
plot describing the TCR clonotype expansion of CD8+ T cells in GAS and UEA samples in four categories:n =1,2 <n<5,5<n < 15,and n > 15. The
results showed that CD8+ Texs in GAS harbored a higher degree of expanded clonotypes than those in UEA, implying greater immune exhaustion in GAS.
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The crucial pathway and molecular events
underlying GAS aggressiveness:
CLU-associated heat shock pathway was a
vital player in fostering stressful
microenvironment and promoting
immune escape in GAS

After reviewing the key cell subtypes playing significant roles
in GAS aggressiveness (Fig. 5A), we were inspired to further in-
vestigate the crucial pathway underlying the malignant pheno-
type of GAS. To characterize the functional pathway of the key
cell subtypes in GAS compared to UEA, we carried out gene set
variation analysis (GSVA), through which we obtained the top
50 upregulated biological functional pathways of GAS epithelial
cells, “GAS-enriched fibroblasts”, “GAS-associated y 8T cells”, and
CD8+ Texs in GAS respectively, compared to epithelial cells, fi-
broblasts, y 8T cells, and CD8+ Texs in UEA. Inspiringly, we found
that the heat shock protein pathway was one of the intersections
of the upregulated functional pathways of GAS key cell subtypes
closely corelated to the heat stress of GAS key cell subtypes stated
above, including GAS epithelial cells, “GAS-enriched fibroblasts”,
“GAS-associated y 8T cells”, and CD8+ Texs in GAS (Fig. 5B and
supplementary Table 6, see online supplementary material), im-
plying that heat shock pathway might play an indispensable role
in fostering the unique stressful GAS TME.

Given the significant functional enrichment of the heat shock
pathway in GAS epithelial cells and “GAS-enriched fibroblasts”
which are known as the structural cells [39], the basic components
of a tumor, we conducted DEG analysis of epithelial cells and fi-
broblasts, respectively, between GAS and UEA to further explore
the pivotal molecular associated with the crucial heat shock path-
way in the stressful GAS TME. Having acquired the top 50 highly
expressed genes in GAS epithelial cells and “GAS-enriched fibrob-
lasts” respectively, we took the intersection of these two sets and
searched for the genes closely associated with the heat shock
pathway (Fig. 5C and supplementary Table 7, see online supple-
mentary material). Of note, CLU, which is reported to be closely
associated with heat stress [40], was highly expressed in both GAS
epithelial cells (P < 0.05) and “GAS-enriched fibroblasts” (P <
0.001) (Fig. 5D and supplementary Fig. 2, see online supplemen-
tary material). Besides, based on gene correlation analysis, we
discovered that the expression level of CLU was positively corre-
lated with that of other heat stress-related genes including PDGFB,
HSPA1B, and HSPB1 in GAS epithelial cells and “GAS-enriched fi-
broblasts” respectively (Fig. 5E and supplementary Fig. 3, see on-
line supplementary material), among which the expression level
of PDGFB showed the most significant correlation with that of CLU
(R = 0.47, P = 0.018) (Fig. 5E). The results above not only indi-
cated that GAS epithelial cells and “GAS-enriched fibroblasts” en-
dured CLU-associated heat stress load but also highlighted that
CLU might work as a crucial player in the heat shock pathway
within the GAS microenvironment.

Having revealed not only GAS epithelial cells and “GAS-
enriched fibroblasts” indicating CLU-associated heat stress, but
also “GAS-associated y 38T cells” and CD8+ Texs in GAS manifest-
ing immunosuppression with heat stress in GAS TME, we next
investigated the unique cellular interactions among the above
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key cell subtypes in GAS (Fig. 5F). Notably, we discovered that (i)
“GAS-enriched fibroblasts” highly expressing CLU had intercellu-
lar crosstalk with “GAS-associated y 8T cells” through the com-
plement component 3 (C3)-complement component 3a recep-
tor 1 (C3AR1) complex, which was associated with the dysfunc-
tion of T cells promoting tumor immune evasion; (ii) GAS ep-
ithelial cells characterized by high expression of CLU communi-
cated with CD8+ Texs through the CD155 (PVR)-TIGIT complex,
indicating impaired antitumor immunity and immune escape.
These findings suggest that the interactomes among GAS epithe-
lial cells, “GAS-enriched fibroblasts”, and T cells (“GAS-associated
y 8T cells” and CD8+ Texs) contribute to immunosuppression in
the CLU-associated stressful GAS TME.

Taken together, the above results highlighted that CLU-
associated heat shock pathway might act as a vital player in
fostering the stressful GAS TME, in which cellular interactomes
among the key cell types embodied CLU-associated heat stress
load and immune escape, potentially facilitating GAS aggressive-
ness.

Clinical validation: CLU-associated stress
contributes to immune escape and poor
prognosis in GAS

Considering the potential crucial role of CLU-associated heat
stress within GAS TME in aggravating the malignancy of GAS based
on single-cell transcriptome analysis, we conducted in-depth clin-
ical validation as follows. (i) Firstly, we conducted IHC staining on
25 GAS and 25 UEA samples to measure the differential expres-
sion level of CLU and PDGFB between GAS and UEA. The results
showed that the expression of CLU and PDGFB is more remark-
able in GAS tissues compared to UEA tissues (P < 0.0001), im-
plying the presence of greater CLU-associated stress within GAS
compared to UEA (Fig. 6A and supplementary Fig. 4A, see online
supplementary material). (ii) In addition, through mIHC staining,
we successfully confirmed not only the interaction of TIGIT-PVR
between GAS epithelial cells (EPCAM+, CLU+) and CD8+ Texs
(CD8+, LAYN+) (Fig. 6B) but also the interaction of C3-C3AR1 be-
tween “GAS-enriched fibroblasts” (COL1A14, CLU+) and “GAS-
associated y 8T cells” (TRGC1+, NKG7+) (Fig. 6C). Moreover, IHC
staining exhibited significantly higher expression of C3 and TIGIT
in GAS tissues compared to UEA tissues (P < 0.01) (Fig. 6D and
supplementary Fig. 4B). These results indicate immune escape in
the CLU-associated stressful GAS TME. (iii) Furthermore, to exam-
ine the correlation between CLU-associated stress and immune
escape, we assessed the sensitivity and specificity of CLU ex-
pression in distinguishing high- from low-TIGIT groups and high-
from low-C3 groups. ROC curve analysis was performed, and the
area under the curve (AUC) values indicated that CLU expres-
sion effectively differentiated both group pairs (AUC = 0.7384;
AUC = 0.8264) (Fig. 6E and F), supporting a significant positive cor-
relation between CLU-associated stress and immune escape. (iv)
We then constructed a four-gene signature comprising heat stress-
related markers (CLU, PDGFB) and immunosuppression-related
markers (TIGIT, C3). IHC staining confirmed significantly higher
expression of all four genes in GAS compared to UEA (P < 0.01)
(Fig. 6A and D). Based on TCGA CESC data, we discovered that the
expression level of heat stress-related markers (CLU, PDGFB) was
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Figure 5 CLU-associated heat shock pathway was a crucial player in fostering a stressful microenvironment and promoting immunosuppression in GAS.
(A) Schematic diagrams of features of key cell subtypes including GAS epithelial cells, “GAS-enriched fibroblasts”, “GAS-associated y 8T cells”, and

CD8+ Texs in GAS in the GAS TME. Created in BioRender. Wu, T. (2026) https://BioRender.com/13rbplt. (B) Venn diagram showing the top 50 upregulated
biological functional pathways of GAS epithelial cells, “GAS-enriched fibroblasts”, “GAS-associated y §T cells”, and CD8+ Texs in GAS (P value < 0.05,
fold-change > 1.5), compared to epithelial cells, fibroblasts, ¥ 3T cells, and CD8+ Texs in UEA. (C) Venn diagram showing the top 50 upregulated genes of
GAS epithelial cells and “GAS-enriched fibroblasts” (P value < 0.05, fold-change > 1.5), compared to epithelial cells and fibroblasts in UEA. (D) Box plot
indicating the higher expression level of CLU in “GAS-enriched fibroblasts” and GAS epithelial cells, compared to other fibroblasts and UEA epithelial
cells. Pvalues were obtained by Student’s t-test. *P < 0.05; ***P < 0.001. (E) Scatter plot indicating the positive association between CLU and other
stress-related genes, including CLU and PDGFB (Pearson’s correlation, R = 0.47), CLU and HSPA1B (Pearson’s correlation, R = 0.36), and CLU and HSPB1
(Pearson’s correlation, R = 0.33). (F) Dot plots demonstrate selected ligand-receptor interactions among key cell subtypes in GAS TME including GAS
epithelial cells, “GAS-enriched fibroblasts”, “GAS-associated y 8T cells”, and CD8+ Texs in GAS. 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 [-Logo (P values)] are indicated by dot size.
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Figure 6 Validation of CLU-associated heat stress and its potential role in promoting immunosuppression in GAS TME. (A) Representative
immunohistochemistry images of a clinical specimen showing the expression levels of CLU and PDGFB in GAS and UEA. Original magnification: x2.5,
scale bar: Imm (left); x200, scale bar:100 um (right). Data are presented as the mean & SEM. P values were calculated using the Student’s t-test.

***%4p < 0.0001. Expression level was calculated by dividing the 10D value by the area of the target cells. (B) Representative images of mIHC staining of the
interaction of TIGIT-PVR between GAS epithelial cells (EPCAM+, CLU+) and CD8+ Texs (CD8+, LAYN+). Proteins that were detected using the respective
antibodies are indicated on the top. The cyan, red, green, orange, white, and yellow arrows indicate cells in GAS tissue samples with positive expression
of the EPCAM, CLU, PVR, CD8, LAYN, and TIGIT proteins, respectively (bottom panel). Scale bars, 50 um and 20 um for the top and bottom panels,
respectively. (C) Representative images of mIHC staining of the interaction of C3-C3AR1 between “GAS-enriched fibroblasts” (COL1A1+, CLU+) and
“GAS-associated y 8T cells” (TRGC1+, NKG7+). Proteins that were detected using the respective antibodies are indicated on the top. The cyan, red,
green, orange, white, and yellow arrows indicate cells in GAS tissue samples with positive expression of the COL1A1, CLU, C3AR1, TRGC1, NKG7, and C3
proteins, respectively (bottom panel). Scale bars, 50 um and 20 um for the top and bottom panels, respectively. (D) Representative
immunohistochemistry images of a clinical specimen showing the expression levels of C3 and TIGIT in GAS and UEA. Original magnifications: x2.5, scale
bar: 1mm (left); x200, scale bar: 100 um (right). Data are presented as the mean & SEM. P values were calculated using the student’s t test. **P < 0.01;
***%4Pp < 0.0001. (E) ROC curve analysis of the variations of CLU expression level in high-TIGIT group and low-TIGIT group. (F) ROC curve analysis of the
variations of CLU expression level in high-C3 group and low-C3 group. (G) Scatter plot indicating the positive association between heat stress makers
(CLU and PDGFB) and immunosuppressive makers (C3 and TIGIT) (Pearson’s correlation, R = 0.24) (H) Kaplan-Meier curves of the four-gene signature low
expression group (lower 25%, n = 24) and the four-gene signature high expression group (higher 25%, n = 24) with significant statistical difference based
on TCGA CESC database demonstrating a poorer OS of the four-gene signature high expression group. (1) HT-3-CLU KD cells showed reduced proliferation
compared to their respective controls (n = 5 per group). P values were calculated using the Student’s t-test. **P < 0.01. (J) Western blot results
demonstrated the expression of HSF1, PDGFB, HSPA1B, HSPB1, and PD-L1 protein in HT-3-NC and HT-3-CLU KD cells, with downregulation in HT-3-CLU
KD compared to their respective controls; n = 5 per group. (K) Cisplatin (DDP) significantly reduced tumor cell mortality rates in HT-3-CLU KD compared
to their respective controls. (n = 5 per group). P values were calculated using the Student’s t-test. **P < 0.01.
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positively correlated with immunosuppression-related markers
(TIGIT, C3) in CC (R = 0.24; P < 0.05) (Fig. 6G). Moreover, based on
TCGA CESC data, patients with higher expression of this four-gene
signature showed reduced overall survival (P < 0.05) (Fig. 6H), sug-
gesting that CLU-associated stress and immune dysfunction col-
lectively contribute to poor prognosis in CC patients.

In summary, we verified the presence of a CLU-associated
stressful TME in GAS via IHC and mIHC staining and established
a positive link between CLU-related stress and immune escape.
A corresponding four-gene signature (CLU, PDGFB, TIGIT, and C3)
representing poor prognosis in CC patients was developed, which
correlated with poorer survivalin GAS patients. These clinical find-
ings underscore the critical role of CLU-associated stressful TME in
GAS aggressiveness and offer insights for CLU-targeted therapeu-
tic strategies.

Functional validation: CLU plays a
multifaceted role in heat stress and
immune escape

To systematically investigate CLU’s dual role in forming CLU-
associated stressful TME and promoting immune escape, we es-
tablished HT-3 CLU knockdown (KD) as experimental models, with
transfection efficiency validated by quantitative real-time PCR and
western blotting (supplementary Fig. 5A and B, see online supple-
mentary material). Of note, (i) CLU KD markedly suppressed prolif-
erative capacity (P < 0.01) (Fig. 6l). (ii) Intriguingly, CLU KD signifi-
cantly reduced the expression level of heat shock transcription fac-
tor 1 (HSF1), the master transcriptional regulator of the heat shock
response [41], along with downregulation of heat stress associ-
ated proteins (PDGFB, HSPA1B, and HSPB1), suggesting that CLU
exerts a feed-forward regulation on HSF1, thereby attenuating the
heat stress response of the KD group compared with the negative
control (NC) group (Fig. 6J). (iii) Furthermore, CLU KD lowered pro-
grammed death-ligand 1 (PD-L1) expression in HT-3 cells, implying
a potential role of CLU in promoting immune escape (Fig. 6J). (iv)
Importantly, treatment with cisplatin (DDP) resulted in more tu-
mor cell death in the HT-3-CLU KD group compared with NC group
(P < 0.01) (Fig. 6K). To summarize, the above findings position CLU
as an attractive therapeutic target in GAS, offering the potential to
arrest CLU-associated stress and immunosuppression, and sensi-
tize chemotherapy.

Therapeutic insights: 0GX-011 targeting
CLU might serve as a promising
therapeutic strategy for GAS based on 3D
GAS-derived tumoroids

GAS-derived tumoroids: miniature replicas of the key
features, especially CLU-associated stress of original
tumor tissue, were established

Given the absence of cell lines that recapitulate the core features
of GAS, well-established experimental models are currently lack-
ing. Therefore, we innovatively constructed GAS-derived tumor-
oids and utilized them as a platform to model GAS tumor charac-
teristics in vitro (Fig. 7A). (i) IHC staining demonstrated that pos-
itive expression of PAX8, HIK1083, MUC6, and TFF2, which are
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known indicators of GAS biomarkers [42, 43], were observed in the
GAS tumoroids (Fig. 7B). (ii) In addition, GAS-derived tumoroids
had positive expression of CLU, implying CLU-associated stress in
GAS-derived tumoroids in accordance with the TME of the origi-
naltissues (Fig. 7C). (iii) Importantly, WGS analysis demonstrated a
highly consistent mutation landscape between primary tumor tis-
sue and GAS-derived tumoroids (Fig. 7D and E). We also observed
the presence of frequently mutated genes (TP53, KRAS, STK11),
further confirming the stable maintenance of the core mutation
profile in GAS (Fig. 7D). Overall, our findings revealed that the es-
tablished GAS-derived tumoroids recapitulated the histologic fea-
tures, CLU-associated stressful properties, and genetic character-
istics of the parental tumor.

Clinical insights based on GAS-derived tumoroids:
0GX-011 targeting CLU could serve as an effective
precise treatment for GAS

Owing to the crucial role of CLU within GAS TME, we hypothesized
that targeting CLU could serve as an effective precise therapy for
GAS patients. Therefore, we conducted in vitro validation using the
GAS-derived tumoroid models to evaluate the tumor suppression
potential of 0GX-011, a CLU inhibitor, alone and combined with
DDP. Encouragingly, the results demonstrated that OGX-011 not
only inhibited GAS tumoroid growth but also sensitized GAS tu-
moroid to DDP treatment. To be more specific, 0GX-011 combined
with DDP treatment exhibited greater anti-tumor effect than ei-
ther OGX-011 or DDP alone in vitro (P < 0.05) (Fig. 7F), illustrating
the potential clinical benefit from using OGX-011 combined with
DDP treatment for GAS patients. Besides, western blotting and
IHC staining of GAS-derived tumoroids showed that 0GX-011 treat-
ment resulted in a more apparent reduction of CLU and PDGFB
comparable to DDP monotherapy (Fig. 7G and H), demonstrating
that CLU inhibition reduces heat stress in GAS tumoroid. These
findings validated that targeting CLU suppressed tumor growth,
decreased cellular stress, and increased the efficacy of DDP ther-
apy, providing critical clues for the development of more effective
therapy for GAS.

Discussion

GAS, as the most common subtype of NHPVA ADC with aggressive
biological behavior and poor prognosis, still remains a treatment-
refractory disease [35]. A limited understanding of the clinical fea-
tures and pathogenesis of GAS poses a huge challenge for the ac-
curate diagnosis and precise treatment of GAS. To address such
dilemmas, we conducted a comprehensive investigation into the
clinicopathological features, key cell subtypes in the TME, crucial
pathways and molecular events, as well as a targeted therapeutic
approach to GAS.

GAS is a clinically aggressive cervical cancer with distinctive
histopathologic features [5, 10]. In the present study, our clini-
cal data revealed that NHPVA ADC, of which GAS accounted for
the highest proportion, showed more widespread involvement,
higher misdiagnosis rate, and poorer prognosis compared to HPVA
ADC. However, these findings should be interpreted with cau-
tion due to the limited sample size of our clinical cohort. Prior
studies have also highlighted the distinct clinicopathological fea-
tures of GAS, including its tendency for deep stromal invasion,
frequent misdiagnosis as HPVA ADC, and an overall unfavorable
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Figure 7 Construction of 3D GAS-derived tumoroids and in vitro validation of OGX-011 targeting CLU as promising therapy to relieve heat stress, inhibit
tumor growth, and sensitize DDP. (A) Schematic diagram of building 3D GAS-derived tumoroids and in vitro experiments. (B) Representative IHC images
of 3D GAS-derived tumoroids including PAX8+ tumoroids, HIK1083+ tumoroids, MUC6+ tumoroids, and TFF24- tumoroids. Original magnifications:
x200. Scale bar: 100 um. (C) Representative IHC images of CLU + 3D GAS-derived tumoroids. Original magnification: x200. Scale bar: 100 um. (D)
Heatmap showing the top 20 gene mutation type in GAS-derived tumoroid and original tumor tissue. (E) Bar graphs displaying the different
contributions of SNV in GAS-derived tumoroid and original tumor tissue. (F) Representative bright field images of 3D GAS-derived tumoroids in control
group, DDP treatment group, anti-CLU (OGX-011) treatment group, and combined treatment group (DDP + OGX-011). Original magnifications: x200.
Scale bar: 100 um. Quantification of GAS-derived tumoroids area are shown on the right. Data are presented as the mean 4 SEM. P values were obtained
by one-way ANOVA with Tukey’s *P < 0.05; **P < 0.01. (G) Western blot results demonstrate the expression of CLU protein and PDGFB protein in control
group, DDP treatment group, anti-CLU (OGX-011) treatment group and combined treatment group (DDP + OGX-011), with downregulation of CLU and
PDGFB protein in anti-CLU (OGX-011) treatment group and combined treatment group (DDP + OGX-011) (n = 3 per group). (H) Representative IHC
images of 3D GAS-derived tumoroids including CLU + tumoroids and PDGFB + tumoroids in control group, DDP treatment group, anti-CLU (OGX-011)
treatment group, and combined treatment group (DDP + OGX-011). Original magnifications: x200. Scale bar: 100 xm.
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clinical outcome [44-47], further supporting the observations re-
ported here. With regard to the pathogenic mechanisms behind
such aggressive phenotype of GAS, researchers have already iden-
tified some genomic drivers [44, 48]. However, to our knowledge,
there are few in-depth studies investigating the oncogenic mech-
anism underlying the malignant clinical phenotype of GAS from
the perspective of TME, which greatly affects disease initiation
and progression [49]. Therefore, we integrated scRNA-seq with
TCR-seq to systematically explore the core features of TME in
GAS. (i) Regarding key cell subtypes in GAS TME, we discovered
that genome-unstable GAS epithelial cells, proangiogenic “GAS-
enriched fibroblasts” and T cells revealing immunosuppression in
GAS (“GAS-associated ¥ 8T cells” and CD8 + Texs in GAS) endured
great heat stress and contributed to the aggressive phenotype of
GAS. (i) Regarding the crucial pathways and molecular events con-
tributing to the unique stressful GAS TME, we innovatively demon-
strated that the CLU-associated heat shock pathway played anim-
portant role in fostering the unique heat stress within GAS TME.
CLU is known to protect tumor cells under stress conditions, such
as conventional therapies [50-54]. Consistently, we found that CLU
knockdown suppresses HSF1 expression, implicating CLU in regu-
lating the HSF1-mediated heat shock response [55, 56]. Thus, we
propose a feed-forward loop wherein CLU potentiates HSF1 ex-
pression and, consequently, increases the levels of heat stress-
associated proteins (e.g. PDGFB, HSPA1B, HSPB1), thereby en-
hancing heat stress and facilitating GAS tumor progression. (iii)
Regarding immunosuppression underlying CLU-associated heat
stress in GAS, we observed related cellular interactomes, such as
C3-C3ARL1 interaction between “GAS-enriched fibroblasts” highly
expressing CLU and “GAS-associated y 4T cells” as well as PVR-
TIGIT interaction between GAS epithelial cells highly expressing
CLU and CD8+ Texs, indicating immune dysfunction potentially
related to CLU-associated stress within GAS TME. Furthermore, we
found that CLU knockdown reduced PD-L1 expression in CC cells,
suggesting the potent role of CLU in promoting immune escape.
This aligns with reports linking high CLU expression to dimin-
ished immune response [57, 58]. Notably, although CLU-induced
immunosuppression has been associated with STAT3 activation
[59], the specific mechanism by which CLU facilitates immune es-
cape within the GAS TME remains unclear and warrants further
investigation. (iv) Regarding clinical validation, we confirmed the
CLU-associated stressful TME within GAS by IHC staining and val-
idated cellular interactomes representing immune escape in the
CLU-associated stressful microenvironment of GAS through mIHC
staining. Importantly, analysis of TCGA data confirmed a close link
between CLU-associated stress and immune escape in CC, lead-
ing to a prognostic four-gene signature encompassing heat stress
(CLU, PDGFB) and immunosuppression (T/GIT, C3) markers. How-
ever, this association and the prognostic value of the signature
remain to be validated specifically in GAS and across larger co-
horts. All in all, we innovatively unveiled the key cell subtypes as-
sociated with heat stress contributing to the malignant pheno-
type of GAS, and proposed CLU playing a vital role in fostering the
unique stressful TME and immune escape collectively contribut-
ing to poor clinical outcomes of GAS, providing novel insights into
the unique malignant microenvironment of GAS, and offering po-
tential clues for CLU-targeted therapy in GAS.

Itis reported that the response rate of GAS patients to standard
chemotherapy, DDP, remains poor [60, 61]. Given that CLU plays a
significant role in modulating the sensitivity of DDP by the phos-
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phorylated extracellular signal-regulated kinase 1/2 (pERK1/2)
and phosphorylated AKT (pAKT) pathways in other cancers [62-
64], and our results showed that GAS TME was characterized by
CLU-associated stress making a great contribution to the malig-
nant phenotype and poor prognosis of GAS, we wondered whether
CLU could serve as a potential therapeutic target and improve
the efficacy of DDP for GAS patients. To answer such a question,
effective models for GAS are urgently needed. We first validated
that CLU knockdown alleviates heat stress and immune escape
and sensitizes cells to DDP using the HT-3 cell line. However, as
an HPV-negative cervical cancer line, HT-3 differs in cellular origin
from GAS [65]. Given the current lack of a recognized GAS cell line,
we established GAS-derived tumoroids for the first time and con-
firmed the biomimic properties of the tumoroids, revealing consis-
tency of histological features, the unique CLU-mediated stressful
microenvironment, and the genetic characteristics of the original
tissues, providing a powerful model to support subsequent pre-
clinical exploration of GAS precision therapy. Based on the con-
struction of 3D GAS-derived tumoroids, we further assessed the ef-
ficacy of CLU inhibitor, 0GX-011, alone and combined with DDP for
GAS. Our data demonstrate that 0GX-011 monotherapy reduces
heat stress and tumor growth. Furthermore, its combination with
DDP showed superior efficacy compared to either agent alone, in-
dicating that CLU-targeting enhances chemosensitivity. Notably,
the translational potential of this approach is supported by the
prior evaluation of OGX-011 in phase Il clinical trials for other can-
cers (e.g. prostate and breast) [66, 67]. Consequently, our find-
ings bolster confidence in pursuing OGX-011 as a promising ther-
apeutic candidate for GAS. To further validate CLU as a target,
future studies employing CRISPR-mediated gene editing in GAS
tumoroids would provide more definitive mechanistic proof. In
summary, by innovatively establishing a 3D GAS tumoroid model,
we have validated that CLU-targeted therapy with OGX-011 alle-
viates heat stress, inhibits tumor growth, and sensitizes GAS to
chemotherapy.

Several limitations should be considered. First, the clinical co-
hort for single-cell analysis was limited by the rarity of GAS and
the stringent requirements for sequencing, potentially affecting
the assessment of tumor heterogeneity and the generalizability of
these preliminary findings. We plan to address this by sequenc-
ing additional samples in the future. It is also important to note
that, in the absence of an established GAS cell line, CLU function-
ality was verified using the HT-3 line, a NHPVA CC cell line, which
is a recognized methodological constraint. Besides, the therapeu-
tic validation of OGX-011 was confined to in vitro tumoroid mod-
els. The translational relevance would be strengthened by future
in vivo studies using patient-derived xenograft or patient-derived
xenograft organoid models. Furthermore, the detailed mecha-
nisms by which CLU regulates HSF1 and PD-L1 within the GAS TME
warrant further investigation.

In conclusion, (i) we firstly confirmed more aggressive clinico-
pathological characteristics and poorer prognosis of GAS com-
pared with UEA, through clinical data from our center. (ii) To ex-
plore the pathogenic mechanisms behind the aggressive pheno-
type of GAS, we unraveled the core features of GAS using scRNA-
seq and TCR-seq. Notably, key cell subtypes including GAS epithe-
lial cells, “GAS-enriched fibroblasts,” and T cells (“GAS-associated
y 8T cells” and CD8+ Texs in GAS) in GAS TME endured heat stress
and potentially contributed to the formation of the aggressive
phenotype of GAS. More importantly, we innovatively deciphered
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the CLU-associated heat stress of key cell subtypes in GAS that
play a vital role in fostering the stressful GAS TME. Furthermore,
we observed that cellular interactomes among the key cell sub-
types of GAS, embodying CLU-associated stress and immune es-
cape, contributed to the malignancy of GAS. (iii) Through valida-
tion, we suggested the potent role of CLU in fostering heat stress
and immune escape, highlighted the significant association be-
tween CLU-associated stress and immune escape based on the
TCGA database, and thereby established a four-gene signature
(CLU, PDGFB, TIGIT, and C3), indicating correlation between poor
prognosis and CLU-associated stress and immune escape in GAS.
(iv) Furthermore, we pioneeringly established 3D GAS-derived tu-
moroids, replicating the morphological features, the unique CLU-
associated stressful microenvironment, and genetic profile of the
original tissue, which can be used as a reliable research model
for GAS. (v) Importantly, based on the in vitro 3D GAS-derived tu-
moroid model, we validated the anti-tumor effect as well as the
sensitizing DDP efficacy of OGX-011 by targeting CLU. All in all,
our investigation not only demonstrated that CLU-associated heat
stress of key cell subtypes (GAS epithelial cells, “GAS-enriched fi-
broblasts”, “GAS-associated y 8T cells”, and CD8+ Texs in GAS) is
crucial in fostering the unique stressful and immunosuppressive
GAS microenvironment, but also innovatively constructed 3D GAS-
derived tumoroids and validated the feasibility of CLU-targeted
therapy (OGX-011) as a promising treatment strategy for GAS, pro-
viding significant clinical value.
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