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ABSTRACT

Immunoprofiles and Treatment Strategies for Molecular Subtypes of
Endometrial Cancer

Purpose:

Understanding of immune profiles across endometrial cancer (EC) subtypes and the impact of
specific molecular markers on immune responses and their therapeutic implications remain limited.
This study aimed to assess the immune profiles of EC subtypes based on the Proactive Molecular
Risk Classifier for Endometrial Cancer (ProMisE) classification and evaluate the impact of specific
molecular markers, such as L1 cell adhesion molecule (LLCAM), AT-rich interaction domain 1A
(ARID1A), and different mismatch repair (MMR) protein deficiencies, on the immune response and

therapeutic potential.

Methods:

Patients with treatment-naive EC from Severance Hospital (2019-2023) were included.
Polymerase-¢ (POLE) mutations were detected using droplet digital polymerase chain reaction, and
immunohistochemistry was used to assess the expression of p53, MMR proteins (MSH6, PMS2,
MSH2, and MLH1), LICAM, and ARID1A. Tumor-infiltrating lymphocytes (TILs) were analyzed
using flow cytometry to identify various immune cell subsets and their functional states, including

CD8+ T cells, regulatory T cells, and markers of T cell exhaustion or activation.

Results:

Immune profiles varied across EC subtypes. The POLE-mutated and MMR-deficient (MMRd)
subtype tumors showed strong immune responses, however, with signs of exhaustion, including high
PD-1 and TOX expression, suggesting sensitivity to immune checkpoint inhibitors. The no specific
molecular profile (NSMP) and p53-abnormal subtypes showed lower immune cell infiltration and
more immunosuppressive environments. Among MMRd tumors, those with MSH2/MSH6
deficiency demonstrated greater CD8" T cell infiltration than MLHI1/PMS2-deficient tumors,



implying a more robust immune activation profile. In the NSMP subtype, LLCAM-positive tumors
showed increased levels of markers of T cell exhaustion, including PD-1 and TIGIT, whereas
ARID1A-negative tumors showed a greater proportion of tumor-reactive CD8+ T cells
(CD103+CD39+), indicating the potential for enhanced immune surveillance, although some signs
of exhaustion were present.

Conclusion:

This study highlights the importance of the molecular subtyping of ECs in guiding personalized
immunotherapy strategies. The POLE-mutated and MMRd subtype tumors exhibited robust immune
responses; however, indicators of exhaustion were also observed, implying their potential
responsiveness to immune checkpoint inhibitors. In addition, MSH2/MSH®6-deficient tumors, as
well as LLCAM-positive and ARID1A-negative tumors within the NSMP subgroup, were identified
as potential targets for therapeutic strategies aimed at reversing immune exhaustion and enhancing

treatment efficacy.

Key words : Endometrial cancer; Molecular subtype; Tumor infiltrating lymphocyte

Vi



1. INTRODUCTION

Endometrial cancer (EC) is the most prevalent gynecological malignancy in postmenopausal
women in developed nations, with its incidence rising due to the growing prevalence of obesity and
an aging population [1]. The number of EC cases in Korea has also increased, from 728 in 1999 to
3749 in 2021. Of these, 30.5% of the patients were in their 50s, 18.7% in 40s, and 25.8% in 60s [2].

EC is often detected at an early stage owing to symptoms, such as abnormal vaginal bleeding, with
the development of various imaging diagnostic tools and relatively straightforward diagnostic
methods [3]. Consequently, among different types of cancers, EC is associated with relatively low
mortality rates. The treatment approaches for EC are currently tailored based on risk factors, such
as the International Federation of Gynecology and Obstetrics (FIGO) stage, grade,
clinicopathological features, age, extent of myometrial invasion, and the presence or absence of
lymphovascular space invasion (LVSI) [4]. However, after the publication of four novel molecular
risk factors in EC by The Cancer Genome Atlas (TCGA) group in 2013, a clinically easy-to-use
molecular classification system named Proactive Molecular Risk Classifier for Endometrial Cancer
(ProMiskE) emerged. This system, which uses immunohistochemical (IHC) stains—p53 and
mismatch repair (MMR) proteins—and polymerase-¢ (POLE) exonuclease domain hotspot
sequencing as the surrogate marker, was validated by research groups in the Netherlands and
Vancouver [5, 6]. The differences in survival rates among the molecular subtypes were reported in
the PORTEC-2 study, leading to studies investigating whether molecular subtypes can guide
adjuvant treatment strategies and the reasons underpinning these differences [7].

Molecular subtypes of EC exhibit immunological differences in the tumor microenvironment
caused by endogenous DNA repair defects. Specifically, POLE-mutated tumor subtypes are
ultramutated (mean = 232 x 10® mutations/Mb), and mismatch repair-deficient (MMRd) tumors are
hypermutated (18 x 108 mutations/Mb) [8, 9]. Hence, these mutations are assumed to induce an
antitumor immune response by activating the tumor-infiltrating lymphocyte (TIL) response through
a high neoantigen load.

The clinical application of immune checkpoint inhibitors (ICIs), which promote anti-tumor
immune responses in EC cases characterized by MMRd or high microsatellite instability (MSI-H),

has shown increasing effectiveness. Although MSI-H accounts for 20-30% of EC cases, only



approximately 50% of them respond to ICI therapy [9]. Additionally, re-administration of ICls after
recurrence is increasingly being considered in gynecological and solid tumors [10], highlighting
their clinical significance and the need to identify responsive patient groups and understand the
immunological properties of EC.

The surface antigen characteristics of EC subtypes and tumor-infiltrating immune cells have been
explored previously. However, these studies were limited by the methods used for the analysis of
the characteristic expression patterns, such as IHC for the identification of tumor-infiltrating
immune cells. Furthermore, studies on emerging markers, such as L1 cell adhesion molecule
(L1CAM) and AT-rich interaction domain 1A (ARID1A) in EC are lacking.

ARID1A deficiency is associated with enhanced infiltration of immune cells, especially TILs,
across various cancer types [11, 12]. Tumors with ARID1A mutations typically show increased
levels of TILs and heightened activity of immune checkpoints, such as PD-1/PD-L1. This leads to
an increased immunogenic tumor environment, potentially improving the response to ICIs, such as
anti-PD-1/PD-L1 therapies. For example, research on lung adenocarcinoma and hepatocellular
carcinoma has shown that ARID1A mutations facilitate TIL infiltration, activate immune-related
pathways such as STING-mediated responses, and improve patient survival in the context of ICI
treatment [13].

In contrast, LLCAM is involved in promoting tumor progression and immune evasion. In ovarian
carcinoma, L1CAM contributes to an immunosuppressive environment and poor prognosis by
promoting tumor cell motility, invasion, and stemness [14, 15]. Tumors with high LICAM
expression typically exhibit reduced infiltration of immune cells, particularly cytotoxic T cells,
allowing for increased immune evasion and resistance to immune-based therapies, such as
checkpoint inhibitors [16].

Therefore, to elucidate the immune landscape of endometrial cancer, we aimed to comprehensively
characterize TILs according to the established molecular subtypes as well as emerging
immunoregulatory markers. We employed fluorescence-activated cell sorting (FACS), a robust
technique for high-resolution immunophenotyping at the single-cell level, which enables precise
identification of surface antigen expression and delineation of T cell subsets, including functionally
distinct populations of CD8* TILs. Through this approach, we sought to define subtype-specific

immune signatures and uncover potential immunologic targets for future therapeutic interventions.



2. MATERIALS AND METHODS

2-1. Study participant selection and lymphocyte isolation

Tumor samples from patients with EC were collected from 2019 to 2023 at Severance Hospital
Obstetrics and Gynecology based on the sample collected with “F-21¢F 2z} F
Q7tzol=E o] &3t wEX g =2 s (CR no. 4-2018-0928).” We analyzed the clinical
and pathological data of patients at all stages of treatment-naive EC, including MMR status (MSH6,
PMS2, MSH-2, and MLH-1) determined using IHC and p53 abnormality data (Figure 1).

Fresh tumor tissues were obtained on the day of surgical resection for translational research. To
obtain single-cell suspensions, the tumor tissues were mechanically and enzymatically dissociated
using a tumor dissociation kit (Miltenyi Biotec, 130-095-929) as per the manufacturer's guidelines.
The suspensions were filtered through a 100um cell strainer to remove debris and were

cryopreserved for future experimental applications.

2-2. Bulk RNA sequencing

Bulk RNA sequencing of some EC tissue samples was performed as follows. Formalin-fixed
paraffin-embedded (FFPE) tissue sections were prepared and RNA was extracted using a
standardized protocol optimized for FFPE samples. The extracted RNA was quantified and assessed
for quality using spectrophotometry with a bioanalyzer system to ensure sufficient integrity for
sequencing. Library preparation included the reverse transcription of RNA into cDNA, followed by
fragmentation, adapter ligation, and amplification. High-throughput sequencing was performed on
an lllumina platform. The resulting raw sequencing data were subjected to quality control, including
trimming of low-quality bases and removal of adapter sequences. RNA-Seq data were analyzed
using Basepair software (https://www.basepairtech.com/). Specifically, using STAR with default
parameters, the reads were aligned to the transcriptome based on the UCSC genome assembly hg19
[17]. The featureCounts was used to quantify the read counts for each transcript [18]. DESeq2 was
employed to identify differentially expressed genes, applying thresholds of read count > 10 and p <
0.01 for pathway and target gene analyses.
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2-3. POLE mutation detection and L1CAM and ARID1A expression
analyses

To detect POLE mutations, FFPE EC tissue samples were sectioned and DNA was extracted using
the QlAamp® DSP DNA FFPE tissue kit. DNA was quantified using NanoDrop analysis and tested
using droplet digital polymerase chain reaction (ddPCR) with the Droplex POLE mutation test,
targeting mutations in exons 9, 13, and 14. The QX200™ Droplet Digital PCR system, known for
its high sensitivity and specificity, was utilized, and data were processed using QuantaSoft™
software with appropriate controls to maintain accuracy. This approach allowed for precise
identification of POLE mutations in minimal DNA samples, ensuring dependable diagnostics.

The expression levels of LLCAM and ARID1A in EC tissues were evaluated using IHC. FFPE
tissue sections were prepared and deparaffinized. With antigen retrieval, sections were incubated
with primary antibodies specific for LLCAM and ARID1A. The slides were treated with an enzyme-
conjugated secondary antibody, followed by chromogen development for visualization.
Hematoxylin was used as the counterstain. The stained slides were examined under a microscope
and the expression levels were scored based on the intensity and proportion of positive cells. For
L1CAM, IHC staining was assessed as positive when > 10% of tumor cells showed strong
membranous staining and staining intensity was evaluated using a semi-quantitative scoring system.
For ARID1A, nuclear staining in tumor cells was defined as positive. The loss of ARID1A expression
was identified by the lack of nuclear staining in tumor cells, while stromal cells and neighboring
normal tissues acted as internal positive controls for both markers.

2-4. Flow cytometry

Cryopreserved TILs and peripheral blood mononuclear cells (PBMCs) were prepared and stained
with fluorochrome-conjugated antibodies against markers such as CD3, CD4, CD8, CD45, CD45RA,
FoxP3 and CCRY. Live/dead discrimination was performed using the LIVE/DEAD Fixable Near IR
Cell Stain Kit (Life Technologies, Carlsbad, California, USA) to exclude non-viable CD45+ cells
from the analysis. Subsequent gating identified CD3+ T cells, followed by further analysis
distinguishing between CD4+ and CD8+ subsets. Within the CD4+ population, regulatory T cells
(FoxP3+) and memory/effector subsets (CD45RA and CCR7) were characterized. The proportions
and phenotypes of these immune cell subsets were determined to assess their functional roles.
CXCRS5 and PD-1 were used to characterize follicular helper T cells (Tfh) and exhausted T cells,



respectively. T cell exhaustion markers, namely, TIGIT and TIM-3, and tumor-reactive T cell-
associated markers CD39 and CD103 were also analyzed. CD226, a co-stimulatory receptor, was
assessed alongside TIGIT to evaluate opposing roles in immune regulation. CTLA-4 expression was
measured as an indicator of T cell inhibition and immunosuppressive activity, whereas 4-1BB, a co-
stimulatory molecule, was analyzed to identify activated and proliferating T cells. Ki-67 was used
to gauge T cell proliferation rates. TCF-1 expression was used to identify less-exhausted and
potentially functional T cells, whereas TOX was evaluated as a marker of deep T cell exhaustion.
LAG-3, another checkpoint receptor, was examined for its role in suppressing T cell activity. Finally,
the chemokine receptors CCR8 and CCR4 were assessed to determine the presence of regulatory T
cells (Tregs) involved in shaping the immunosuppressive tumor microenvironment. Multicolor flow
cytometry was performed using a BD FACSLylic system (BD Biosciences, San Jose, California,
USA). Data were analyzed using FlowJo software V.10.8 (BD Life Sciences) (flowjo. com).

2-5. Invitro T cell proliferation assay

We performed an in vitro T cell proliferation assay to compare the reinvigoration ability of
exhausted CD8+ TILs after anti-PD-1 (aPD-1) treatment with or without anti-CTLA-4 (aCTLA-4)
treatment. Cryopreserved TILs were thawed, suspended in RPMI 1640 medium containing 10%
fetal bovine serum and incubated for 8 h at 37°C under 5% CO,. TILs were labeled with CellTrace
Violet (CTV; Thermo Fisher Scientific). A total of 100,000 cells were plated in 200 pL of medium
per well in a 96-well round-bottom culture plate; the cells were stimulated using soluble anti-CD3
antibody (10 ng/mL, OKT-3; BD Bioscience) in the presence of isotype control (mlgG1, MOPC-21;
BioLegend), 5 pug/mL aPD-1 (EH12.2H7), or 5 pg/mL aPD-1 with 5 ug/mL aCTLA-4. The cells
were harvested after 96 h of culture in a 5% CO; incubator, and CTVIowCD8+ T cells were counted
as proliferated cells; the fold change in CTVIowCD8+ T cells was calculated relative to the isotype

control.

2-6. Statistical analysis
Demographic data were presented using descriptive statistics, with continuous variables

summarized as medians (ranges) and categorical variables as frequencies (percentages). The
D'Agostino and Pearson omnibus test was employed to assess the normality of the continuous

variables. The unpaired t-test or the Mann—Whitney U test, depending on the distribution of the data,



was used to compare continuous variables, whereas categorical variables were evaluated using the
Pearson 2 test. Overall survival (OS) and progression-free survival (PFS) were estimated using the
Kaplan—Meier method, and differences were assessed using log-rank tests. Statistical analyses were
performed using Prism software version 8 (GraphPad Software, San Diego, CA, USA), SPSS
software version 27 (IBM), or R version 4.0.3 (R Foundation for Statistical Computing, Vienna,

Austria). Statistical significance was set at p < 0.05.



3. RESULTS

3-1. Distinct clinicopathologic characteristics and survival outcomes across
ProMisE molecular subtypes

Significant differences in age, menopausal status, and histological subtypes were observed in the
baseline demographics and clinicopathological characteristics of patients stratified by ProMisE
molecular subtypes (Table 1). The p53-abnormal (p53abn) group was the oldest (mean age 64.1
years, p = 0.012) and had the highest proportion of patients who attained menopause (85.0%; p =
0.021). Endometrioid carcinoma was predominant in the no specific molecular profile (NSMP)
(95.7%) and MMRd (88.5%) groups, whereas serous carcinoma was unique to the p53abn group
(30.0%). The POLE mutation group was diverse and included patients with carcinosarcoma (33.3%).
Survival analysis showed that while the median PFS for the NSMP group was 43.13 months, the
other groups did not reach the median PFS, although the difference was not statistically significant
(p =0.1984) (Figure 2A, 2B). Similarly, OS was not reached across all groups (p = 0.3707).

3-2. Bulk RNA sequencing of EC subtypes reveals strong immune activity
in POLE-mutated and MMRd tumors

Bulk RNA sequencing analysis of some EC tissues classified by molecular subtype revealed
distinct immune signatures associated with each group (Figure 2C—2E). POLE-mutated and MMRd
(n= 6, 3) tumors demonstrated strong enrichment of cytotoxic markers, such as CD8A, GZMK, and
TBX21. Exhaustion markers, such as PDCD1, TOX, CTLA4, TIGIT, and ENTPD-1, were also
highly expressed in these tumors suggesting a robust, however, potentially exhausted immune
environment. The NSMP & p53abn tumors (MMR-proficient [MMRp] marked, n=5) showed the
lowest immune activity with lower expression levels of key immune markers and a relatively
immunosuppressive profile, as highlighted by elevated LLCAM. Statistical analysis confirmed the
differential expression patterns, with POLE-mutated and MMRd tumors showing negative
enrichment (p = 0.002) in DNA repair groups and positive enrichment (p = 0.076) in Tregs
(GSE14415). These results aligned with the FACS data identifying specific T cell subsets and their
functional states. For example, elevated PD-1 expression identified via RNA sequencing was

corroborated by the presence of increased PD-1+CD8+ T cells observed through flow cytometry.



Table 1. Baseline demographics and characteristics of the study population.

POLE-
mutated MMRd NSMP p53abn Total o value
(N=6) (N = 26) (N =23) (N =20) (N=75)
Age (year)
Mean (SD) 54.7 (£12.4) 53.5(£9.7) 54.4 (+12.1) 64.1(x12.2) 56.7 (x12.0) 0.012
BMI
Mean (SD) 23.7(5.1) 24.8(x7.1) 28.0(x8.2) 24.7(x6.0) 25.7 (£7.1) 0.313
Parity
0 2 (33.3%) 6 (23.1%) 10 (43.5%) 4 (20.0%) 22 (29.3%) 0.308
lormore 4 (66.7%) 20(76.9%) 13 (56.5%) 16 (80.0%) 53 (70.7%)

Diabetes

No 6 (100.0%)
Yes 0 (0.0%)
Menopause
No 4 (66.7%)
Yes 2 (33.3%)
Prior malignancies
No 6 (100.0%)
Yes 0 (0.0%)
Histology
Endometr
- 4 (66.7%)
-ioid
Serous 0 (0.0%)
Clear cell 0 (0.0%)
Mixed 0 (0.0%)
Carcinosa
2 (33.3%)
-rcoma
Neuroend
. 0 (0.0%)
-ocrine

Stage at diagnosis

21 (80.8%)
5 (19.2%)

14 (53.8%)
12 (46.2%)

24 (92.3%)
2 (7.7%)

23 (88.5%)

0 (0.0%)
1 (3.8%)
1 (3.8%)

0 (0.0%)

1 (3.8%)

20 (87.0%)
3 (13.0%)

12 (52.2%)
11 (47.8%)

21 (91.3%)
2 (8.7%)

22 (95.7%)

0 (0.0%)
1 (4.3%)
0 (0.0%)

0 (0.0%)

0 (0.0%)

16 (80.0%)
4 (20.0%)

3 (15.0%)
17 (85.0%)

18 (90.0%)
2 (10.0%)

7 (35.0%)

6 (30.0%)
3 (15.0%)
0 (0.0%)

4 (20.0%)

0 (0.0%)

63 (84.0%) 0.630
12 (16.0%)

33 (44.0%) 0.021
42 (56.0%)

69 (92.0%) 0.885
6 (8.0%)

56 (74.7%)  <0.001

6 (8.0%)
5 (6.7%)
1 (1.3%)

6 (8.0%)

1 (1.3%)



| 6 (100.0%)

1 0 (0.0%)

i 0 (0.0%)

v 0 (0.0%)
Pathological grade

1 1 (16.7%)

2 2 (33.3%)

3 3 (50.0%)

none 0 (0.0%)
LVSI

No 2 (33.3%)

Yes 4 (66.7%)

12 (46.2%)
4 (15.4%)
8 (30.8%)
2 (7.7%)

2 (7.7%)
16 (61.5%)
6 (23.1%)
2 (7.7%)

13 (50.0%)
13 (50.0%)

10 (43.5%)
3 (13.0%)
6 (26.1%)
4 (17.4%)

4 (17.4%)
13 (56.5%)
6 (26.1%)
0 (0.0%)

11 (47.8%)
12 (52.2%)

10 (50%)
1 (5.0%)

7 (35.0%)
2 (10.0%)

3 (15.0%)
5 (25.0%)
11 (55.0%)
1 (5.0%)

10 (50.0%)
10 (50.0%)

38 (50.7%)
8 (10.7%)
21 (28.0%)
8 (10.7%)

10 (13.3%)
36 (48.0%)
26 (34.7%)
3 (4.0%)

36 (48.0%)
39 (52.0%)

0.428

0.263

0.898

SD, standard deviation; LVSI, lymph vascular space invasion
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Figure 2. PFS and OS across molecular subtypes and differential expression of immune markers in
bulk RNA sequencing. (A) The total number of patients in each molecular subtype. (B) PFS and OS.
(C-E) Bulk RNA sequencing results of POLE-mutated & MMRd vs. NSMP & p53abn groups
(MMRp marked). Immune exhausted genes (PDCD1, CTLA4, TIGIT, TOX, and ENTPD-1) were
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upregulated in high mutational load group. Up-regulated gene sets in regulatory T cells (GSE14415)
were enriched in POLE-mutated + MMRd groups.
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Similarly, the presence of Tregs in RNA sequencing corresponded with elevated FoxP3+CD4+
Tregs in FACS analysis, highlighting an increased immunosuppressive environment in certain

subtypes, such as MMRd tumors.

3-3. Subtype-specific immune profiles in EC highlight T cell infiltration,
Treg-mediated immunosuppression, and T cell exhaustion across ProMisE
classifications

Flow cytometry analysis delivered an in-depth characterization of TIL profiles, showcasing the
distribution and functional state of immune cells in the tumor microenvironment. Lymphocytes were
gated using singlets, live CD45+ cells, and CD3+ T cells. CD3+ cells were subdivided into CD4+
and CD8+ cell populations. Tregs were distinguished by the co-expression of CD4 and FoxP3.
Memory subsets were characterized by CCR7 and CD45RA expression, whereas effector Tregs
were identified based on CD45RA and FoxP3 expression (Figure 3). TILs exhibited a significant
increase in the numbers of CD3+ and CD8+ T cells, indicating the presence of strong T cells in the
tumor microenvironment. Elevated levels of FoxP3+CD4+ Tregs suggested an immunosuppressive
environment, whereas increased levels of Tfh and CXCR5+PD-1+CD8+ T cells indicate potential
T cell exhaustion. In addition, naive, central memory, and effector memory CD8+ T cell subsets
were more frequently observed in TILs, implying that the tumor may contribute to the retention of
these cells (Figure 4). Flow cytometric analysis showed no significant differences in CD45*, CD3*
TILs, or regulatory T cell subsets across EC molecular subtypes. In contrast, POLE-mutated and
MMRd tumors exhibited significantly higher proportions of effector memory CD8" T cells than p53-
abnormal and NSMP tumors, suggesting enhanced cytotoxic potential in hypermutated subtypes.
This may reflect active immune engagement but also sustained antigen exposure, potentially
predisposing T cells to exhaustion. Other CD8" or CD4" subsets, including naive, EMRA, and

exhausted phenotypes, showed no notable differences. (Figure 5).
3-4. Distinct immune activation and exhaustion patterns in EC subtypes

influence immunotherapy response
Within TILs, CD8+ T cells displayed significantly higher expression of PD-1, CD28, CD226, and
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Ki-67 relative to PBMCs, suggesting enhanced activation and proliferation in the tumor
microenvironment. Exhaustion markers, such as TIM-3, TOX, and TIGIT, were also elevated in
the PD-1+CD8+ cell subset. This suggests a dual role for immune activation and exhaustion within
the tumor, shaping a complex regulatory landscape that may affect therapeutic outcomes. These
findings emphasize the distinct immunological environments of tumors and highlight the need to
consider the tumor microenvironment in immunotherapy strategies (Figure 6). The distribution of
immune markers across ProMisE subtypes revealed distinct immune environments. The POLE-
mutated subtype showed elevated levels of TIM-3+, PD-1+, CD39+, TOX+ and CD103+CD39+
cells, indicating a highly active yet immunosuppressed environment caused by chronic activation
and exhaustion. MMRd tumors also exhibited elevated CD39+ levels, indicating an active immune
response with exhaustion. Conversely, the p53abn and NSMP subtypes displayed fewer elevations
of these marker levels, suggesting a "cold” tumor microenvironment, potentially resistant to
immune-based therapies. These findings suggest that the POLE-mutated and MMRd subtypes may
respond better to ICls, whereas p53abn and NSMP may require different therapeutic approaches
(Figure 7).

3-5. Subtype-specific regulatory T cell suppression and exhaustion in EC
tumors

Analysis of Tregs in TILs versus PBMCs revealed elevated expression of immune checkpoint
markers such as PD-1, CTLA-4, and TIGIT in TILs, indicating a more suppressive and potentially
exhausted environment around the tumor. Tumor Tregs exhibited increased levels of functional
markers, such as Ki-67, CD39, and CCRS8, reflecting active proliferation and enhanced
immunosuppressive capacity. Additionally, 4-1BB+ Tregs, known for their strong suppressive
function, were more pronounced in the tumor microenvironment (Figure 8). When stratified using
the ProMisk classifier, POLE-mutated and MMRd subtypes had higher percentages of Tregs
expressing PD-1 and CTLA-4, indicating a more suppressive immune environment. TIGIT
expression was elevated in the MMRd group, further emphasizing the regulatory role of this subtype.
These findings highlight molecular subtype-specific differences in Tregs behavior and underscore

the potential for targeted immunotherapies tailored to these immune profiles (Figure 9).
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TILs across ProMisE classifier subtypes. (G-1): CD94+, TIM-3+, TIGIT+, LAG-3+, Ki-67+, CD39+,
CD103+CD39+, TCF-1+, and TOX+cells in CD8+ TILs across ProMisE classifier subtypes. *p <
0.05; **p < 0.01.
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3-6. Ex vivo anti-PD-1 response according to ProMisE classifier

We observed that aPD-1 treatment significantly increased CD8+ TIL proliferation and cytokine
production, particularly IFN-y and TNF-a, indicating strong immune activation (Figure 10). POLE-
mutated and MMRd subtypes exhibited stronger responses, characterized by higher CD8+ T cell
expansion, probably owing to their higher mutation burdens. Conversely, the p53abn and NSMP
subtypes displayed weaker immune responses, with lower TIL infiltration and reduced cytokine
production. These subtypes also showed a more immunosuppressive environment, suggesting
resistance to PD-1 blockade. These findings indicate that the effectiveness of PD-1 inhibition varies
by subtype, with POLE-mutated and MMRd subtypes likely deriving greater benefit from aPD-1
immunotherapy, while NSMP and p53-abnormal subtypes might necessitate alternative therapeutic

strategies.

3-7. Distinct immune activation and exhaustion patterns in MSH2/MSH6-
deficient EC subtypes

MSH2/MSH6-deficient tumors showed a higher proportion of effector memory CD8+ T cells and
tumor-reactive CD8+ T cells, characterized by increased CD39 and CD103 co-expression, Tfh cells,
and decreased expression of CD226+ and TCF+, than MLH1/PMS2-deficient tumors (Figure 11).
Furthermore, increased numbers of CXCR5+PD-1+ CD8+ T cells and CD101+PD-1+ CD8+ T cells
were observed in MSH2/MSH&6-deficient tumors, indicating that this group may have a more
pronounced T cell exhaustion profile than MLH1/PMS2-deficient tumors. However, markers
associated with immune exhaustion, such as CTLA-4 and TIGIT, were not differentially expressed
in Tregs in either group, except for PD-1 (Figure 12). These findings suggest distinct immune
landscapes within different MMRd subtypes, with implications for targeted immunotherapies, such

as PD-1 inhibitors, based on the immune profiles of both subgroups.

3-8. LLCAM-positive NSMP tumors exhibit elevated T cell exhaustion and
Immunosuppression, limiting response to PD-1 blockade

L1CAM-positive NSMP tumors were associated with significant changes in CD8+ TIL populations,
particularly those linked to T cell exhaustion and immune suppression. PD-1M"s" CD8+ TILs,
characteristic of T cell exhaustion, were significantly elevated in LLCAM+ tumors (Figure 13).

Additionally, TIGIT+ and CD39+ CD8+ TILs, which are markers often associated with immune
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Figure 10. Ex vivo aPD-1 response according to ProMisE classifier. (A, B) Increase in the proportion
of low-CTV cells, fold change following PD-1 Treatment in CD8+ TILs. (C) Comparison of low-
CTV cells across molecular subtypes. (D) Increase in IFN-y- and TNF-a-producing CD8+ TILs with
PD-1 treatment. (E) Significant Increase in IFN-y- and TNF-a -producing CD8+ TILs post PD-1

treatment. (F) Ex vivo aPD-1 response across ProMisE molecular subtypes. *p < 0.05; **p < 0.01;

***p < 0.001.
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Figure 11. Cell composition of TILs according to MMRd subtypes. (A) Comparison of the
proportions of CD4+ and CD8+ TILs across different MMRd subtypes. (B) Naive, memory, effector
memory, EMRA, CD39+, and CD103+CD39+ CD8+ T cell subsets according to MMRd subtypes.
(C) Comparison of resting, effector, non-effector Tregs, and Tfh across MMRd subtypes. (D)
CXCR5+PD-1+ and CD101+PD-1+ CD8+ T cells according to MMRd subtypes. *p < 0.05; **p <
0.01.
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Figure 12. CD8+ TILs and Tregs according to MMRd subtypes. (A) Expression of PD-1+, PD-1+"o",
TIM-3+, LAG-3+, TIGIT+, CD94+, CD226+, CD28+, Ki-67+, TCF-1+, and TOX+ TILs in CD8+
T cells. (B) Expression of PD-1+, TIGIT+, CTLA-4+, 4-1BB+, CD39+, CCR4+, Ki-67+, CD226+,
and CCR8+ TILs in Tregs. *p < 0.05; **p < 0.01.
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Figure 13. CD8+ TILs according to LICAM presentation in NSMP subtypes. (A) Proportion of
TILs during LLCAM presentation. (B) Expression of PD-1+, PD-1"%" TIGIT+, TOX+, and TCF-
1+ CD8+ TILs during LLCAM presentation. (C) Expression of PD-1+, CTLA-4+, and 4-1BB+
tumor-infiltrating Tregs during LLCAM presentation. (D) Distribution of PD-1+CD101+CXCR5-
TILs during LLCAM presentation. *p < 0.05; **p < 0.01; L1(-), LLCAM negative; L1(+), LLCAM

positive.
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suppression and regulatory functions in the tumor microenvironment, increased notably. These cells
typically elicit a less effective immune response because of their involvement in inhibitory signaling
pathways that prevent T cell activation and proliferation. Furthermore, TOX+ CD8+ TILs—another
marker of exhausted T cells— was also increased in LLCAM-positive tumors, reinforcing that these
tumors exhibit a microenvironment conducive to T cell exhaustion. A reduction in TCF-1+ CD8+
TILs was observed, indicating depletion of T cells with self-renewing potential. TCF-1 is crucial for
maintaining T cell memory and sustained antitumor activity. Therefore, the lower frequency of TCF-
1+ cells in LLCAM-positive tumors suggests that these tumors are less capable of sustaining long-
term immune responses. In addition to these changes in the CD8+ TIL population, the analysis
showed a significant increase in PD-1+ Tregs in LLCAM-positive tumors. Tregs suppress the
immune response, further contributing to an immunosuppressive microenvironment. Additionally,
the number of PD-1+CD101+CXCR5+ cells, which may represent exhausted Tfh cells or other
regulatory subsets, was elevated, indicating a suppressed immune response in these tumors. This
combination of exhausted CD8+ T cells and elevated Tregs points to a highly immunosuppressive
tumor microenvironment in LLCAM-positive NSMP tumors, which may limit the efficacy of

immune checkpoint blockade therapies, such as aPD-1.

3-9. Distinct immune profile of ARID1A-negative NSMP tumors

ARID1A-negative NSMP tumors exhibited a different immune landscape with distinct
characteristics that may influence their response to immunotherapy (Figure 14). These tumors
showed increased levels of PD-1"9" CD8+ TILs, TIGIT+ CD8+ TILs, and CD39+ CD8+ TILs,
indicating some degree of T cell exhaustion. These cells play a crucial role in local immune
surveillance and are often associated with highly effective tumor immune escape. The presence of
activated immunosuppressive T cells in this tumor subtype suggests that these tumors may exhibit
a favorable immune profile for response to immunotherapies, particularly those targeting immune
checkpoints, such as PD-1.
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Figure 14. CD8+ TILs according to ARID1A presentation in NSMP subtypes. (A) Proportion of CD8,
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4. DISCUSSION

The distinct immune profiles observed across ProMisE subtypes highlight the importance of
molecular classification in informing treatment decisions for EC.

The POLE-mutated and MMRd subtypes, characterized by a robust yet exhausted immune
response, exhibited elevated levels of PD-1+, TIM-3+, TOX+, CD39+, and CD103+CD39+ cells.
The levels of these markers suggest a highly active yet immunosuppressed environment and an
immunosuppressive environment that may be targeted by ICIs.

TCF-1, which was lower in the MMRd subtype, plays a vital role in maintaining T cell functionality
and preventing full exhaustion. As a master regulator, TCF-1 is essential for maintaining the less-
exhausted, stem-like subset of CD8+ T cells that possess self-renewal potential and long-term
persistence. Thus, this subset is a key responder to immune checkpoint therapies, such as anti-PD-
1/PD-L1 blockade [19]. TCF-1 is involved in the regulation of CD8+ T cells by driving the
expression of effector-associated genes and promoting a balanced state that prevents terminal
exhaustion [20]. This regulatory role is crucial in MMRd tumors, where TCF-1 expression is related
with enhanced responses to ICls. Moreover, TCF-1 expression in CD8+ T cells prevents apoptosis
and supports the development of memory-like phenotypes that sustain antitumor immune responses
over time, making it a promising biomarker for determining responsiveness to immunotherapies
[19].

The role of TCF-1 in the regulation of immune responses has gained increasing attention in the
field of cancer immunotherapy. In a study by Siddiqui et al., which indicated that TCF-1+ cells
possess an increased responsiveness to PD-1 inhibition due to their capacity to differentiate into
cytotoxic effector cells, underscoring their potential contribution to shaping long-term immune
responses [21].

Khan et al. emphasized the importance of TCF-1 in maintaining a pool of memory-like CD8+ T
cells, which may persist in a less-exhausted state, during chronic viral infections and cancers [22].
These TCF-1+ cells act as reservoirs for cells capable of responding to subsequent immune
challenges, thereby enhancing the durability of immune responses in cancer therapy. The low

presence of TCF-1+CD8+ T cells in MMRd subtype tumors, as seen in our study, may explain its
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heightened responsiveness to ICls, despite the presence of exhaustion markers, such as TOX and
PD-1.

Therapies that promote TCF-1 activity have been combined with immune checkpoint inhibition to
further enhance T cell reinvigoration. Utzschneider et al. reported that the upregulation of TCF-1
could synergize with PD-1 blockade to reinvigorate exhausted T cells and promote sustained
antitumor immunity [23].

TIGIT is an emerging immune checkpoint that has gained attention because of its role in T and NK
cell inhibition via interactions with its ligands CD155 and CD112 [24]. The upregulation of TIGIT
in MMRd tumors, particularly in Tregs, suggests an added layer of immune suppression, as TIGIT
prevents effective T cell-mediated antitumor responses. Harjunpaé et al. highlighted that TIGIT
expression correlates with T cell exhaustion, and blocking TIGIT can restore effector T cell function
and enhance responses to PD-1 blockade [25]. In a study by Chauvin et al., the combination of anti-
TIGIT (aTIGIT) and aPD-1 therapies significantly improved tumor control in melanoma models
[26]. Based on this results of these studies, TIGIT blockade may be combined with PD-1 or CTLA-
4 inhibition for treating MMRd EC in clinical settings.

MMRd subtype tumors showed the most pronounced response to aPD-1 therapy, with a marked
increase in CD8+ T cell proliferation and cytokine production, particularly those of IFN-y and TNF-
o. MMRd tumors, owing to their high mutational burden, are highly immunogenic, responsive to
ICls, and show significant benefits from PD-1 blockade [27].

Conversely, the p53abn and NSMP subtype tumors exhibited weaker responses, probably because
of their lower immunogenicity. KEYNOTE-158 trial confirmed that MMRd tumors have better
objective response rates than that of p53abn and NSMP subtype tumors [28]. This suggests the need
for combining ICls with agents, such as PARP inhibitors or chemotherapy for p53abn and NSMP
subtype tumors to enhance the effectiveness of treatment and identify new therapeutic strategies.

MMRd EC and MMRd colorectal cancer (CRC) exhibit several similarities. Both these cancers
exhibit a high tumor mutational burden, MSI-H, and enhanced expression of neoantigens, leading
to a robust antitumor immune response characterized by increased infiltration of CD8+ T cells and
upregulation of immune checkpoint markers, such as PD-1 and PD-L1 [29]. However, differences
emerge in the composition and activity of TILs and the tumor microenvironment. The immune
responses in MMRd CRC are more organized and compartmentalized than that in MMRp CRC,

often with spatially segregated immune hubs that facilitate enhanced immune coordination and
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cytotoxic activity; this has not been previously observed in MMRd EC [30].

These findings suggest that approaches proven successful in MMRd CRC, such as targeting
specific T cell subsets or modulating T cell exhaustion pathways, could be translated into MMRd
EC research. For instance, combining PD-1 blockade with therapies targeting TIGIT or CD39, which
have shown efficacy in MMRd CRC, could be tested in MMRd EC [31]. By targeting these shared
and unique pathways, treatment strategies can be tailored to the distinct immunological contexts of
each cancer type.

The combination of aCTLA-4 drugs, such as ipilimumab and tremelimumab with other ICls, such
as PD-1 blockers is effective in CRC, particularly in subtypes that are resistant to monotherapy. For
example, the CheckMate-142 trial demonstrated a 55% objective response rate and an 80% disease
control rate with nivolumab and ipilimumab, leading to its FDA approval in 2018 [32]. Furthermore,
CTLA-4 expression in Tregs was significantly elevated in the MMRd group, in line with the findings
from our study. In addition, real-world clinical trials are currently underway to investigate the
application of ipilimumab and nivolumab in advanced MMRd EC, highlighting the importance of
these results [33]. Additionally, combining aTIGIT agents, such as vibostolimab, with other
therapies to modulate Tregs may be a promising strategy, and the outcomes of such trials are highly
anticipated [34].

In advanced CRC with MMRd status, prognosis remains poor despite targeted therapies.
Venderbosch et al. demonstrated that patients with MMRd tumors had lower PFS and OS than those
with MMRp tumors. Furthermore, they reported that BRAF mutations were associated with poorer
outcomes in MMRp tumors, however, had no impact on prognosis in MMRd tumors, highlighting
the prognostic differences in the role of BRAF depending on MMR status [35]. However, data from
the ACCENT group indicated that MMRd tumors exhibited better outcomes than MMRp tumors,
regardless of BRAF mutation status [36, 37]. These discrepancies underscore the need for further
investigation into the role of MMRd status in EC and immunological mechanisms underlying these
differences to explain the observed prognostic variations.

Comparison between the MLH1/PMS2 and MSH2/MSH®6 subgroups within MMRd EC revealed
important differences in immune infiltration and T cell activity. Notably, MSH2/MSH6-deficient
tumors exhibited significantly higher CD8+ T cell infiltration than MLH1/PMS2-deficient tumors,
suggesting a more active antitumor immune response in the MSH2/MSH6-deficient group. Further

corroborating this finding, MSH2/MSH6 mutations led to increased neoantigen loads and immune
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infiltration, making these tumors highly responsive to ICls [38-40]. The presence of CD39 in TILs
is increasingly being recognized as a marker of immune exhaustion, particularly in tumors and
promoted tumors growth [41]. Additionally, the reduced expression of TCF-1+ CD8+ TILs in these
tumors suggests a diminished reservoir of stem-like T cells, which is crucial for sustained responses
to immunotherapy [42]. Thus MSH2/MSH6-deficient tumors may respond well to ICIs. Furthermore,
CD39+ CD103+ TILs, which are enriched with MSH2/MSHB6-deficient tumors, are often associated
with a good response to ICIs [43]. This suggests that patients with these mutations may benefit from
combination therapies aimed at mitigating T cell exhaustion, such as targeting the adenosine
pathway or using anti-CD39 antibodies.

The upregulation of exhaustion markers, such as PD-1, TIGIT, CD39, and TOX, in CD8+ TILs in
the LLCAM-positive NSMP subtype suggests that LLCAM-positive tumors harbor a more exhausted
immune microenvironment than that by L1CAM-negative tumors. Moreover, the decreased
frequency of TCF-1+ CD8+ TILs in LLCAM-positive tumors further supports the presence of a
more terminally exhausted T cell population. TCF-1 is a crucial marker of progenitor-exhausted T
cells, which retain their capacity for reinvigoration and are necessary for a sustained response to ICI
therapy [42]. The lower prevalence of LLCAM-positive tumors among patients suggests a limited
reservoir of T cells capable of responding to treatment, potentially contributing to the poor prognosis
in this group. Additionally, increased infiltration of CD101+ CD8+ TILs, a marker of terminally
exhausted cells, in LICAM-positive tumors indicates that these tumors may be less responsive to
conventional immunotherapy [44].

Enhanced expression of PD-1 and TIGIT in ARID1A-mutated tumors indicates an
immunosuppressive microenvironment that potentially leads to immune evasion. TOX, a
transcription factor that regulates T cell exhaustion, is crucial for maintaining the exhausted
phenotype of TILs [45]. Furthermore, CD39+ T cells, which are associated with the generation of
immunosuppressive adenosines, may exacerbate the immunosuppressive environment [41]. We
observed a reduction in the number of TCF-1+ CD8+ TILs with ARID1A mutations. These results
suggest a limited reservoir of functional T cells in ARID1A mutations, which further complicates the
efficacy of ICIs in these patients [42]. Overall, our findings indicated that ARID1A mutations
contribute to an immunosuppressive environment characterized by terminal T cell exhaustion. These

insights suggest that ARID1A-negative EC may benefit from combination therapies aimed at
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reversing T cell exhaustion or targeting immunosuppressive pathways, such as aPD-1 or anti-CD39

treatments.
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5. CONCLUSION

This study revealed distinct immune profiles across the EC molecular subtypes, emphasizing the
therapeutic relevance of these differences. The POLE-mutated and MMRd subtypes showed robust,
however, exhausted immune responses, marked by elevated PD-1, TOX, and TIM-3 expression
levels, suggesting their suitability for ICI therapy. Conversely, the p53abn and NSMP subtypes
exhibited immunosuppressive microenvironments with low T cell infiltration, indicating reduced
responsiveness to immunotherapy. The MSH2/MSH6-deficient group showed higher CD8+ T cell
infiltration and immune activity than the MLH1/PMS2-deficient group, highlighting the potential
for enhanced responses to ICI therapy. Additionally, LLCAM-positive NSMP tumors showed
increased T cell exhaustion and immune suppression, and ARID1A-negative tumors exhibited a
slightly less favorable immune profile with fewer tissue-resident memory T cells, suggesting that
these tumors may respond poorly to tailored immunotherapies targeting T cell exhaustion pathways.
These findings underscore the importance of molecular subtyping for optimizing immunotherapy

strategies for patients with EC.
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