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Background: Immunotherapy, especially with the use of immune checkpoint
inhibitors, has demonstrated efficacy for a variety of malignant tumors. However,
the potential of immunotherapy for endometrial cancer (EC) with POLE
mutations remains underexplored.

Methods: We utilized multiple databases and clinical specimens to investigate
the immunogenicity profiles of EC patients carrying POLE mutations. One
particular hotspot mutation POLE"28R was identified and further studied.
Consequently, by constructing human leukocyte antigen (HLA) tetramers and
incubating them with patients’ peripheral blood mononuclear cells (PBMCs), T
cells capable of recognizing the POLE"?8%R mutation were sorted for further
transcriptomic, proteomic and T-cell receptor (TCR) sequencing analyses and for
an organoid EC model.

Results: Tumor- and immune-related pathways were shown to be activated in
the POLE"286R mutant group. Importantly, by using an organoid model of EC, we
further confirmed the antitumor potential of T cells that were specific to the
POLEP?®R mutation.

Conclusions: Our study uncovers the pronounced immunogenicity of POLE-

mutant EC and characterizes neoantigens that are unique to the POLEP?%6R
mutation, thus providing a promising new immunotherapeutic strategy for EC.
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Introduction

EC is the sixth most common cancer in women and account for
7% of all malignant tumors (1). In recent years, with changes in the
socioeconomic structure, diet and lifestyle habits, the incidence of
EC has increased, and the average age of EC occurrence has
decreased (2, 3). Although early diagnosis, surgical treatment and
chemotherapy have reduced the mortality rate of EC to some extent
(4), treatment options are very limited for some young patients who
need to preserve their reproductive function. For patients with
advanced or recurrent EC in particular, the clinical prognosis
remains poor (5). Immunotherapies for EC started late, and most
clinical studies have focused on EC with microsatellite instability,
while immunotherapies for POLE-mutant EC have not yet been
studied in depth (6, 7). Therefore, individualized and precise
treatment strategies for EC are urgently needed.

In 2013, The Cancer Genome Atlas (TCGA) identified four
categories of endometrial carcinomas based on their molecular
features: ultra-mutated (with mutations in the polymerase € (POLE)
gene) tumors, tumors with microsatellite instability (MSI), copy
number low/microsatellite stable (CNL) tumors and copy number
high (CNH) tumors (8). Among the four molecular typologies defined
by the TCGA, the POLE hypermutant phenotype is one of the specific
and recognized molecular types. POLE mutant ECs usually present
with early lesions, high tumor grade, but showed a better prognosis,
which is closely associated with the immune response, which warrants
further novel immunotherapeutic explorations for POLE mutant EC
(9, 10). In addition, a recent real-world cohort study from the United
Kingdom assessed the clinical and genomic characteristics of POLE-
mutant endometrial cancers and found that these cases were associated
with a favorable prognosis (11). Moreover, POLE mutant ECs have a
high tumor mutational burden (TMB) and increased lymphocyte
infiltration, which is closely associated with immunotherapy response
(12-15). Among them, P286R and V411L are the most common
hotspot mutation sites in the POLE gene (16). In our previous study,
we found that POLE mutations regulate glucose metabolism in the
body and led to a good prognosis (17). In addition, POLE mutations
were found to be significantly associated with responses to adjuvant
therapy, and patients with POLE mutations receiving chemotherapy
exhibited poorer overall survival (OS) (18), which may be due to the
generation of many tumor neoantigens by POLE mutations, resulting
in patient insensitivity to adjuvant therapy.

Genetic mutations lead to tumorigenesis, and certain
nonsynonymous mutations can result in peptides that, after being
degraded by the proteasome, may bind to major histocompatibility
complexes (MHCs) and be presented to antigen-presenting cells
(APCs). Short peptides with MHC binding motifs, named
“neoantigens”, are recognized by T-cell surface factors to generate
an immune response that triggers tumor regression. These antigens
are endogenous, recognized by T cells as “foreign” and less
susceptible to interference by immune tolerance mechanisms,
thus becoming effective targets for tumor immunotherapy (19,
20). With the advent of next-generation sequencing (NGS)
technologies, the exploration of tumoral neoantigens has emerged
as a novel frontier in immunotherapy. These tumor-specific
tumoral neoantigens are uniquely expressed in tumor cells,
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offering highly targeted therapeutic opportunities (21). Currently,
a combination of tumor sequencing and p-MHC prediction allows
the identification of candidate tumor neoantigen peptides in tumor
patients, leading to the synthesis of personalized peptides for
tumor-targeted therapy (22-26). Neoantigens are caused by
mutations in the tumor genome, making them ideal candidates
for targeting tumors. In recent years, significant progress has been
made in peptide complex-targeted neoantigen therapies. By using
computational biology methods, researchers can predict potential
tumor neoantigens and design corresponding peptides. These
peptides can bind to human leukocyte antigen (HLA) molecules
to form peptide complexes, which are then recognized by tumor
cell-specific T cells, triggering an immune response that ultimately
leads to tumor cell lysis (27-29). The POLE gene is the largest
catalytic subunit of human DNA polymerase with DNA polymerase
activity and nucleic acid exonuclease correction activity, and it plays
an important role in cellular DNA replication and base mismatch
recognition and repair and is responsible for chromosomal DNA
replication during cell division (30-32). Early studies showed
that POLE mutations were observed in colorectal cancer,
pancreatic cancer, ovarian cancer, high-grade glioma and EC (33-
37). Among them, EC is the malignancy with the highest percentage
of known POLE gene mutations, with mutation rates of 5-10%
(38, 39).

The present study aimed to reveal the high immunogenicity of
POLE-mutant EC. Neoantigens generated by the POLEF**®
mutation were identified by screening. The design of peptide-
MHC complexes that target the neoantigens generated by the
POLEP***® mutation to kill EC tumor cells by specific T cells may
be a new direction for immunotherapy of POLEP**** EC.

Results

Characteristics of the immune
microenvironment in EC patients with
POLE mutations

To reveal the immunogenicity profile of POLE mutations in EC,
publicly available data from the cBioPortal database (http://
www.cbioportal.org/) were applied for the analysis. We observed
higher TMB scores in patients with POLE mutations than in wild-
type (WT) patients (Figure 1A) Additionally, CD8" T lymphocyte
infiltration and PD-L1 expression showed significant differences
between WT and POLE-mutated patients (Figures 1B, C). To
further validate the results, we analyzed 99 clinical samples of EC
patients from Shanghai First Maternal and Child Health Hospital
(40). The results also revealed that the TMB scores were higher in
patients with POLE mutations than in WT patients (Figure 1D),
suggesting that POLE mutations may lead to the production of
neoantigens, which can trigger an immune response and
potentially enhance the immunogenicity of the tumor. To further
evaluate the relationships between POLE mutations and the immune
microenvironment, immunohistochemical staining was performed to
compare the numbers of CD3", CD4" and CD8" T cells between WT
and POLE-mutated patients from 99 clinical EC samples. The results
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revealed that the numbers of CD3", CD4" cells as well as CD8" T cells
were significantly greater in POLE-mutated patients than in WT
patients, indicating the involvement of the immune
microenvironment in POLE-mutated EC patients (Figures 1E-H,
Supplementary Figure S1). In addition, immunohistochemical
staining for PD-L1 showed that higher PD-L1 expression in
patients with POLE mutations than in WT patients (Figures 11, J),

10.3389/fimmu.2025.1528532

suggesting a potential mechanism of immune evasion by the tumor
cells. Overall, these results contribute to our understanding of the EC
immunogenicity profiles in patients with POLE mutations and
support the notion of a more favorable immune microenvironment
in POLE-mutant EC, which may have the potential for utilizing
immunotherapy strategies targeting the immune microenvironment

in these patients.
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Immune microenvironment characteristics of POLE-mutant endometrial cancer (EC). (A) Comparison of tumor mutation burden (TMB) between POLE
mutant versus wild-type EC patients, data from TCGA. (B) Comparison of PD-L1 expression between POLE mutant versus wild-type EC patients, data from
TCGA. (C) Comparison of CD8" T-cell infiltration between POLE mutant versus wild-type EC patients, data from TCGA. (D) Comparison of TMB between
POLE-mutant and WT EC patients (data from 99 EC patients from Shanghai First Maternal and Child Health Hospital). (E, F) Representative images of
immunohistochemical staining for CD3 in POLE control and POLE-mutant samples (E). Scale bar=50um. Comparison of the CD3 score of
immunohistochemical staining between POLE mutant versus wild-type EC patients (F). (G, H) Representative images of immunohistochemical staining for
CD8 in POLE control and POLE-mutant samples (G). Scale bar=50um. Comparison of the CD8 score of immunohistochemical staining between POLE
mutant versus wild-type EC patients (H). (I, J) Representative images of immunohistochemical staining for PD-L1 in POLE control and POLE-mutant samples
(I). Scale bar=50um. Quantification of PD-L1 immunohistochemical staining scores in POLE control and POLE-mutant samples (J). Data from 99 EC patients
from Shanghai First Maternal and Child Health Hospital in (E-J). * p<0.05, ****p<0.0001.
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Identification of high-frequency sites for
POLE mutations and neoantigen prediction
in patients with EC

To further identify antigens resulting from POLE mutations, we
intersected the mutation information from public data sources
(TCGA and MSK datasets) and 99 clinical EC samples, and
obtained 91 shared mutants, among which two POLE hotspot
mutations, POLE"?%® and POLEV*''L, were identified as the two
most frequent POLE mutations (Supplementary Table SI,
Figure 2A). In the TCGA dataset, these two mutations had the

P2.
E 86R at

highest proportions of mutations in the loci, namely POL
23.5% and POLEV*"'" at 15.3%. These two mutations were also
identified in the MSKCC database with POLE™***® at 11.1% and
POLEY*"'" at 11.1%. Among the 99 EC clinical samples, 13 samples
showed POLE mutations. Specifically, 2 samples (15.4%) each
exhibited the POLE?**® and POLEV**'Y mutations (Figure 2B).

The transcriptome sequencing data, from 583 cases of
endometrial cancer (EC) obtained from the TCGA and MSKCC
databases, had corresponding exon sequencing mutation data
available. The CD8" T-cell content of each specimen was
calculated by using Charoentong signatures, and the patients were
distinguished as high, medium-high, medium-low, and low
according to the CD8" T-cell count score; the average score
values for these groups were 0.506, 0.490, 0.463, and 0.380,
respectively (Figure 2C). The number of patients with varying
degrees of tumor lymphocyte infiltration at the relevant POLE
gene mutation locus was also analyzed (Figure 2D). CD8" T
lymphocyte infiltration at the two high-frequency mutation sites
was counted according to the above CD8" T-cell score. The results
suggested that the number of high- and intermediate-high-grade
tumors was greater than the number of intermediate-low- and low-
grade tumors, suggesting increased infiltration of POLE mutant
CD8" T lymphocytes. Since the focus of this study was on the
cytotoxic killing effect of nascent antigen-activated CD8" T cells, the
antigen-presenting HLA molecules were mainly HLA class I
molecules. Using NetMHCpan 4.1 software for prediction, the
high-frequency MHC class I molecules in the Chinese population
were found to be HLA-A*02:01, HLA-A*11:01, and HLA-A*24:02,
and the POLE mutant antigen peptide sequences that combined
with these high-frequency MHC class I molecules were screened.
HLA-A*02:01 and HLA-A*24:02 bound stably to the POLE*''"
antigen peptide, while HLA-A*11:01 stably and strongly bound to
the POLE"**® antigen peptide. Finally, we identified two high-
frequency sites of the POLE mutation and three new antigenic
peptides resulting from this mutation (Figure 2E).

The capture of specific T cells using
synthesized POLEP?8°R mutant antigens

Based on the above identified POLE hotspot mutation locus, we
searched for EC patients with POLE mutations in our clinical work.
Among 76 EC patients, we found only one patient whose tumor
tissue had the POLEP***® mutation and a matched HLA-A*11:01
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genotype (Figure 3A). Therefore, peripheral venous blood was
collected from this patient, and PBMCs were isolated for the
follow-up study. Moreover, we used the predicted POLE"**}
antigen peptide (LAFDIETTK) as shown in Figure 2E, to
synthesize the epitope peptide. Subsequently, the antigen peptide
fragment was added into the recombinant protein MHC class I
heavy chain and 2 microglobulin (B2m) to be expressed in
Escherichia coli (E. coli), and an MHC tetramer was constructed
by peptide folding, monomer biotinylation and tetramerization,
thus completing the preparation of the T-select MHC tetramer
(Figure 3B). CD8" T cells bound to the POLE"***" peptide-MHC
complex tetramer were detected in PBMCs, and POLEP?86R
antigen-specific T cells were screened and amplified. The
POLEP***® mutant antigen peptide MHC-I complex was enriched
in a high percentage of CD8" T cells compared to controls
(POLEWT). We identified the POLEP***®. HLA-A*11:01 tetramer-
enriched CD8" T cells by flow cytometry. The proportion of
tetramer-positive cells in WT control was only 0.61%, while it
was 5.23% in the POLE"**® group (Figure 3C). This finding

P286R
E

indicated the presence of POL mutant antigen-specific T

cells in EC patients with POLE mutations.

Identification of the POLEP?8%R mutant
neoantigen-reactive TCR

CD8" T cells from the peripheral blood of POLEYT or
POLE??® patients were collected separately and analyzed by
TCR sequencing. TCR is formed by multiple combinations of V,
D, and J genes. Each VDJ combination forms a unique and variable
TCR structure, while the highly variable antigen-recognizing region
on the V gene of the TCR is the CDR3 region (complementarity
determining region, CDR), the amino acid sequence of which
determines the type of antigen recognized. The combination of
the VDJ and CDR3 regions in the TCR determines the uniqueness
of the TCR clone. We compared the number of clones of each TCR
VD] combination and the sequence of the CDR3 region in the
POLE™" and POLE"***® groups (Figure 4A). The width of the line
between TRBV6-4/TRBJ1-2 and TRAV1-2/TRAJ23 in the TCR
rearrangement map represents the proportion of all TCR types;
the higher the proportion is, the greater the number of T cells with
rearranged TCR clones. The TRBV6-4/TRBJ1-2 rearrangement
(purple region) and the TRAV1-2/TRAJ23 rearrangement (yellow
region) were the dominant rearrangements seen in the POLE"?**}
group. The frequency plot of the distribution of the differential
clone table shows that TRBV6-4 and TRAV1-2 constituted the
specific POLEP?R (lones, accounting for 43.5 and 25.65% of all T
cells, respectively (Figure 4B), while these clones were not present in
POLEY" group. TRBV6-4 and TRAVI1-2, together with their
specific CDR3 region, constituted the main protein sequence for
binding the target antigen (Figure 4C). This led us to identify
specific TCRs against the POLE??**® neoantigenic peptide, which
can be used for subsequent validation of the antitumor effect and
provide new immunotherapeutic ideas for patients with POLE*%¢}
mutant EC.
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Synthesis of POLE mutant antigens and capture of specific T cells. (A) Second-generation sequencing confirmed the POLE mutation locus in this

patient with EC. (B) Synthesis process of POLEP286R

mutant MHC complex tetramers and the capture process of specific T cells. (C) Flow cytometry

captures double-positive specific T cells. Flow cytometry analysis of the POLE"?®%R mutant tetramer with a CD8 antibody. Values in the upper right
quadrant indicate the percentage (%) of POLE mutant antigen pMHC tetramer-positive cells in CD8" cells from the peripheral blood of EC patients

with the POLE"?8R mutation.

ExpressionJ)roﬁles of CD8* T cells specific
for POLEP28R mutant antigens

For further insight into the differences between the two types of T
cells, POLE"***® mutant antigen-specific T cells from POLE 2}
group and control T cells from POLE™" group were used. The
specific CD8" T cells obtained in the previous step were cultured,
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amplified, and collected, and transcriptome sequencing was
performed. More than 6000 differentially expressed genes (DEGs)
were found between POLE™ " and POLE"?**® groups (Figures 5A, B).
The top 20 genes with the most significant high and low expression in
the POLE"**® mutant group were screened separately (Figure 5C). Tt
is important to recognize that IL-10 has complex roles in the tumor
microenvironment. While it is associated with immunosuppression,
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FIGURE 4

TCR sequencing was used to identify the specific TCR sequences for POL

EPZSGR

neoantigens. (A) TCR structural rearrangement map. POL
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EPZBGR

mutant group with dominant rearrangement. (B) Frequency plot of the distribution of the difference clone table. The horizontal axis is the proportion
of each TCR V region gene in the total TCR clones, and the vertical axis is the TCR V region gene type. The frequency plot of the distribution of the
differential clone table shows that TRBV6-4 and TRAV1-2 constitute the specific clones of POLE"28%R accounting for 43.5 and 25.65% of all T cells,
respectively. The symbols of 10 clones with the highest frequency are shown. (C) TCR protein sequences. TRBV6-4 and TRAV1-2, as well as their
unigue CDR3 region, constitute the main protein sequences for binding neoantigens.

particularly through inhibition of Th17 cells and modulation of
macrophage activity, there is evidence suggesting that IL-10 can
also contribute to anti-tumor immune responses under certain
conditions (41, 42). In our study, the elevated IL-10 expression
may reflect an adaptive immune response attempting to balance
pro-inflammatory and anti-inflammatory signals in the presence of
tumor antigens. Analysis of the functional differences between POLE
mutant antigen-specific T cells and controls using the GSEA
algorithm showed that POLEP***®*-HLA-A*11:01-specific T cells
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significantly activated several tumor- and immune-related signaling
pathways; the more significantly different pathways were those
related to antigen presentation and processing, cytolysis and
glycolysis (Figure 5D).

To further compare the functional differences between
POLEF?%°R and POLEW" groups, we collected T-cell culture
supernatants for proteomic analysis, and the proteins that were

P2
E 86R

significantly up- and down-regulated in the POL group are

listed in Figure 5E. GO and KEGG enrichment analyses were
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FIGURE 5

Gene expression and proteomic characteristics of T cells specific for POLEP286R mutant antigens. (A) Venn diagram showing the high number of

differentially expressed genes between the two sample groups. (B) Cluster analysis showed a clear distinction between the two groups of
differentially expressed genes. (C) Screening of 20 genes with the most significantly high (left) and low (right) expression in the POLE”28%® mutant
group compared to in the POLEVT group. (D) GSEA indicated that POLEP?%R mutant antigen-specific T cells significantly activated multiple tumor-
and immune-related signaling pathways. (E) T-cell cultures were subjected to proteomic analysis, and the differentially expressed proteins that were
significantly up- and downregulated in the POLE"?8éR group were listed separately. (F) KEGG analysis showed that POLEP?®6® upregulated tumor-
and immune-related signaling pathways. (G) GO enrichment analysis revealed active developmental and metabolic regulation in the POLE"286R
group of cells, with a functional focus on signaling pathways associated with the interferon response.
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performed. Consistent with the transcriptomic information, KEGG
analysis of the differentially expressed proteins showed that in the
POLE"***® group, tumor- and immune-related signaling pathways,
such as the JAK-STAT signaling pathway and the immune
checkpoint PD1/PD-L1 signaling pathway, were upregulated
(Figure 5F). These pathways are indeed interconnected and play
pivotal roles in tumor immunity. The activation of JAK/STAT
signaling is known to promote the production of cytokines such
as IFN-v, which can upregulate PD-L1 expression on tumor cells,
thereby contributing to immune evasion (43). Our findings suggest
that the POLEP286R mutation may drive T cell responses that
inadvertently enhance PD-L1 expression, leading to a feedback loop
that complicates anti-tumor efficacy. The result of GO enrichment
analysis showed that the POLEP**® group was active in cell
development and metabolic regulation, with a functional focus on
interferon response-related signaling pathways, which are closely
related to the immune response (Figure 5G, Supplementary
Figure S2).

Synergistic transcriptomic and proteomic analyses revealed that
POLE"***® mutation-specific T cells significantly activated tumor-
and immune-related signaling pathways upon recognition of POLE
neoantigens, further confirming the possibility of neoantigen
production by mutations at this locus.

EC organoids confirmed the antitumor
effect of the POLEP?8°R neoantigen and
specific T cells

To further validate the tumor-killing effect of the neoantigen
generated by the POLE"***® mutation with specific T cells, we
collected tissues and blood from EC patients, constructed organoid
models, and cocultured them with isolated PBMCs. During the
experiment, we collected postoperative endometrial tissues from
two EC patients, one of whom had tumor tissues without the
POLE mutation and served as a control group, and the other
patient with the POLEP***® mutation that we mentioned before
was used as an experimental group for organoid culture.
Immunofluorescence (IF) staining confirmed that the organoids
were in good condition (Figure 6A). We cocultured the two groups
of organoids with specific T cells (peripheral blood T cells from
patients with the POLEP?**® mutation) and nonspecific T cells
(peripheral blood T cells from patients without the POLE
mutation), respectively. The experimental results confirmed that T
cells (POLE"®®) had a killing effect on organoid”©“**2® and
nonmutated organoids, with the killing effect being more pronounced
in the experimental group. Nonspecific T cells had no killing effect on
either group of organoids. The experimental results fully
demonstrated that the POLE mutation at this locus produced a
new antigenic peptide, and the T cells generated against this antigen
were found to have specific tumor-killing effects (Figures 6B, C).
Based on the results of previous studies, we further speculate that
patients with POLE mutations are more sensitive to immunotherapy,
so we further added anti-PD-L1 antibody (Adebrelimab Injection,
Hengrui Medicine Co., Ltd., $20233106) to the experimental group to
determine whether the treatment combined with anti-PD-LI
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antibody further promoted the killing of tumors. The final
experimental results confirmed a more prominent killing effect in
the mutant group with the addition of the PD-L1 antibody. This
finding suggests that people with this POLE mutation site may benefit
more from immunotherapy, leading to an improved prognosis. This
finding will provide new individualized therapeutic strategies for the

EP286R

endometrial cancer population with the POL mutation.

Discussion

This study focused on the relationship between POLE
mutations and the immune microenvironment of EC, a common
malignancy in women. According to our previous studies, POLE
mutant EC is characterized by a hypermutated phenotype,
increased tumor mutation burden, and increased lymphocyte
infiltration, all of which are closely associated with the immune
response and may lead to more benefits from immunotherapy,
resulting in improved disease prognosis. Patients with POLE
mutations have also been described in the literature to have a
significant response to immune checkpoint inhibition, and cancers
harboring POLE mutations are good candidates for treatment with
immune checkpoint inhibitors, increasing the likelihood that
conservative treatment will be available for younger patients. In
patients with multiple metastases, metastatic tumors shrink
significantly and treatment outcomes are improved (44-47).

Given that tumor neoantigens are a new direction for EC
immunotherapy, we explored and characterized neoantigens
produced by EC with the POLE"*®® mutation. We obtained
results consistent with previous studies through statistical analysis
of information from clinical samples and public databases, fully
demonstrating that the POLE gene plays an immunogenic role in
EC. While both POLE"***® and POLEY*''" mutations are the high
prevalent mutations in our study, we were only able to collect samples
with the POLEP?**® mutation for detailed experimental investigation,
which is mainly due to the limited numbers of the available clinical
specimens that met our study criteria. Therefore, we cannot
definitively conclude that POLEY*''" exhibits similar properties to
POLEP?® without further studies. Further experiments will be
necessary to elucidate the functions of the POLEY*!'" mutation in
EC. Therefore, we focused on POLE"?**® in the present study. We
found that the altered immune microenvironment was caused by a
POLE mutant antigen and identified a POLE?***® mutant neoantigen
and the corresponding MHC complexes (HLA-A*11-01p.P286R).

In 2015, a study by Howitt et al. showed that POLE mutant EC
produced 15 times more tumor neoantigens than MSI EC and more
than 100 times more neoantigens than MSS EC (48). The Phase Ib
clinical trial KEYNOTE-028 reported that a POLE-mutant
advanced EC patient achieved partial remission and a sustained
response for more than 14 months after 8 weeks of treatment with
pembrolizumab (49). On the basis of the above studies, we further
confirmed that POLE mutation EC is a tumor subtype with a high
tumor mutational burden and good immunogenicity for molecular
typing, which may be more effective for immunotherapy, by
analyzing the database data and clinical sample data and
combining them with immunohistochemical staining scores.
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FIGURE 6 7
EC organoids confirmed the antitumor effect of the POLE"286R

neoantigen and specific T cells. (A) Immunofluorescence staining confirmed EC and an

organoid, scale bar=100um. Anti-Estrogen staining in green, and anti-Vimentin staining in red. (B) The organoid assay confirmed the antitumor effect of

specific T cells and increased killing by the anti-PD-L1 antibody, scale bar=500um. Red arrows indicate the killing effects. (C)

TPOLE-P2BER had a killing effect

on organoid™©'E P285R and control organoid and the killing effect was enhanced by the addition of PD-L1. **p < 0.01, ***p < 0.001.

Previous studies have targeted RAS hotspot mutations,
identified neoantigens and corresponding TCRs, and successfully
validated the antitumor effects in vivo after TCR reconstruction and
transduction (50). Neoantigens and specific TCRs, which were
identified by FGFR3 mutations, also show unique antitumor
toxicity (51). We believe that immunotherapies targeting shared
neoantigens would constitute good approaches for cancer
treatment. In our study, we successfully constructed MHC
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tetrameric complexes and captured POLE"**}

mutant antigen-
specific T cells. Transcriptome sequencing and proteomics revealed
that POLE mutant-specific T cells significantly activated tumor and
immune-related signaling pathways upon recognition of the POLE
antigen. In addition, through sequencing technology, we found that

the antigen recognition receptor, TCR, of POLE"**®

mutant
antigen-specific T cells had a significant oligoclonal distribution,

demonstrating that the immunogenicity of POLE"***® mutant
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antigen in patients stimulates the clonal proliferation of their
recognition T cells. Eventually, the organoid model further
validated the antitumor effects of specific T cells, suggesting the
presence of neoantigens. The identification of peptides that are
candidate EC neoantigens, the synthesis of personalized peptides,
and the establishment of specific T-cell applications have made
precision tumor immunotherapy modalities possible. Based on the
above studies, there is a good reason to believe that the POLE"?**}
mutation results in the HLA-A11:01 presentation of the mutant
region peptide, which results in the formation of the pMHC
complex on the surface of tumor cells. The complex is recognized
by specific T cells to produce a killing effect.

Overall, based on the above studies, we propose the bold
concept that POLE mutant peptides in EC can be used as
immunotherapeutic targets to activate broad T-cell killing effects.
We plan to establish cellular and animal models in subsequent
studies to further identify POLE mutant EC neoantigen peptides,
synthesize personalized peptides, and establish specific T-cell
antitumor immunotherapy to provide molecular targets for
guiding clinical precision therapy in the hope of improving the
quality of survival and survival rate of POLE mutant EC patients.

In addition, it is worth mentioning that this study has several
limitations, while some difficulties were encountered during the
study. This major limitation may lead to a low generalizability of the
research results. For the issue of sample size, we collected a total of
more than 100 patients with EC during our preliminary case
collection, and there was only one patient who had both the
P286R mutation locus and HLA typing after performing tissue

sequencing. While this one POLEP?®*¢}

organoid model
demonstrated significant anti-tumor potential of the specific T
cells, further validation using more patients-derived samples
would strengthen our conclusions. We will actively search for
cases with the same conditions for further validation in
subsequent studies. We also need to pay attention to the
uniqueness of the Chinese population. The specificity of the TCR
clonal profile lacks stability during sequencing of T-cell receptors
specific for POLE mutant antigens. To address this issue, we will
continue to expand the sample size of eligible experiments for
validation. Second, although we identified the sequence of the TCR
protein that binds to this neoantigen, we have not validated the
antitumor killing in vitro and in vivo at this time, which will be the
focus of our subsequent studies. Despite these limitations, this is an
important breakthrough for immunotherapy of this subtype of EC,
making it possible to establish specific T-cell applications for tumor
precision immunotherapy modalities. Previous studies have found
that PD-L1 positivity can be used as a predictor of the prognostic
status of EC patients. The increased involvement of PD-L1 in this
study will also provide new evidence for the potential use of
immunotherapy with neoantigens combined with PD-L1 in
EC (52).

In brief, we found that POLE mutations were immunogenic in
EC, confirmed the presence of the nascent antigen due to a high-
frequency POLE mutation in EC, and obtained specific T cells
against the POLE"?**® antigen, which have a specific antitumor
effect. In addition, we identified the neoantigen recognition receptor
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(TCR) via sequencing technology. Importantly, these results suggest
that the neoantigen peptide and TCR identified in this study are
promising candidates for immunotherapy of POLE mutant EC. Due
to the widespread presence of POLE mutations across cancers, such
approaches could also be further explored and validated in other
cancer diseases. Targeting the neoantigens generated by POLE
mutations to obtain tumor-specific T cells is expected to be used

in immunotherapy for various malignancies.

Materials and methods
Research data sources

Data source for clinical EC patients: exon sequencing data from
99 female EC patients from Shanghai First Maternal and Child Health
Hospital (accession no: OEP001202. All data can be viewed in NODE:
http://www.biosino.org/node) were applied for analysis of mutant
amino acid types and human leukocyte antigen (HLA) types. Each
patient dataset contained exome sequencing data from
paired tumor tissue and peripheral blood samples. Public
data were obtained from the cBioPortal database (http://
www.cbioportal.org/), with the TCGA database including 529
cases and the MSKCC database including 189 cases of EC.

Sequencing data analysis

Analysis of exon data

All public data specimens were compared using BWA-SAMtools
analysis, while mutations were later identified using GATA-Mutect
(GATK4.0) and annotated using VEP/ANNOVAR. The mutation
information of 727 specimens from public data was intersected with
that of the measured patient specimens, and the intersection strategy
was as follows: the intersecting portion was identified by correlating
the data from 3 sources using mutated gene names and pHGVS; the
original intersection table in the result table (user data+TCGA
+MSKCC data intersection) was based on the original data after
correlation of the three data; and the data were filtered by applying
the criterion VAF>2%. VAF represents the frequency of mutated loci
in tumor tissues of patients and is a measure of mutational load.

Mutation loci that were common after mutation annotation as
described above were filtered out. Then, we used the mutation
transcript numbers and amino acid sequence numbers from the
mutation annotation to obtain the complete results of exon mutant
amino acid sequences using the hg38 genome sequence version
from the RefSeq Protein sequence library (NCBI GenBank
database) as the standard sequence. To predict the de novo
antigenic peptide sequence of 8-15 amino acids, we intercepted 15
amino acids upstream and downstream of the mutation position to
form the amino acid sequence to be predicted. The strategy used for
mutation site selection was to select all missense mutations,
frameshift mutations, and indel mutations in the coding region
and to discard truncation mutations, nonsense mutations, and
synonymous mutations.

frontiersin.org


http://www.biosino.org/node
http://www.cbioportal.org/
http://www.cbioportal.org/
https://doi.org/10.3389/fimmu.2025.1528532
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

Analysis of tumor lymphocyte infiltration

Tumor lymphocyte infiltration analysis was performed only for
transcriptome sequencing data of EC from TCGA and MSKCC with
583 cases. All transcriptome sequencing specimens mentioned above
had corresponding exon sequencing mutation data. The normalized
postsequencing data from transcriptome sequencing were provided
by the public data platform. The expression values for each gene used
for analysis were normalized to gene length, thus reducing the effect
of gene length on expression levels. Each gene expression level was
then converted to a TPM value, which was defined as the percentage
of each gene expression level (normalized by length) to the total
sequencing volume per specimen. The CD8" T-cell content was
calculated for each specimen using Charoentong signatures (53),
and the Xcell program was used as the calculation platform.

Analysis of the degree of lymphocytic infiltration
of tumors at high-frequency POLE mutant loci

After Charoentong signatures were used to calculate the CD8"*
T-cell content of each specimen, the 583 specimens were divided
into four quartiles, labeled high, medium-high, medium-low, and
low content, in order of CD8" T-cell content from highest to lowest.
The CD8" T-cell content of each specimen corresponded to the
mutation site and VAF value of that specimen.

Immunohistochemistry

Paraffin-embedded tissue sections (4 um) of EC specimens were
subjected to immunohistochemical processing. First, specimens
were dewaxed and dehydrated, followed by treatment with the
anti-PD-L1 antibody (1:200; Cell Signaling Technology, 13684),
anti-CD3" antibody (1:200; Cell Signaling Technology, 85061),
anti-CD4" antibody (1:250; Abcam, ab133616) and anti-CD8"
antibody (1:500; Abcam, ab217344). After washing, the sections
were incubated with biotin-conjugated secondary antibodies,
followed by incubation with streptavidin-HRP. Sections were
visualized by incubation with 3,3’-diaminobenzidine substrate
(PR30010, Proteintech) and counterstained with hematoxylin.
Images were acquired using a Mantra system (PerkinElmer,
Waltham, Massachusetts, United States) with the same exposure
time. The integral optical density was used to quantify the protein
levels of PD-L1, CD3", and CD8" in the tumor tissue, and this
integral optical density was calculated by dividing the staining
intensity by the staining area (brown staining area).

HLA typing and neoantigen
candidate identification

Three high-frequency MHC class I molecules (54) (HLA-
A%02:01, HLA-A*11:01, and HLA-A*24:02) were predicted in the
Chinese population via the NetMHCpan4.1 software (55), and the
binding relationship between the HLA antigen and POLE mutant
antigen peptide chain was predicted. The detailed information was
shown in Supplementary Table S2.
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Human subjects

Fresh human endometrial cancer specimens were collected
from two endometrial cancer patients (one patient with WT
POLE and the other patient with the P286R POLE mutation and
HLA-A*11:01) after surgical tumor resection at Shanghai First
Maternity and Infant Hospital. None of the patients received
chemotherapy or immunosuppressive therapy at least 3 months
prior to surgery. The use of tumor tissue samples for research
purposes was in accordance with the guidelines of the Institutional
Human Research Ethics Committee at the Shanghai First Maternity
and Infant Hospital, Shanghai, China. Biopsies were obtained from
surgical specimens measuring at least 2 x 2 x 2 mm in size. Collected
tissue was transported in a solution of RPMI-1640 medium (Gibco,
cat. no. 11875093), 1% penicillin/streptomycin, and 10 mM HEPES
(Gibco, cat. no. 15630-056). If tissue was unable to be delivered on
the day of the surgery, it was stored overnight at 4°C.

Immunofluorescence staining

The organoid culture was transferred into a 1.5 ml centrifuge
tube and briefly centrifuged. The supernatant was discarded, PBS
was added to wash, the sample was further centrifuged and the
supernatant was discarded. Then, 1 ml of 4% PFA was added, and
the sample was fixed for more than 30 min at room temperature.
The membrane was washed with PBS again, permeabilized with
0.1% Triton X-100 for 10 min. A diluted primary antibody (sc-6260,
1:100, Santa Cruz; ab32063, 1:200, Abcam) was added, and the
membrane was incubated at 4°C overnight. The next day, the
supernatant was centrifuged and discarded, diluted secondary
antibody (A0423, 1:400, Beyotime) was added after PBS
incubation for 3 hours at room temperature, and the supernatant
was further centrifuged and discarded. The precipitate was
aspirated, added dropwise to the slide, covered with a coverslip,
and finally observed and photographed under a fluorescence
microscope (BX53, Olympus).

Tissue DNA extraction and
mutation detection

After DNA extraction from frozen tissue samples using the AllPrep
DNA/RNA/miRNA Universal Kit (Qiagen), agarose gel electrophoresis
was performed to check for no degradation, and DNA samples were
prepared as templates for PCR mutation detection. The primers for the
POLE"***® mutation and HLA-A*11:01 were shown in Supplementary
Table S3. PCR mutation detection was performed using Tag DNA
Polymerase Mix (Novozymes).

MHC tetramer construction

Quantitative detection of antigen-specific CTLs was performed
using MHC class I/peptide complex tetramers as probes (56). In the
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first step, the POLE"**® mutant epitope peptide was synthesized at
95% purity (Genescript, Nanjing, China). Then, the recombinant
proteins HLA-A*11:01 (Genescript, Shanghai, China) and B2
microglobulin (B2m) were expressed in Escherichia coli. After
folding by adding the synthetic mutant peptide, the MHC class 1/
peptide complex monomer was formed and concentrated by
ultrafiltration, and the folded complex monomer was obtained by
molecular exclusion chromatography using an AKTA avant
chromatography system (Cytiva). The A280 absorption peak was
combined after chromatography using a HiLoad Superdex 75 pg
(Cytiva). The fractions were collected in tubes. The lysine residue at
the C-terminus of the MHC class I heavy chain in the complex
monomer was biotinylated using the BirA enzyme, and the
biotinylated complex monomer was again purified using the
AKTA avant chromatography system (Cytiva) with HiLoad
Superdex 75 pg (Cytiva) to obtain a single absorbance peak pure
product. After molecular exclusion chromatography, the fractions
that exhibited A280 peaks were combined. Finally, the purified
biotinylated monomers were combined with streptavidin (Bioleng,
Shanghai, China) labeled with the PE fluorochrome to form a
tetramer, thus completing the preparation of the MHC tetramer.

PBMC isolation, antigenic peptide
stimulation and specific T-
cell identification

Peripheral blood mononuclear cells (PBMCs) were prepared by
taking 4 ml of peripheral blood from the patient with POLE"" and
the other patient with POLE"?**® mutation and matched HLA-
A*11:01. Patient venous blood (4 ml) was collected in tubes
containing ethylenediaminetetraacetic acid (EDTA; BD Biosciences,
Oxford, UK). PBMCs were isolated by density gradient centrifugation
with Ficoll-Paque (Histopaque; Sigma-Aldrich, Cambridge, UK). A
total of 1x10° PBMCs were obtained after isolating from peripheral
blood. PBMCs were cultured in RPMI 1640 medium containing 10%
FCS and 1% penicillin-streptomycin under normoxia (21% oxygen)
and incubated overnight at 37°C in a 5% CO, incubator. After
overnight incubation, the suspended cells were plated on separate
culture dishes and cultured. After addition of 2 ng of IL-4 (Sigma), 10
ng of the POLEP***® mutant peptide and 2 ng of GM-CSF (Sigma) to
the plated cells, cultivation was continued for 1 day, and 10 ng of the
POLE"?*® mutant peptide was added every other day 5 times. Three
days later, the T cells from the suspension culture were added and
incubated with either IL2 (10 ng/mL, Housheng Medical, Shanghai,
China) or the PLOE"™**® mutant epitope peptide (synthesized by
Genescript, Nanjing, China). At 21 days, all cells were collected and
centrifuged at 2400 rpm for 20 min at room temperature and then
resuspended in serum-free RPMI 1640 at a concentration of 1x10°
cells/ml. A total of 400 pl of cell suspension was taken, and
PLOEP?*R _HLA-A*11:01 tetramer (5 pg/ml) was incubated for 30
min (maximum 4 h) at room temperature and protected from light.

After coincubation of POLEP***® antigenic peptide-stimulated
T cells with the tetramer, anti-CD8" antibody (1:200; Cell Signaling
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Technology, 85336) was added, and the cells were incubated for
20 min at 4°C. The cells were resuspended by adding 100 pl of 10x
PBS and centrifuged at 400 x g for 5 min at room temperature.
After careful removal of the supernatant, the cells were
resuspended in 200 pL of 0.1% BSA in PBS, and the number of
antigenic peptide-specific T cells was detected by the CytoFLEX
flow analysis platform.

Transcriptome sequencing

RNA was extracted using a modified protocol for the RNeasy
MinElute Clean-up Kit (Qiagen, Germany). Total RNA reverse
transcription was performed via template conversion. Preparation
of the reverse transcription system and execution of reverse
transcription were then performed. As the second step, the
mRNA library (reagents list: Vazyme #NR601; Vazyme #N411;
Vazyme #N412; VAHTSTM RNA Adapters set 1-set 2 for Illumina)
was enriched, the amplification system was prepared, the
amplification procedure was performed, and Qubit quantification
was performed. As the third step, a 50 ng sample was obtained
based on the concentration measured in the previous step, prepared
for fragmentation, and ligated in a PCR thermocycler. Finally, the
library amplification procedure was executed, Qubit quantification
was performed, and the library size distribution and concentration
size were determined by agarose gel electrophoresis (nucleic acid
analyzer). Sequencing was performed on the Illumina platform.

4D-label-free quantitative proteomics

PBMCs from the POLEV" patient and the POLEP***® mutant
patient were isolated and cultured, respectively. For comparison of
the differential changes in protein expression in the control and
mutant groups, 4D-label-free quantitative proteomic techniques
were used as reported previously (57). Cell culture supernatants
of both groups were collected separately, and proteins were
extracted by lysis (with 4% w/v SDT SDS, 100 mM Tris/HCl (pH
7.6), and 0.1 M DTT), followed by protein quantification by the
BCA method. An appropriate amount of protein from each sample
was subjected to trypsin digestion by the filter-aided proteome
preparation (FASP) method (58). Then, the peptides were desalted,
lyophilized and added to 40 pl of 0.1% formic acid solution for
resolubilization, and the peptides were quantified (OD,g,). Each
sample was separated using Easy nLC, an HPLC liquid phase system
with a nanoliter-scale flow rate. The samples were separated by
chromatography and analyzed by mass spectrometry using a
timsTOF Pro mass spectrometer.

Mass spectral data were retrieved by MaxQuant (V1.6.6)
software (Monitor Helix, China). Proteins with expression fold
changes >1.2 (or <0.8) and P<0.05 were considered differentially
expressed proteins (DEPs). DEPs were GO annotated using
Blast2GO, and the KEGG database (http://www.kegg.jp/) was
used to obtain information on pathway enrichment. GO and
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KEGG pathway enrichment analyses were performed using Fisher’s
exact probability test.

TCR sequencing

Total RNA was extracted from peptide-HLA-tetramer-positive
cells. cDNAs were synthesized with a common 5-RACE adapter
from the total RNA using a SMART library construction kit
(Clontech, Mountain View, CA, USA). By this method, T-cell
receptor (TCR) o and TCRP cDNA were amplified by PCR using
the forward primer of the SMART articulator and the corresponding
reverse primer (TCR primers purchased from Takara). After adding
the Illumina index sequences with a barcode using the Nextera XT
Index Kit (Illumina, San Diego, CA, USA), the prepared libraries were
sequenced by 300-bp paired-end sequencing on the Illumina MiSeq
platform using a MiSeq Reagent v3 600-cycles kit (Illumina, San
Diego, CA, USA). The obtained sequence reads were analyzed using
MiXCR (v3.0.3) (Bolotin DA [2015]) (59).

Organoid culture, coculture and high-
content imaging

Endometrial tumor tissue was collected, washed twice with
PBS, and then minced in a Petri dish with shears into fragments of
1-3 mm® or smaller. The fragments were transferred to a 15 mL
Falcon tube with 5 mL of tumor tissue digestion solution. Then,
tissue fragments were incubated in the solution at 37°C for 15-20
minutes and intermittently mixed every 5 minutes. Digestion was
evaluated with light microscopy for dissociated fragments. Once at
least 80% single cells were present in the mixture, PBS was added
and filtered using a 100 um cell strainer. The supernatant was
transferred to a separate 15 mL Falcon tube and centrifuged at 300
x g for 5 minutes at 4°C. Next, the pellet was resuspended evenly in
a 70:30 mixture of Matrigel® Matrix (Corning, Catalog 356231).
Organoid media were placed on ice to prevent polymerization of
the mixture prior to plating. The mixture was plated into 50 pL
domes on a prewarmed 24-well plate (Corning, Catalog 3524). The
plate was placed in a CO2 incubator (37°C, 5% CO2) for 10
minutes to allow the Matrigel to polymerize and solidify, after
which 0.75 mL of endometrial cancer organoid culture medium
(JFKR, Catalog JFKR-EOC-100, Shanghai, China) was added
to tumor endometrial organoid wells. The culture medium
was changed every 2-3 days, and after 10 days of culture, the
organoids were harvested for further processing.

Human endometrial cancer organoid culture medium (JFKR,
Catalog FKR-EOC-100) contained Advanced DMEM-F12 (Gibco,
cat. 12634-028), 50 ng/L Wnt3A (PeproTech, 315-20-2UG), 1%
Glutamax (Life Technologies, Catalog 35050061), 1% HEPES
((Gibco, cat. 15630-056), 1% penicillin-streptomycin (Gibco, cat.
15070063), 2% B27 (Gibco, cat. 17504-044), 1% N2 (Gibco, cat.
17502048), 1% insulin-transferrin-selenium (Gibco, cat. 41400045),
0.2% Primocin (Gibco, cat. PML-40-60), 50 ng/mL human EGF

Frontiers in Immunology

14

10.3389/fimmu.2025.1528532

(Peprotech, cat. AF-100-15), 100 ng/mL human FGF10 (Peprotech,
cat. 100-26), 1.25 mM N-acetyl-L-cysteine (Sigma-Aldrich, cat.
A9165-5G), 1 mM nicotinamide (Sigma-Aldrich, cat. N0636),
and 0.5 mM A83-01 (Tocris, cat. 2939).

PBMCs from endometrial cancer patients were cultured in T-cell
expansion basal medium (Gibco, cat. A1048503) with 100 U/ml IL-2
(PeproTech, cat. 200-02-50UG) and 3 pg/ml anti-human CD3/CD28
Dynabeads (Gibco, cat. 11161D). Endometrial cancer organoids were
harvested, mechanically broken and transferred into each well of a
24-well plate containing 250 ul of T-cell medium. T cells were
harvested, counted and combined with organoids at a 25-50:1 (T
cells:organoids). Coculture with T cells was performed for 1-3 d at
37°C and 5% CO,. Cocultures were imaged in time using an
IncuCyte® fast-track scientific discovery system. The imaging
settings were as follows: repeat scanning: every 2 h for 72 h; scan
type: scratch wound; scan plate: 96-well ImageLock plate. Three
images per well were scanned. The supernatants from different
groups were collected and LDH Cytotoxicity Assay Kit (Beyotime,
C0017) was used to determine the cell viability.

Statistical analysis

A two-tailed Student’s t test was used to determine the statistical
significance of the differences between the means. A p value of < 0.05
was considered statistically significant. We performed statistical
analyses using GraphPad Prism version 9.0 (GraphPad software).

Data availability statement

Exon sequencing data from 99 female endometrial cancer (EC)
patients at Shanghai First Maternal and Child Health Hospital) can be
accessed at NODE: http://www.biosino.org/node (accession no:
OEP001202). The remaining data supporting the conclusions of this
article will be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by the Clinical
Research Ethics Committee of the College of Medicine, Tongji
University (Number: KS22133). Written informed consent was
received from participants before inclusion in the study. The
studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

XZ: Conceptualization, Supervision, Writing — review & editing.
JH: Investigation, Methodology, Software, Validation, Visualization,

frontiersin.org


http://www.biosino.org/node
https://doi.org/10.3389/fimmu.2025.1528532
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

Writing - original draft. SS: Investigation, Methodology, Validation,
Writing - review & editing. YY: Investigation, Methodology, Writing —
review & editing. YH: Investigation, Software, Writing — review &
editing. HW: Investigation, Methodology, Visualization, Writing —
review & editing. YG: Investigation, Methodology, Writing - review &
editing. LH: Investigation, Methodology, Writing — review & editing.
XW: Investigation, Methodology, Writing - review & editing.
XM: Software, Validation, Writing - review & editing. ZZ:
Conceptualization, Supervision, Writing — review & editing. YL:
Writing — original draft, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. The study
was supported by the National Natural Science Foundation
of China (grant numbers 32270952, 32070583), the Shanghai
Rising-Star Program (grant number 22QC1400700), the
Shanghai Health System Outstanding Talents Program (grant
number 20234Z0019).

Acknowledgments

The authors would like to acknowledge the helpful suggestions
concerning this study received from their colleagues.

References

1. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA Cancer |
Clin. (2021) 71:7-33. doi: 10.3322/caac.21654

2. Chen W, Xia C, Zheng R, Zhou M, Lin C, Zeng H, et al. Disparities by province,
age, and sex in site-specific cancer burden attributable to 23 potentially modifiable risk
factors in China: a comparative risk assessment. Lancet Glob Health. (2019) 7:€257-€69.
doi: 10.1016/S2214-109X(18)30488-1

3. Chen W, Zheng R, Baade PD, Zhang S, Zeng H, Bray F, et al. Cancer statistics in
China, 2015. CA Cancer ] Clin. (2016) 66:115-32. doi: 10.3322/caac.21338

4. Gu BX, Shang XG, Yan MQ, Li X, Wang W, Wang Q, et al. Variations in
incidence and mortality rates of endometrial cancer at the global, regional, and national
levels, 199022019. Gynecol Oncol. (2021) 161:573-80. doi: 10.1016/j.ygyno.2021.01.036

5. Makker V, Green AK, Wenham RM, Mutch D, Davidson B, Miller DS. New
therapies for advanced, recurrent, and metastatic endometrial cancers. Gynecol Oncol
Res Pract. (2017) 4:19. doi: 10.1186/s40661-017-0056-7

6. Eskander RN, Sill MW, Beffa L, Moore RG, Hope JM, Musa FB, et al.
Pembrolizumab plus chemotherapy in advanced endometrial cancer. N Engl ] Med.
(2023) 388:2159-70. doi: 10.1056/NEJMo0a2302312

7. Mirza MR, Chase DM, Slomovitz BM, dePont Christensen R, Novak Z, Black D,
et al. Dostarlimab for primary advanced or recurrent endometrial cancer. N Engl ] Med.
(2023) 388:2145-58. doi: 10.1056/NEJMo0a2216334

8. Murali R, Soslow RA, Weigelt B. Classification of endometrial carcinoma: more than
two types. Lancet Oncol. (2014) 15:E268-E78. doi: 10.1016/S1470-2045(13)70591-6

9. McConechy MK, Talhouk A, Leung S, Chiu D, Yang W, Senz J, et al.
Endometrial carcinomas with POLE exonuclease domain mutations have a
favorable prognosis. Clin Cancer Res. (2016) 22:2865-73. doi: 10.1158/1078-
0432.CCR-15-2233

10. Wu Q, Zhang N, Xie X. The clinicopathological characteristics of POLE-
mutated/ultramutated endometrial carcinoma and prognostic value of POLE status:
a meta-analysis based on 49 articles incorporating 12,120 patients. BMC Cancer. (2022)
22:1157. doi: 10.1186/s12885-022-10267-2

11. Chaabouni N, Vroobel K, Attygalle A, Proszek P, Johnson L, Smalley M, et al.
Pole mutated endometrial carcinoma: Clinical and genomic characteristics from a real-

Frontiers in Immunology

15

10.3389/fimmu.2025.1528532

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1528532/
full#supplementary-material

world UK cohort. J Clin Oncol. (2024) 42.16_suppl(2024):¢17600-e17600. doi: 10.1200/
JCO.2024.42.16_suppl.e17600

12. Dessources K, Ferrando L, Zhou QC, Iasonos A, Abu-Rustum NR, Reis-Filho ]S,
et al. Impact of immune infiltration signatures on prognosis in endometrial carcinoma
is dependent on the underlying molecular subtype. Gynecol Oncol. (2023) 171:15-22.
doi: 10.1016/j.ygyno.2023.01.037

13. Talhouk A, Hoang LN, McConechy MK, Nakonechny Q, Leo J, Cheng A, et al.
Molecular classification of endometrial carcinoma on diagnostic specimens is highly
concordant with final hysterectomy: Earlier prognostic information to guide treatment.
Gynecol Oncol. (2016) 143:46-53. doi: 10.1016/j.ygyno.2016.07.090

14. Church DN, Stelloo E, Nout RA, Valtcheva N, Depreeuw J, ter Haar N, et al.

Prognostic significance of POLE proofreading mutations in endometrial cancer. J Natl
Cancer Inst. (2015) 107:402. doi: 10.1093/jnci/djud02

15. LiHD, Lu C, Zhang H, Hu Q, Zhang ], Cuevas IC, et al. A PoleP286R mouse model of
endometrial cancer recapitulates high mutational burden and immunotherapy response. JCI
Insight. (2020) 5:¢138829. doi: 10.1172/jci.insight.138829

16. Leon-Castillo A, Britton H, McConechy MK, McAlpine JN, Nout R, Kommoss S,
et al. Interpretation of somatic POLE mutations in endometrial carcinoma. J Pathol.
(2020) 250:323-35. doi: 10.1002/path.v250.3

17. Li Y, Bian Y, Wang K, Wan XP. POLE mutations improve the prognosis of
endometrial cancer via regulating cellular metabolism through AMF/AMFR signal
transduction. BMC Med Genet. (2019) 20:202. doi: 10.1186/s12881-019-0936-2

18. LiY,He Q LiS, Wen X, Ye L, Wang K, et al. POLE mutation characteristics in a
Chinese cohort with endometrial carcinoma. Onco Targets Ther. (2020) 13:7305-16.
doi: 10.2147/OTT.S258642

19. Teng YHF, Quah HS, Suteja L, Dias JML, Mupo A, Bashford-Rogers RJM, et al.
Analysis of T cell receptor clonotypes in tumor microenvironment identifies shared
cancer-type-specific signatures. Cancer Immunol Immunother. (2022) 71:989-98.
doi: 10.1007/500262-021-03047-7

20. Peri A, Greenstein E, Alon M, Pai JA, Dingjan T, Reich-Zeliger S, et al.
Combined presentation and immunogenicity analysis reveals a recurrent RAS.Q61K
neoantigen in melanoma. J Clin Invest. (2021) 131:¢129466. doi: 10.1172/JCI129466

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1528532/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1528532/full#supplementary-material
https://doi.org/10.3322/caac.21654
https://doi.org/10.1016/S2214-109X(18)30488-1
https://doi.org/10.3322/caac.21338
https://doi.org/10.1016/j.ygyno.2021.01.036
https://doi.org/10.1186/s40661-017-0056-7
https://doi.org/10.1056/NEJMoa2302312
https://doi.org/10.1056/NEJMoa2216334
https://doi.org/10.1016/S1470-2045(13)70591-6
https://doi.org/10.1158/1078-0432.CCR-15-2233
https://doi.org/10.1158/1078-0432.CCR-15-2233
https://doi.org/10.1186/s12885-022-10267-2
https://doi.org/10.1200/JCO.2024.42.16_suppl.e17600
https://doi.org/10.1200/JCO.2024.42.16_suppl.e17600
https://doi.org/10.1016/j.ygyno.2023.01.037
https://doi.org/10.1016/j.ygyno.2016.07.090
https://doi.org/10.1093/jnci/dju402
https://doi.org/10.1172/jci.insight.138829
https://doi.org/10.1002/path.v250.3
https://doi.org/10.1186/s12881-019-0936-2
https://doi.org/10.2147/OTT.S258642
https://doi.org/10.1007/s00262-021-03047-7
https://doi.org/10.1172/JCI129466
https://doi.org/10.3389/fimmu.2025.1528532
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Huang et al.

21. Ishii M, Ando J, Yamazaki S, Toyota T, Ohara K, Furukawa Y, et al. iPSC-derived
neoantigen-specific CTL therapy for ewing sarcoma. Cancer Immunol Res. (2021)
9:1175-86. doi: 10.1158/2326-6066.CIR-21-0193

22. Bentzen AK, Marquard AM, Lyngaa R, Saini SK, Ramskov S, Donia M, et al.
Large-scale detection of antigen-specific T cells using peptide-MHC-I multimers
labeled with DNA barcodes. Nat Biotechnol. (2016) 34:1037-45. doi: 10.1038/nbt.3662

23. Caushi JX, Zhang J, Ji Z, Vaghasia A, Zhang B, Hsiue EH, et al. Author
Correction: Transcriptional programs of neoantigen-specific TIL in anti-PD-1-
treated lung cancers. Nature. (2021) 598:El. doi: 10.1038/s41586-021-03893-6

24. Chen CY, Ueha S, Ishiwata Y, Shichino S, Yokochi S, Yang D, et al. Combining
an alarmin HMGNI1 peptide with PD-L1 blockade results in robust antitumor effects
with a concomitant increase of stem-like/progenitor exhausted CD8(+) T cells. Cancer
Immunol Res. (2021) 9:1214-28. doi: 10.1158/2326-6066.CIR-21-0265

25. Sarkizova S, Klaeger S, Le PM, Li LW, Oliveira G, Keshishian H, et al. A large
peptidome dataset improves HLA class I epitope prediction across most of the human
population. Nat Biotechnol. (2020) 38:199-+. doi: 10.1038/s41587-019-0322-9

26. Overall SA, Toor JS, Hao S, Yarmarkovich M, O’'Rourke SM, Morozov GI, et al.
High throughput pMHC-I tetramer library production using chaperone-mediated
peptide exchange. Nat Commun. (2020) 11:1909. doi: 10.1038/s41467-020-15710-1

27. Carreno BM, Magrini V, Becker-Hapak M, Kaabinejadian S, Hundal J, Petti AA,
et al. A dendritic cell vaccine increases the breadth and diversity of melanoma
neoantigen-specific T cells. Science. (2015) 348:803-8. doi: 10.1126/science.aaa3828

28. Duan F, Duitama J, Al Seesi S, Ayres CM, Corcelli SA, Pawashe AP, et al.
Genomic and bioinformatic profiling of mutational neoepitopes reveals new rules to
predict anticancer immunogenicity. J Exp Med. (2014) 211:2231-48. doi: 10.1084/
jem.20141308

29. Ott PA, Hu ZT, Keskin DB, Shukla SA, Sun ], Bozym D], et al. An immunogenic
personal neoantigen vaccine for patients with melanoma (vol 547, pg 217, 2017).
Nature. (2018) 555:402-. doi: 10.1038/nature25145

30. McElhinny SAN, Gordenin DA, Stith CM, Burgers PMJ, Kunkel TA. Division of
labor at the eukaryotic replication fork. Mol Cell. (2008) 30:137-44. doi: 10.1016/
j.molcel.2008.02.022

31. Pursell ZF, Isoz I, Lundstrom EB, Johansson E, Kunkel TA. Yeast DNA
polymerase epsilon participates in leading-strand DNA replication. Science. (2007)
317:127-30. doi: 10.1126/science.1144067

32. Shinbrot E, Henninger EE, Weinhold N, Covington KR, Goksenin AY, Schultz
N, et al. Exonuclease mutations in DNA polymerase epsilon reveal replication strand
specific mutation patterns and human origins of replication. Genome Res. (2014)
24:1740-50. doi: 10.1101/gr.174789.114

33. Guerra J, Pinto C, Pinto D, Pinheiro M, Silva R, Peixoto A, et al. POLE somatic
mutations in advanced colorectal cancer. Cancer Med Us. (2017) 6:2966-71.
doi: 10.1002/cam4.2017.6.issue-12

34. Guenther M, Veninga V, Kumbrink J, Haas M, Westphalen CB, Kruger S, et al.
POLE gene hotspot mutations in advanced pancreatic cancer. ] Cancer Res Clin. (2018)
144:2161-6. doi: 10.1007/s00432-018-2746-x

35. Ishikawa M, Nakayama K, Nakamura K, Ono R, Yamashita H, Ishibashi T, et al.
High frequency of POLE mutations in synchronous endometrial and ovarian
carcinoma. Hum Pathol. (2019) 85:92-100. doi: 10.1016/j.humpath.2018.11.001

36. Erson-Omay EZ, Caglayan AO, Schultz N, Weinhold N, Omay SB, Ozduman K, et al.
Somatic POLE mutations cause an ultramutated giant cell high-grade glioma subtype with
better prognosis. Neuro-Oncology. (2015) 17:1356-64. doi: 10.1093/neuonc/nov027

37. Billingsley CC, Cohn DE, Mutch DG, Stephens JA, Suarez AA, Goodfellow PJ.
Polymerase varepsilon (POLE) mutations in endometrial cancer: clinical outcomes and
implications for Lynch syndrome testing. Cancer. (2015) 121:386-94. doi: 10.1002/cncr.v121.3

38. McAlpine JN, Chiu DS, Nout RA, Church DN, Schmidt P, Lam §, et al. Evaluation of
treatment effects in patients with endometrial cancer and POLE mutations: An individual
patient data meta-analysis. Cancer. (2021) 127:2409-22. doi: 10.1002/cncr.v127.14

39. Rios-Doria E, Momeni-Boroujeni A, Friedman CF, Selenica P, Zhou Q, Wu M, et al.
Integration of clinical sequencing and immunohistochemistry for the molecular classification of
endometrial carcinoma. Gynecol Oncol. (2023) 174:262-72. doi: 10.1016/j.ygyno.2023.05.059

40. Song YF, Huang J, Wang K, Li YR. To identify adenomatous polyposis coli gene
mutation as a predictive marker of endometrial cancer immunotherapy. Front Cell Dev
Biol. (2022) 10. doi: 10.3389/fcell.2022.935650

Frontiers in Immunology

16

10.3389/fimmu.2025.1528532

41. Mannino MH, Zhu Z, Xiao H, Bai Q, Wakefield MR, Fang Y. The paradoxical role of
IL-10 in immunity and cancer. Cancer Lett. (2015) 367:103-7. doi: 10.1016/j.canlet.2015.07.009

42. Saraiva M, Vieira P, O’Garra A. Biology and therapeutic potential of interleukin-
10. J Exp Med. (2020) 217:¢20190418. doi: 10.1084/jem.20190418

43. Zhao T, Li Y, Zhang J, Zhang B. PD-L1I expression increased by IFN-gamma via
JAK2-STAT1 signaling and predicts a poor survival in colorectal cancer. Oncol Lett.
(2020) 20:1127-34. doi: 10.3892/01.2020.11647

44, Veneris JT, Lee EK, Goebel EA, Nucci MR, Lindeman N, Horowitz NS, et al.
Diagnosis and management of a recurrent polymerase-epsilon (POLE)-mutated
endometrial cancer. Gynecol Oncol. (2019) 153:471-8. doi: 10.1016/j.ygyno.2019.03.247

45. Santin AD, Bellone S, Buza N, Choi JM, Schwartz PE, Schlessinger J, et al.
Regression of chemotherapy-resistant polymerase € (POLE) ultra-mutated and MSH6
hyper-mutated endometrial tumors with nivolumab. Clin Cancer Res. (2016) 22:5682—
7. doi: 10.1158/1078-0432.CCR-16-1031

46. Mehnert JM, Panda A, Zhong H, Hirshfield K, Damare S, Lane K, et al. Immune
activation and response to pembrolizumab in-mutant endometrial cancer. J Clin Invest.
(2016) 126:2334-40. doi: 10.1172/JCI84940

47. Marabelle A, Fakih M, Lopez J, Shah M, Shapira-Frommer R, Nakagawa K, et al.
Association of tumour mutational burden with outcomes in patients with advanced
solid tumours treated with pembrolizumab: prospective biomarker analysis of the
multicohort, open-label, phase 2 KEYNOTE-158 study. Lancet Oncol. (2020) 21:1353-
65. doi: 10.1016/S1470-2045(20)30445-9

48. Howitt BE, Shukla SA, Sholl LM, Ritterhouse LL, Watkins JC, Rodig S, et al.
Association of polymerase e-mutated and microsatellite-instable endometrial cancers
with neoantigen load, number of tumor-infiltrating lymphocytes, and expression of
PD-1 and PD-L1. JAMA Oncol. (2015) 1:1319-23. doi: 10.1001/jamaoncol.2015.2151

49. Ott PA, Bang Y], Berton-Rigaud D, Elez E, Pishvaian MJ, Rugo HS, et al. Safety
and antitumor activity of pembrolizumab in advanced programmed death ligand 1-
positive endometrial cancer: results from the KEYNOTE-028 study. J Clin Oncol.
(2017) 35:2535-41. doi: 10.1200/JC0O.2017.72.5952

50. Levin N, Paria BC, Vale NR, Yossef R, Lowery FJ, Parkhurst MR, et al.
Identification and validation of T-cell receptors targeting RAS hotspot mutations in
human cancers for use in cell-based immunotherapy. Clin Cancer Res. (2021) 27:5084—
95. doi: 10.1158/1078-0432.CCR-21-0849

51. Tate T, Matsumoto S, Nemoto K, Leisegang M, Nagayama S, Obama K, et al.
Identification of T cell receptors targeting a neoantigen derived from recurrently
mutated FGFR3. Cancers (Basel). (2023) 15:1031. doi: 10.3390/cancers15041031

52. FuHL, Fu ZH, Mao M, Si LL, Bai ], Wang Q, et al. Prevalence and prognostic role of
PD-L1 in patients with gynecological cancers: A systematic review and meta-analysis. Crit
Rev Oncol Hemat. (2023) 189:104084. doi: 10.1016/j.critrevonc.2023.104084

53. Charoentong P, Finotello F, Angelova M, Mayer C, Efremova M, Rieder D, et al.
Pan-cancer immunogenomic analyses reveal genotype-immunophenotype
relationships and predictors of response to checkpoint blockade. Cell Rep. (2017)
18:248-62. doi: 10.1016/j.celrep.2016.12.019

54. He ], Li Y, Bao X, Qiu Q, Yuan X, Xu C, et al. Common and well-documented
(CWD) alleles of human leukocyte antigen-A, -B, -C, -DRB1, and -DQBI loci for the
Chinese Han population do not quite correlate with the ASHI CWD alleles. Hum
Immunol. (2012) 73:61-6. doi: 10.1016/j.humimm.2011.06.005

55. Reynisson B, Alvarez B, Paul S, Peters B, Nielsen M. NetMHCpan-4.1 and
NetMHCIIpan-4.0: improved predictions of MHC antigen presentation by concurrent
motif deconvolution and integration of MS MHC eluted ligand data. Nucleic Acids Res.
(2020) 48:W449-W54. doi: 10.1093/nar/gkaa379

56. Altman JD, Moss PA, Goulder PJ, Barouch DH, McHeyzer-Williams MG, Bell J1,
et al. Phenotypic analysis of antigen-specific T lymphocytes. Science. (1996) 274:94-6.
doi: 10.1126/science.274.5284.94

57. Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. Accurate proteome-wide
label-free quantification by delayed normalization and maximal peptide ratio extraction,
termed MaxLFQ. Mol Cell Proteom. (2014) 13:2513-26. doi: 10.1074/mcp.M113.031591

58. Wisniewski JR, Zougman A, Nagaraj N, Mann M. Universal sample preparation
method for proteome analysis. Nat Methods. (2009) 6:359-62. doi: 10.1038/nmeth.1322

59. Fang H, Yamaguchi R, Liu X, Daigo Y, Yew PY, Tanikawa C, et al. Quantitative T
cell repertoire analysis by deep cDNA sequencing of T cell receptor alpha and beta
chains using next-generation sequencing (NGS). Oncoimmunology. (2014) 3:¢968467.
doi: 10.4161/21624011.2014.968467

frontiersin.org


https://doi.org/10.1158/2326-6066.CIR-21-0193
https://doi.org/10.1038/nbt.3662
https://doi.org/10.1038/s41586-021-03893-6
https://doi.org/10.1158/2326-6066.CIR-21-0265
https://doi.org/10.1038/s41587-019-0322-9
https://doi.org/10.1038/s41467-020-15710-1
https://doi.org/10.1126/science.aaa3828
https://doi.org/10.1084/jem.20141308
https://doi.org/10.1084/jem.20141308
https://doi.org/10.1038/nature25145
https://doi.org/10.1016/j.molcel.2008.02.022
https://doi.org/10.1016/j.molcel.2008.02.022
https://doi.org/10.1126/science.1144067
https://doi.org/10.1101/gr.174789.114
https://doi.org/10.1002/cam4.2017.6.issue-12
https://doi.org/10.1007/s00432-018-2746-x
https://doi.org/10.1016/j.humpath.2018.11.001
https://doi.org/10.1093/neuonc/nov027
https://doi.org/10.1002/cncr.v121.3
https://doi.org/10.1002/cncr.v127.14
https://doi.org/10.1016/j.ygyno.2023.05.059
https://doi.org/10.3389/fcell.2022.935650
https://doi.org/10.1016/j.canlet.2015.07.009
https://doi.org/10.1084/jem.20190418
https://doi.org/10.3892/ol.2020.11647
https://doi.org/10.1016/j.ygyno.2019.03.247
https://doi.org/10.1158/1078-0432.CCR-16-1031
https://doi.org/10.1172/JCI84940
https://doi.org/10.1016/S1470-2045(20)30445-9
https://doi.org/10.1001/jamaoncol.2015.2151
https://doi.org/10.1200/JCO.2017.72.5952
https://doi.org/10.1158/1078-0432.CCR-21-0849
https://doi.org/10.3390/cancers15041031
https://doi.org/10.1016/j.critrevonc.2023.104084
https://doi.org/10.1016/j.celrep.2016.12.019
https://doi.org/10.1016/j.humimm.2011.06.005
https://doi.org/10.1093/nar/gkaa379
https://doi.org/10.1126/science.274.5284.94
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1038/nmeth.1322
https://doi.org/10.4161/21624011.2014.968467
https://doi.org/10.3389/fimmu.2025.1528532
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Unveiling immunogenic characteristics and neoantigens in endometrial cancer with POLE hotspot mutations for improved immunotherapy
	Introduction
	Results
	Characteristics of the immune microenvironment in EC patients with POLE mutations
	Identification of high-frequency sites for POLE mutations and neoantigen prediction in patients with EC
	The capture of specific T cells using synthesized POLEP286R mutant antigens
	Identification of the POLEP286R mutant neoantigen-reactive TCR
	Expression profiles of CD8+ T cells specific for POLEP286R mutant antigens
	EC organoids confirmed the antitumor effect of the POLEP286R neoantigen and specific T cells

	Discussion
	Materials and methods
	Research data sources
	Sequencing data analysis
	Analysis of exon data
	Analysis of tumor lymphocyte infiltration
	Analysis of the degree of lymphocytic infiltration of tumors at high-frequency POLE mutant loci

	Immunohistochemistry
	HLA typing and neoantigen candidate identification
	Human subjects
	Immunofluorescence staining
	Tissue DNA extraction and mutation detection
	MHC tetramer construction
	PBMC isolation, antigenic peptide stimulation and specific T-cell identification
	Transcriptome sequencing
	4D-label-free quantitative proteomics
	TCR sequencing
	Organoid culture, coculture and high-content imaging
	Statistical analysis

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


