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Aims: This study aims to define and characterize Methods and results: HLA-I expression was assessed

human leukocyte antigen class I (HLA-I) expression
in a consecutive series of molecularly classified
endometrial carcinomas (ECs), and to evaluate its
association with clinicopathologic features, spatial
cancer-immune phenotypes and patient prognosis,
with a focus on the NSMP (no specific molecular
profile) subtype.

by immunohistochemistry on whole tissue sections
from 208 ECs, classified into POLE-mutated, MMR-
deficient (MMRAd), p53-abnormal (p53abn) and NSMP
subtypes. Loss of HLA-I was identified in 31% of cases
and was associated with adverse features including
high-grade, aggressive histotypes, deep myometrial
invasion, substantial lymphovascular space invasion
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(LVSI), extensive tumour necrosis and an ‘excluded’
immune phenotype. While HLA-I loss showed no sig-
nificant prognostic impact in POLE, MMRd or
p53abn tumours, it significantly correlated with
worse disease-free survival in NSMP tumours
(P < 0.001). Multivariate analysis confirmed HLA-I
loss as an independent prognostic factor in
early-stage NSMP ECs, in addition to substantial LVSI,
presence of lymph node metastases and spatial
cancer-immune phenotypes. Integration of HLA-I
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status improved the performance of predictive models
over time.

Conclusions: HLA-I loss defines a biologically aggres-
sive subgroup within NSMP ECs and is associated with
adverse clinicopathologic and immune features. Assess-
ment of HLA-I expression could refine risk stratification
in NSMP ECs, a group traditionally lacking robust
prognostic markers and may help identify patients who
could benefit from intensified clinical surveillance and
future immunomodulatory treatment strategies.

Keywords: endometrial carcinoma, histopathological parameters, HLA-I, immune phenotype, molecular
classification, risk stratification, tumour microenvironment

Introduction

Endometrial carcinoma (EC) is one of the most com-
mon gynaecological cancers globally, with an
increasing incidence driven by ageing populations
and the prevalence of metabolic disorders. Despite
effective treatments for early-stage EC, advanced or
recurrent disease presents significant therapeutic
challenges.! Recent advances in the molecular classi-
fication of EC have significantly improved prognostic
stratification and paved the way for targeted treat-
ments such as immunotherapy. This classification
identifies four distinct molecular subtypes: POLE-
ultramutated, microsatellite instability-high (MSI-H)/
Mismatch repair deficient (MMRd), copy-number low/
no specific molecular profile (NSMP) and
copy-number high/p53 abnormal (p53abn).” Each
subtype has unique molecular features that influence
prognosis and treatment response, allowing for more
precise therapeutic approaches, including the use of
immune checkpoint inhibitors (ICIs) for specific
subtypes.

A crucial aspect of determining treatment efficacy
lies in wunderstanding tumour immune evasion.
Among these mechanisms, the major histocompatibil-
ity complex (MHC) class I molecules, also known as
human leukocyte antigens (HLA) in humans, have
emerged as key players in the antitumour immune
response.”* HLA-I molecules are essential compo-
nents of the antigen presentation pathway, enabling
CDS8" T cells to recognize and eliminate tumour cells
that present neoantigens. Structurally, HLA-I com-
prises an o-heavy chain and a B2-microglobulin light
chain, which together present tumour-specific anti-
gens to cytotoxic T cells. This complex is assembled

in the endoplasmic reticulum with the help of antigen
presentation machinery (APM) components and sub-
sequently displayed on the cell surface. Multiple fac-
tors contribute to the loss of HLA-I expression in
tumours.” Genetic alterations such as loss of hetero-
zygosity (LOH) or mutations in the Pf2-microglobulin
gene disrupt the structural integrity of HLA
molecules.® Additionally, inactivating mutations in
JAK1/2 impair the IFNy-JAK-STAT signalling cas-
cade required for transcriptional upregulation of APM
and HLA-I. In MMRd ECs, JAK1 frameshift mutations
occur in approximately 35% of cases and are associ-
ated with defective induction of both APM and HLA-
1.7 Epigenetic modifications, including promoter
hypermethylation and histone deacetylation, further
contribute to APM silencing.’ Finally, tumour micro-
environmental factors like hypoxia and immunosup-
pressive cytokines (e.g. TGF-B, IL-10) further
downregulate HLA-I expression, while fostering a
suppressive milieu dominated by regulatory T cells
and M2 macrophages.® Reduced or absent expression
of HLA-I on the tumour cell surface is a phenomenon
observed also in EC and has significant implications
for immune recognition, representing a potential
resistance mechanism to immunotherapy, especially
in immune-rich tumours such as MMRd.”"'° Previous
studies report HLA-I downregulation in half of EC
cases, associated with tumour progression and poor
progression-free survival and overall survival.'!
Through immune selection, loss of HLA-I allows
tumour cells to escape immune detection, promoting
tumour growth and metastatic spread.

This study aims to define and characterize HLA-T
expression in a consecutive series of molecularly clas-
sified ECs, and to assess its correlation with
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clinicopathologic parameters, immune microenviron-
ment features and patient prognosis.

Materials and Methods

STUDY COHORT AND CLINICOPATHOLOGIC
PARAMETERS

After approval by the local ethics committee
CE-AVEC (Comitato Etico Area Vasta Emilia Centro,
registration n. 27/2019/Sper/AOUBo and 10/2023/
Sper/AOUBo), all 208 patients enrolled signed
informed consent before surgical resection and diag-
nosis. Surgical hysterectomy and staging were per-
formed at the Division of Oncologic Gynecology,
‘IRCCS Azienda Ospedaliero-Universitaria di Bolo-
gna’ (Bologna, Italy). For each case, formalin-fixed
paraffin-embedded (FFPE) representative blocks were
obtained from the files of the Pathology Unit by an
expert pathologist (A.D.L). All immunohistochemical
(IHC) and molecular analyses were performed on
whole tissue sections. A dedicated database was cre-
ated by entering the parameters outlined hereafter:
age at diagnosis, Body Mass Index (BMI), staging
(International Federation of Gynaecology and
Obstetrics—FIGO 2009),"? histological classification
(WHO 2020 criteria),'® tumour grade,'* lymphovas-
cular space invasion (LVSI) assessment (with sub-
stantial LVSI defined as >4 foci),"> myometrial
invasion pattern—including microcystic, elongated
and fragmented (MELF) pattern,'® and/or single
invasive cells or small group of cells (tumour bud-
ding) classified as present or absent.!” Any extensive
tumour necrosis (>25% of tumour) was duly
recorded, excluding necrosis confined within the
glands or on the surface of the tumour. Proliferation
was assessed by mitotic index, defined as the num-
ber of mitotic figures per 10 high-power fields (HPF,
400x): mitotic figures were manually counted in 10
consecutive HPFs within the most mitotically active
(‘hot spot’) areas of the tumour.

IMMUNOHISTOCHEMISTRY

IHC for HLA-I (mAb EMRS8-5, Abcam, UK), MLHI,
PMS2, MSH2, MSH6, p53, ER (estrogen receptor),
CD68, CD20, CD3, CD8 and PD-L1 was performed on
3-um whole tissue sections (from the same FFPE
blocks used for molecular analysis), using a Bench-
Mark Ultra immunostainer (Ventana Medical
Systems-Roche Diagnostics, Switzerland). Antibodies
and protocols are detailed in Table S1.

IHC evaluation of HLA-I expression

HLA-I expression in tumours was firstly categorized
as ‘intact or positive’ (>90% of tumour cells showing
membranous and/or cytoplasmic staining), ‘subclonal
loss’ (10%—90% of tumour cells showing expression
with areas of retained HLA-I immediately juxtaposed
with areas of negative tumour staining) and ‘loss’
(<10% of tumour cells showing expression), as previ-
ously described’ (Figure 1). Then a simplified catego-
rization was applied: HLA-I ‘retained’ (formerly
intact/positive expression) versus HLA-I ‘loss’ (for-
merly subclonal loss/loss of expression, i.e. any loss
>10%).

IHC evaluation of ER
The percentage of ER stained neoplastic cells was
quantified as previously described.'®!?

IHC evaluation of markers for surrogate molecular
classification

p53 staining was classified as normal/wild-type or
abnormal/mutant-like if an aberrant pattern was pre-
sent as follows: overexpression, absent expression or
cytoplasmic staining.””?! Tumours were defined as
MMRd according to published guidelines.?**3

IHC evaluation of immune cell markers and spatial
cancer-immune phenotype (SCI) determination

SCIs were identified according to our previous
publication.”* Immune markers evaluation was

Figure 1. Evaluation of HLA-I expression in endometrial carcinoma. (A) Intact/positive: >90% of tumour cells exhibiting membranous and/
or cytoplasmic staining; (B) Subclonal Loss: 10%-90% of tumour cells expressing HLA-I; (C) loss: <10% of tumour cells showing HLA-I

staining.
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restricted to the tumour-invasive front, segmented in
its entirety at x200. Digital images were evaluated
using an operator-guided image analysis system
IMAGE Pro Plus 5.1 software (Media Cybernetics
Inc.). Inflamed tumours were identified by high CD8"
intraepithelial tumour-infiltrating lymphocytes (iTILs)
density. Excluded tumours were typified by low
CD8'iTILs, any PD-L1 value and a high total inflam-
matory component. Finally, desert tumours were
characterized by low CD8'iTILs, PD-L1 and low total
inflammatory component values (Supplementary
Material and Methods).

MOLECULAR CLASSIFICATION OF ENDOMETRIAL
CARCINOMA

Cases were classified as POLE, MMRd, p53abn and
NSMP according to the WHO algorithm.'* Sequenc-
ing for POLE was assessed as previously described
and summarized in Supplementary Material and
Methods. First, only POLE pathogenic variants were
used to assign the POLE subtype; then consecutive
IHC analysis for MMR proteins and p53 expression
was evaluated to define MMRd and p53abn tumours.
Tumours with normal MMR and p53 expression and
no POLE mutations were classified as NSMP.

STATISTICAL ANALYSIS

Numerical variables were summarized as mean
+ standard deviation [minimum to maximum], while
categorical variables were summarized as frequencies
and percentages. Crude comparisons of baseline clini-
copathologic characteristics across HLA-I expression
were performed with t-test, chi-squared test or Fish-
er's exact test, when appropriate. All t-tests were
permutation-based, with 10,000 Monte Carlo replica-
tions, to ensure robustness to moderate sample size,
outliers and heteroskedasticity. Comparisons of base-
line clinicopathologic characteristics were descriptive
in nature and not adjusted for multiplicity, in line
with recommendations for exploratory studies. Com-
parisons of immune cell markers by HLA-I expression
were adjusted using the Benjamini-Hochberg method
to control the false discovery rate.

The Kaplan—Meier estimator was used to display
the time to relapse after surgery according to HLA-I
status and/or molecular subtype; the equality of
survivor functions was assessed using the log-rank
test. Loss to follow-up and study ending were treated
as right-censored data; no unrelated premature
deaths occurred. Cox proportional-hazards regression
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analysis was used to investigate the association of sig-
nificant baseline characteristics with disease-free sur-
vival (DFS), selecting such characteristics from an
initial pool of potential predictors with an automated
stepwise procedure with significance levels of removal
and addition equal to 0.05. HLA-I expression was
then added as an additional covariate, and its contri-
bution to the model fit (i.e. prediction accuracy) was
quantified by means of the time-dependent Brier score
obtained via the inverse probability of censoring
weighting.>”> All analyses were carried out using
Stata (version 17, StataCorp, College Station, TX,
USA). Significance was set at P < 0.05.

Results

LOSS OF EXPRESSION OF HLA-I IN ENDOMETRIAL
CARCINOMA AND CLINICOPATHOLOGIC
CHARACTERISTICS

HLA-I expression was evaluated on 208 ECs, which
included 161 endometrioid carcinomas, 16 serous
carcinomas, 3 clear cell carcinomas, 24 undifferen-
tiated/dedifferentiated carcinomas and 4 carcinosar-
comas (Table 1). Loss of HLA-I expression was
observed in 45 of 161 endometrioid carcinomas (25
subclonal), 4 of 16 serous carcinomas (3 subclonal),
13 of 24 undifferentiated/dedifferentiated carcinomas
(10 subclonal) and 3 of 4 carcinosarcomas (none
subclonal). In eight dedifferentiated carcinomas show-
ing HLA-I loss, the undifferentiated carcinoma com-
ponent showed HLA-I loss in all cases whereas the
corresponding differentiated carcinoma component
showed HLA-I loss in three of eight cases. In carcino-
sarcomas showing HLA-I loss, HLA-I loss was
observed in both the carcinomatous and the sarcoma-
tous components (Figure 2).

By molecular subtype, HLA-I loss was observed in
75% of POLE and 44% of MMRd ECs, while being less
common in p53abn (24%) and NSMP tumours (16%)
(Table 1).

Median  follow-up was  35.0 months (1-
144 months) and 35/208 (16.8%) patients recurred.

The overall clinicopathologic characteristics,
molecular subtypes and HLA-I expression of the 208
EC patients are summarized in Table 1. HLA-I loss of
expression was mainly associated with aggressive
histotypes (undifferentiated/dedifferentiated and car-
cinosarcoma), high-grade tumours, deeper myome-
trial invasion, advanced stage, extensive tumour
necrosis, higher mitotic count and substantial LVSI.
There was also a trend towards association with
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Table 1. Clinicopathologic characteristics of the study sample, overall and by HLA-I expression

HLA-I expression

Retained Loss
Characteristics All (n = 208) (n=143) (n=65) P-value
Age, years 62.6 + 10.5 62.7 £ 10.7 62.2 + 101 0.73
[34-86] [36-86] [34-78]
BMI, kg/m2 281 +73 285+ 738 274 £59 0.32
[18.3-55.3] [18.3-55.3] [19.0-55.0]
Histotype
Endometrioid carcinoma 161 (77.4%) 116 (81.1%) 45 (69.2%) 0.02*
Undifferentiated/dedifferentiated carcinoma 24 (11.5%) 11 (7.7%) 13 (20.0%)
Serous carcinoma 16 (7.7%) 12 (8.4%) 4 (6.2%)
Carcinosarcoma 4 (1.9%) 1(0.7%) 3 (4.6%)
Clear cell carcinoma 3 (1.4%) 3(2.1%) 0 (0.0%)
Molecular subtype
POLE 16 (7.7%) 4 (2.8%) 12 (18.5%) <0.001*
MMRd 66 (31.7%) 37 (25.9%) 29 (44.6%)
p53abn 41 (19.7%) 31 21.7%) 10 (15.4%)
NSMP 85 (40.9%) 71 (49.7%) 14 (21.5%)
Grade
Low 123 (59.1%) 93 (65.0%) 30 (46.2%) 0.01*
High 85 (40.9%) 50 (35.0%) 35 (53.8%)
ER status, % 72.8 £+ 341 755 4+ 32.2 66.8 + 37.6 0.09
[0-100] [0-100] [0-100]
Depth of invasion
<50% 148 (71.2%) 111 (77.6%) 37 (56.9%) 0.002*
>50% 60 (28.8%) 32 (22.4%) 28 (43.1%)
Lymph node status
Negative 173 (83.2%) 124 (86.7%) 49 (75.4%) 0.06
Positive 31 (14.9%) 16 (11.2%) 15 (23.1%)
Unknown 4 (1.9%) 3(2.1%) 1(1.5%)
FIGO stage 2009
1A 120 (57.7%) 94 (65.7%) 26 (40.0%) 0.002*
1B/11 41 (19.7%) 23 (16.1%) 18 (27.7%)
1 38 (18.3%) 19 (13.3%) 19 (29.2%)
v 9 (4.3%) 7 (4.9%) 2 (3.1%)

Continued
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Table 1. (Continued)
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HLA-I expression

Retained Loss
Characteristics All (n = 208) (n=143) (n = 65) P-value
Mitoses, 10 HPFs 52.6 + 36.4 46.5 + 35.7 65.8 + 34.6 <0.001*
[1-230] [1-230] [2-150]
Extensive tumour necrosis
Absent 104 (50.0%) 90 (62.9%) 14 (21.5%) <0.001*
Present 104 (50.0%) 53 (37.1%) 51 (78.5%)

MELF pattern of invasion

Negative

139 (66.8%)

96 (67.1%) 43 (66.2%) 0.89

Positive 69 (33.2%)

47 (32.9%) 22 (33.8%)

Tumour budding

Absent 119 (67.2%) 88 (61.5%) 31 (47.7%) 0.06
Present 89 (42.8%) 55 (38.5%) 34 (52.3%)

LVSI
Absent/focal 133 (63.9%) 102 (71.3%) 31 (47.7%) 0.001*

Substantial 75 (36.1%)

41 (28.7%) 34 (52.3%)

Spatial cancer-immune phenotype

Inflamed 103 (49.5%) 73 (61.0%) 30 (46.2%) 0.03*
Desert 60 (28.9%) 46 (32.2%) 14 (21.5%)
Excluded 45 (21.6%) 24 (16.8%) 21 (32.3%)

Values are 7 (%) or mean + standard deviation [minimum to maximum].
ER, estrogen receptor; FIGO, 2009 International Federation of Gynaecology and Obstetrics; HPF, high-power field; LVSI, lymphovascular
space invasion; MELF, microcystic, elongated, fragmented; MMRd, mismatch repair deficient; NSMP, no specific molecular profile; p53abn,

7P53 mutant; POLE, POLE mutant.
*p-value < 0.05.

lymph node metastasis and tumour budding,
although not statistically significant. Considering SCI
classification, HLA-I loss was most marked in the
excluded phenotype.

HLA-T AND IMMUNE CELL MARKERS

Loss of HLA-I was associated with an increased
peri-tumoral inflammatory component, either consid-
ered as the total inflammatory component or subdi-
vided into individual immune cell markers (CD20,
CD3 and CD68). Higher PD-L1 expression in dendritic
and macrophage components was also observed in
tumours with HLA-I loss, consistent with features of
the excluded immune phenotype. In contrast,

CD8"TILs did not differ based on HLA-I status
(Figure 3).

PROGNOSTICIMPACT OF HLA-I EXPRESSION

Although HLA-I expression was not significantly
associated with recurrence overall, a non-significant
trend towards worse prognosis was observed in cases
with HLA-I loss (Figure S1).

In stratified analysis by molecular subtype, loss of
HLA-I expression was not significantly associated
with DFS in POLE, MMRd and p53abn subtypes.
However, in the NSMP subtype, loss of HLA-I was
strongly associated with tumour recurrence (log-rank
P < 0.001) (Figure 4).
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Figure 2. (A and B) Low-grade endometrioid carcinoma with retained HLA-I expression (H&E and THC, x200 magnification). (C and D) Ded-
ifferentiated carcinoma with loss of HLA-I expression: retained expression in the differentiated component and complete loss in the undiffer-
entiated component (H&E and IHC, x200 magnification). (E and F) Carcinosarcoma showing loss of HLA-I expression in both the
carcinomatous and sarcomatous components (H&E and THC, x200 magnification).
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Figure 3. Box-and-whisker plots showing the distribution of immune cell markers by HLA-I expression.
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Figure 4. Kaplan—Meier estimates of disease-free survival according to HLA-I expression stratified by molecular subtype; censoring times are

marked with red spikes.

In the overall cohort, considering FIGO 2009
stages I and II ECs (n = 161), HLA-I loss correlated
with a worse prognosis (P = 0.04) (Figure S2). When
the analysis was further restricted to NSMP tumours
with FIGO 2009 stages I and II (n = 77), the signifi-
cant difference between HLA-I loss versus retained

1.00 +==0

(P = 0.003) was confirmed also in this setting (early
staged NSMP ECs) (Figure 5).

Multivariate analysis to estimate the prognostic
value of loss of HLA-I expression for the entire cohort
in the context of other selected covariates (i.e. histo-
type, grade, FIGO 2009 stage, LVSI and molecular
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Figure 5. Kaplan—Meier estimates of disease-free survival according to HLA-I expression in NSMP tumours with early stages; censoring times

are marked with red spikes.
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Table 2. (Continued)

With spatial cancer-immune

phenotype and HLA-I

With spatial cancer-immune

phenotype

Without spatial cancer-immune

phenotype and HLA-I

With HLA-I

95% Cl

P-value 95% ClI Hazard ratio  P-value 95% CI Hazard ratio  P-value 95% ClI Hazard ratio  P-value

Hazard ratio

Characteristics

Brier score

0.042-0.096 0.071 0.043-0.099

0.044-0.100 0.069

0.043-0.097 0.072

0.070

12 months

0.073-0.144

0.109

0.075-0.147 0.107 0.072-0.142

0.074-0.146  0.111

0.110

24 months

0.079-0.168

0.079-0.160 0.124

0.119

0.082-0.181

0.082-0.167 0.131

0.125

36 months

0.080-0.176

0.079-0.164 0.128

0.082-0.190 0.122

0.136

0.082-0.173

0.127

48 months

FIGO stage, tumour grade and budding were selected as significant predictors of disease-free survival using an automated stepwise procedure with significance levels of removal and

addition equal to 0.05. Mid-dots (--) mean that the variable was voluntarily discarded from the model.

Cl, confidence interval; FIGO, International Federation of Gynaecology and Obstetrics.
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subtype) shows that FIGO 2009 stage, tumour grade
and tumour budding were independent predictive
parameters of DFS, while HLA-I and SCI were not sta-
tistically significant (Table 2).

In multivariate analysis restricted to the NSMP
molecular subtype (Table 3), conventional pathologi-
cal features significantly associated with DFS included
ER status, lymph node status and substantial LVSI.
However, when HLA-I expression and SCIs were
incorporated into the model, these immune-related
variables emerged as independent prognostic factors.
In this adjusted model, ER status lost statistical signif-
icance, lymph node involvement became only border-
line significant, while substantial LVSI remained a
strong and independent predictor of recurrence. Nota-
bly, loss of HLA-I expression (HR = 24.63,
P =0.007, 95% CI = 2.40-257.27) identified a sub-
group of tumours with a markedly increased risk of
recurrence, independently of the type of SCI.

Brier scores of semiparametric Cox regression
models analysing DFS and different sets of predictors
confirmed that HLA-I expression improves the predic-
tion model after 2 years of follow-up in the NSMP
subtype, maintaining this prognostic impact over time
(36 and 48 months) (Figure 6).

Discussion

Our study shows for the first time that loss of HLA-I
expression is associated with shorter disease-specific
survival in NSMP EC. Downregulation of HLA-I repre-
sents an important mechanism of tumour immune
evasion, allowing tumour cells to avoid CD8" T cell-
mediated cytotoxicity by impairing tumour neoanti-
gen present(sltion.26

In our study, HLA-I loss occurred in 31% (65/208)
of ECs, a prevalence comparable to the 42% reported
in a previous series of 76 ECs.” HLA-I loss was more
frequently observed, and it was not only enriched in
tumours with aggressive histotype, such as dedifferen-
tiated carcinomas and carcinosarcomas, but also in
the MMRd molecular subtypes, confirming earlier
findings.” The mechanisms of HLA-I loss are diverse,
including copy number loss, mutations affecting the
complex, transcriptional downregulation and post-
translational dysregulation.?” >! Although beyond
the scope of the current manuscript, the high preva-
lence in seemingly unrelated carcinosarcomas and
MMRA tumours, as well as the high prevalence of
partial loss, may allow us to speculate on different
mechanisms in different instances. For example, a
higher likelihood of transcriptional regulation in

© 2025 The Author(s). Histopathology published by John Wiley & Sons Ltd., Histopathology, 88, 442—456.
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Brier score

0.000-0.069

0.032

0.000-0.051

0.023

0.000-0.057

0.026

0.000-0.050

0.023

12 months

0.007-0.040

0.022-0.138 0.024

0.080

0.002-0.076

0.039

0.003-0.084

0.044

24 months

0.008-0.044

0.011-0.200 0.026

0.105

0.003-0.079

0.041

0.004-0.090

0.047

36 months

0.005-0.043

0.015-0.114 0.024

0.065

0.000-0.073

0.036

0.001-0.082

0.042

48 months

One patient with unknown lymph node involvement was excluded. Percentage of ER, lymph node status, extensive tumour necrosis and LVSI were selected as significant predictors

of disease-free survival using an automated stepwise procedure with significance levels of removal and addition equal to 0.05. Mid-dots (--) mean that the variable was voluntarily

discarded from the model (extensive necrosis failed to achieve statistical significance when either immune phenotype or HLA-I expression were included in the model, and was thus

removed; lymph node status was not significant after the inclusion of HLA-I expression; ER status was no longer statistically significant when both immune phenotype and HLA-I

expression were included in the model).

Cl, confidence interval; ER, estrogen receptor; LVSI, lymphovascular space invasion.
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partial loss versus more generic hard-wired alter-
ations in carcinosarcomas via copy number changes
of the HLA-I gene, or point mutations in MMRd ECs
in genes such as P2-microglobulin®® affecting the
complex. This may have important implications for
therapeutic approaches because HLA-I expression
may be restored in some tumours.>?

Despite its high prevalence in MMRd ECs, HLA-I
loss was not associated with survival in these
tumours, suggesting that their high immune activa-
tion due to neoantigen generation in the context of a
hypermutated genotype is not altered, in survival-
relevant terms, by HLA-I loss. In contrast, HLA-I loss
was a much higher risk of recurrence in NSMP ECs,
also when stratified only for stage I/Il cases. This
points to a particularly important role of HLA-I in
NSMP ECs.

While the overall immune response—assessed by
the total inflammatory component and its individual
cell types—was significantly higher in ECs with
HLA-I loss, our analysis showed an association
between HLA-I loss and the excluded immune
phenotype, which is characterized by an abundant
peritumoral inflammatory component rich in
CD68"/PD-L1" macrophages. Such ‘non-permissive’
immune architecture mirrors what has been
described in other solid tumours with HLA-I loss
and supports macrophage-mediated immune sup-
pression as a companion escape route.>? In contrast
to Friedman et al. who reported reduced intratu-
moral CD8" T cells in HLA-I-negative tumours,’ our
spatial analyses did not reveal a significant differ-
ence in CD8'iTILs between HLA-I loss and HLA-I
retained ECs. While one may expect that HLA-I loss
would reduce CD8" T cell infiltration, the relation-
ship is more complex. A compensatory response of
NK cells, the innate immune system (e.g. macro-
phages) or microenvironment (e.g. IFNy) may lead
to an overall increase in immune cells with T cells
being dysfunctional.>* Our spatially resolved analy-
sis provides additional support for this theory: a pre-
dominance of the excluded immune phenotype in
HLA-loss tumours, indicating a dysfunctional
immune microenvironment. Furthermore, HLA-I loss
may be an explanation for our previously described
excluded immune phenotype in EC.**

As known, NSMP tumours represent the most com-
mon molecular subtype of EC, yet they are notably
heterogeneous in clinical behaviour and lack robust
prognostic stratification tools. Although recent efforts,
such as subclassification based on ER and tumour
grade, have improved risk prediction, these features
alone may be insufficient to capture the biological

Histopathology published by John Wiley & Sons Ltd., Histopathology, 88, 442—456.
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Figure 6. Brier scores of semi-parametric Cox regression models investigating disease-free survival and including different sets of predictors,
starting from an empty (null) model that serves as a benchmark, overall and in the NSMP subtype. Mean scores with 95% confidence inter-
vals are computed at 12, 24, 36 and 48 months of follow-up. FIGO 2009 stage, tumour grade, tumour budding, ER status, LN involvement,
extensive tumour necrosis and LVSI were selected as significant predictors of disease-free survival using an automated stepwise procedure
with significance levels of removal and addition equal to 0.05. In the NSMP-specific models, extensive tumour necrosis, LN involvement and
ER expression were removed after adjusting for immune phenotype and/or HLA-I expression. ER, estrogen receptor; FIGO, International Fed-
eration of Gynaecology and Obstetrics; LN, lymph node involvement; LVSI, lymphovascular space invasion; SCI, spatial-cancer immune

phenotype.

complexity of NSMP tumours behaviour.>”® In our
multivariate model, ER status—initially associated
with DFS—Ilost statistical significance upon inclusion
of immune parameters such as HLA-I expression and
SCIs, suggesting that these immune-related features
may provide additional and potentially more informa-
tive prognostic insights within the NSMP subtype.
Notably, HLA-I loss and substantial LVSI remained
strong, independent predictors of recurrence, while
lymph node involvement was only borderline signifi-
cant. This supports the hypothesis that immune
escape mechanisms and immune spatial contexture
provide additional, clinically relevant stratification
beyond conventional pathological parameters. Our
results support the use of a composite panel of
immune-related markers that better reflects the
tumour—-microenvironment interplay, offering a more
precise and clinically useful stratification. This
approach could ultimately improve patient manage-
ment even in early-stage NSMP tumours.

Our findings also complement recent data from
Grau Bejar et al.*” who investigated immune predic-
tors of response to ICIs in MMRd ECs. Their study
demonstrated that loss of HLA-I, particularly due to
B2-microglobulin mutations or LOH, correlated with
resistance to ICIs, despite the presence of a typically
inflamed immune microenvironment. While their
focus was on the predictive role of HLA-I loss in
MMRd tumours undergoing immunotherapy, our
study extends this perspective to the prognostic
impact of HLA-I loss in NSMP ECs, a subgroup where
reliable biomarkers are particularly needed.

One of the major strengths of this study lies in the
use of whole-slide, serial IHC sections rather than tis-
sue microarrays, enabling a more accurate and spa-
tially resolved assessment of HLA-I expression and
immune marker distribution, minimizing sampling
bias.”* However, several limitations should be
acknowledged. The retrospective, single-centre design
may limit the broader applicability of our findings,
and the relatively short median follow-up
(35 months) may underestimate long-term recur-
rence risk. In addition, the use of DFS as an endpoint
may not fully reflect the clinical relevance of recur-
rence patterns in endometrial carcinoma, as local and
distant relapses have different prognostic implications.
Moreover, the underlying genetic or epigenetic mech-
anisms of HLA-I loss were not explored, and func-
tional correlates of immune escape were beyond the
scope of this study. Future studies should aim to vali-
date these findings in larger, multi-institutional
cohorts with longer follow-up and to further investi-
gate the molecular mechanisms underlying HLA-I
loss and its contribution to immune escape.

Conclusion

Our study identifies HLA-I loss as a biologically rele-
vant and prognostically significant feature in NSMP
ECs. Routine assessment of HLA-I expression could
improve risk stratification in this heterogeneous sub-
type and help identify patients who may benefit from
intensified surveillance and future tailored therapeutic
approaches.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Figure S1. Kaplan—Meier estimates of disease-free
survival according to HLA class I expression in the
entire cohort; censoring times are marked with red
spikes.

Figure S2. Kaplan—Meier estimates of disease-free
survival restricted to FIGO 2009 stages I and II
(n=161) according to HLA class I expression; cen-
soring times are marked with red spikes.

Table S1. List of antibodies and protocols.

Supplementary Material and Methods.

© 2025 The Author(s). Histopathology published by John Wiley & Sons Ltd., Histopathology, 88, 442—456.

85U80|7 SUOWIWOD A0 3|cedldde aup Aq peusenob ae ssjplie YO ‘8sN JO Se|ni 1oy ArIqiT8uIIUO A8]1M U (SUOTPUCD-PUR-SLLIBYLO0D A8 | 1M ATeJq 1 BUIUO//:SANY) SUORIPUOD pue Swie | 8 88S *[6Z02/2T/ST] uo ArigiTauliuo 4|1 20Q 9 Hedid WBISIS BalY AQ TESST'SIU/TTTT'OT/I0pAU0D A8 im AeIq Ul u0//:Sdny WOy pepeojumod ‘Z ‘9202 ‘655259ET



	Outline placeholder
	 Introduction
	 Materials and Methods
	 Study Cohort and Clinicopathologic Parameters
	 Immunohistochemistry
	 IHC evaluation of HLA-I expression
	 IHC evaluation of ER
	 IHC evaluation of markers for surrogate molecular classification
	 IHC evaluation of immune cell markers and spatial cancer-immune phenotype (SCI) determination

	 Molecular Classification of Endometrial Carcinoma
	 Statistical Analysis

	 Results
	 Loss of Expression of HLA-I in Endometrial Carcinoma and Clinicopathologic Characteristics
	 HLA-I and Immune Cell Markers
	 Prognostic Impact of HLA-I Expression

	 Discussion
	 Conclusion
	 Author contributions
	 Acknowledgements
	 Funding information
	 Conflict of interest
	 Data availability statement
	 References
	Supporting Information


