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Molecular and Immune Microenvironmental Changes
Across Endometrial Lesions: A Comprehensive
Immunohistochemical and Clinical Analysis
of Progression From Benignity to Carcinoma
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Abstract

Background: Adenomyosis and endometriosis are estrogen-driven
disorders with a recognized potential for malignant transformation,
particularly through atypical endometriosis. The molecular and im-
mune mechanisms underlying this progression remain incompletely
understood. However, clinical factors such as age, comorbidities, and
hormonal therapy can also influence lesion behavior. The objectives
were to comprehensively evaluate hormonal, proliferative-apoptotic,
cell-cycle, and immune-microenvironmental alterations across the
spectrum of endometrial lesions and to assess the impact of prior en-
dometrial hyperplasia and associated clinical parameters.

Methods: Seventy-seven formalin-fixed paraffin-embedded cases
were stratified into five groups: eutopic endometrium (n = 17), ad-
enomyosis (n = 27), typical endometriosis (n = 16), atypical endo-
metriosis (n = 10), and endometriosis-associated carcinoma (n = 24).
Immunohistochemical analysis included estrogen receptor, proges-
terone receptor, Ki67, BCL2, P53, cyclin D1, CDK4, P16, FOXP3,
CD68, and CD163. Clinical variables including age, comorbidi-
ties, and medication history were integrated into statistical analysis.
Marker expression was quantified semi-quantitatively, and clinical
associations with prior endometrial hyperplasia were evaluated using
Kruskal-Wallis and Mann-Whitney U tests.

Results: Cyclin D1, CDK4, and P16 expression progressively in-
creased from benign lesions to carcinoma (P <0.001). FOXP3* T cells
and CD163" M2 macrophages accumulated in atypical endometriosis
and carcinoma, indicating an immunosuppressive microenvironment.
Patients with prior atypical endometrial hyperplasia demonstrated
significantly higher expression of proliferative (cyclin D1, CDK4,
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and P16) and immune-suppressive markers (FOXP3 and CD163) and
a 66% progression to carcinoma. Clinical background factors were
statistically adjusted and did not alter the overall progression trend.

Conclusion: The stepwise evolution from benign endometrial lesions
to carcinoma is driven by coordinated proliferative and immune mi-
croenvironmental shifts, potentiated by a history of atypical endome-
trial hyperplasia. Integrating immunohistochemical and clinical risk
factors may enhance early identification and surveillance of patients
at high risk for endometriosis-associated carcinoma.
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Introduction

Adenomyosis and endometriosis are gynecologic disorders
characterized by the aberrant presence of endometrial tissue
outside its normal location, either within the myometrium or
extrauterine sites [1]. Although historically considered benign,
increasing evidence highlights their complex biological behav-
ior, including invasiveness, proliferation, and, in some cases,
progression to malignancy. Atypical endometriosis, in partic-
ular, has been proposed as a premalignant condition, mainly
linked to the development of ovarian clear cell and endometri-
oid carcinomas [2].

The pathogenesis underlying the progression from benign
to malignant ectopic endometrial lesions remains poorly eluci-
dated. Hormonal dysregulation, notably the altered expression
of estrogen and progesterone receptors (ER and PR), is criti-
cal in disease maintenance and progression [3]. Additionally,
proliferative and apoptotic imbalance, reflected in markers
such as Ki67, BCL2, and P53, is implicated in endometriosis-
associated neoplastic transformation [4, 5]. Dysregulation of
the cell cycle machinery, including overactivation of cyclin
D1 and CDK4 and abnormalities in P16 expression, further
contributes to the loss of cellular control and oncogenesis [6].

Chronic inflammation and immune evasion represent an-
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other crucial axis in disease evolution. Infiltrating macrophag-
es (CD68") and the polarization toward immunosuppressive
M2 macrophages (CD163%) reshape the microenvironment to
favor survival and proliferation of aberrant cells. Similarly, the
expansion of FOXP3* regulatory T cells within lesions reflects
the establishment of local immune tolerance, a hallmark of tu-
mor progression [7].

While much research has focused on molecular alterations
within endometriotic tissues, the clinical impact of the endo-
metrial background, particularly prior endometrial hyperpla-
sia with or without atypia, has not been fully integrated into
progression models [8]. Given that endometrial hyperplasia
with atypia is a known precursor to endometrial carcinoma, its
presence in patients with endometriosis or adenomyosis may
signify an increased risk for malignant transformation, even at
ectopic sites [9].

This study aimed to identify molecular and immune-mi-
croenvironmental transitions along the benign-to-malignant
continuum of endometrial lesions, with cyclin D1 being cho-
sen as the primary endpoint marker. Normal endometrium and
adenomyosis were included as internal reference tissues to
contextualize ectopic and malignant changes. Moreover, we
assessed the association of prior endometrial hyperplasia with
current lesion type and molecular profiles, providing a more
comprehensive understanding of the clinical and biological
pathways underpinning progression from benignity to carci-
noma in endometriosis-associated lesions.

Materials and Methods

This retrospective study, conducted between 2018 and 2024,
meticulously collected and analyzed 77 cases from the Diag-
nostic Research and Scientific Laboratory archives at Tbilisi
State Medical University (TSMU). The study population was
carefully divided into five groups: eutopic endometrium (n =
17), ectopic endometrium in adenomyosis (n = 27), typical
endometriosis (n = 16), atypical endometriosis (n = 10), and
endometriosis-associated carcinoma (n = 24).

Inclusion criteria were: availability of complete clini-
cal data, well-preserved formalin-fixed, paraffin-embedded
(FFPE) tissue, and confirmed diagnosis within one of five
predefined histologic categories. Exclusion criteria were:
poor preservation, cautery artifacts, glandular neoplasia, or
incomplete records. Complete clinical data were thoroughly
examined, including patient age, type of surgical specimen,
hormonal therapy status, menstrual status, and detailed clini-
cal history. This comprehensive approach ensures the reliabil-
ity and robustness of our findings. Typical endometriosis was
defined as endometrial gland-stromal foci lacking cytologic
atypia. Atypical endometriosis exhibited epithelial crowding,
nuclear hyperchromasia, and loss of polarity. Endometriosis-
associated carcinoma was diagnosed when carcinoma was
contiguous with endometriotic foci showing transitional mor-
phology. All endometriotic and carcinoma cases derived from
pelvic or ovarian resections; eutopic and adenomyotic tissues
were from uterine specimens. Follow-up after initial hyperpla-
sia diagnosis ranged 2 - 6 years; cases were subclassified as

hyperplasia with or without atypia.

FFPE tissue blocks were sectioned at 4-pum thickness and
subjected to immunohistochemical analysis. All staining proce-
dures were performed using the fully automated Leica Bond-III
immunostaining system (Leica Biosystems, Germany) accord-
ing to standardized protocols. Primary antibodies used for im-
munohistochemical analysis included ER (clone SP1), PR (clone
16), Ki67 (clone MIB-1), BCL2 (clone 124), P53 (clone DO-7),
cyclin D1 (clone EP12), CDK4 (clone DCS-31), P16 (clone
E6H4), FOXP3 (clone 236A/E7), CD68 (clone PG-M1), and
CD163 (clone 10D6), all manufactured by Leica Biosystems.

For each case, immunostaining was evaluated at x 400
magnification across at least five randomly selected high-power
fields. The percentage of positive epithelial cells was recorded
for epithelial markers (ER, PR, Ki67, BCL2, P53, cyclin DI,
CDK4, and P16). For immune markers (FOXP3, CD68, and
CD163), the percentage of positive stromal immune cells was
determined separately, focusing on hotspot areas with the high-
est immune cell density. Marker expression was quantified
semi-quantitatively and recorded as a continuous percentage.

Cases were analyzed according to their current histologic
diagnosis and stratified based on clinical history of prior endo-
metrial hyperplasia (without atypia or with atypia). For cases
with a history of hyperplasia with atypia, particular attention
was given to evaluating whether there was an associated in-
crease in markers indicative of proliferative activity, cell cycle
deregulation, and immune suppression.

Statistical analysis was performed using Statistical Pack-
age for the Social Sciences (SPSS) version 26.0 (IBM Corp.,
Armonk, NY, USA). Differences between groups were as-
sessed using the Kruskal-Wallis test and pairwise compari-
sons with the Mann-Whitney U-test where appropriate. As-
sociations between clinical history and immunohistochemical
marker expression were evaluated using non-parametric cor-
relation and multivariable tests integrating age, comorbidities,
and medication status. A post hoc power analysis for cyclin
D1 differences across groups yielded power = 0.87 (a.= 0.05).

As this was a retrospective study on anonymized archival
materials, formal ethical committee approval was not required
under institutional guidelines; however, all procedures were
conducted in accordance with the ethical standards of Tbilisi
State Medical University and the Declaration of Helsinki.

Results

Clinical characteristics

The study cohort included 77 cases with a mean age of 45.2 +
7.1 years (30 to 55 years). Seventeen cases represented eutopic
endometrium obtained from curettage specimens, 27 cases were
diagnosed as ectopic endometrium within adenomyotic foci, 16
cases as typical endometriosis, 10 cases as atypical endometrio-
sis, and 24 cases as endometriosis-associated carcinoma. Pre-
menopausal status predominated in eutopic endometrium and
typical endometriosis groups, while perimenopausal and post-
menopausal states were more common in atypical endometrio-
sis and carcinoma groups. Hormonal therapy was documented
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Table 1. Clinical Characteristics of the Study Population by Group

Eutopic en- Adeno- Typical en- Atypical andomet.r 10"
. . . . . Endome- sis-Associated

Variable dometrium myosis dometriosis . . 3

(n=17) (n=27) (n=16) triosis (n  Carcinoma

=10) (n=24)

Age (mean = SD), years 39.5+5.1 432+63 450+5.8 475+6.7 524+72
Menstrual status (premenopausal/perimenopausal/postmenopausal)  15/2/0 18/7/2 10/5/1 5/3/2 4/8/12
Hormonal therapy (n, %) 2 (11.8%) 3(11.1%) 4 (25.0%) 5(50.0%) 4 (16.7%)
Major comorbidities (hypertension/diabetes/thyroid disease) 2/0/1 5/2/3 3/1/2 2/1/1 8/3/4

in 18 cases, predominantly in patients with atypical endometrio-
sis and carcinoma. Table 1 summarizes demographic and clini-
cal parameters used in subsequent correlation analysis. Comor-
bidities were most frequent in carcinoma cases, while hormonal
therapy predominated in atypical endometriosis.

Overall, 18 cases had a clinical history of endometrial
hyperplasia, and six cases exhibited hyperplasia with atypia.
Notably, four of these six patients subsequently developed en-
dometriosis-associated carcinoma, suggesting a possible link
between antecedent atypical hyperplasia and malignant trans-
formation at ectopic sites.

Immunohistochemical marker expression across lesions
Quantitative results for all groups are summarized in Table 2.
Proliferative and cell cycle regulatory markers

Cyclin D1 expression exhibited a progressive and statistically
significant increase across the studied groups. The mean ex-
pression rose from 2.5+1.5% in eutopic endometrium, 13.0
+ 5.0% in adenomyosis, 21.0=7.0% in typical endometriosis,
36.0+8.0% in atypical endometriosis, to 41.0+10.0% in en-
dometriosis-associated carcinoma (P < 0.001, Kruskal-Wallis
test). Similarly, CDK4 and P16 expressions followed a com-
parable pattern, with significantly elevated levels in atypical
endometriosis and carcinoma compared to benign lesions (P <
0.001). Representative immunohistochemical staining patterns
are shown in Figure 1.

Post hoc pairwise comparisons confirmed significant dif-
ferences between carcinoma and eutopic endometrium (P <

Table 2. Marker Expression Across All Histological Groups

0.001 for cyclin D1, CDK4, and P16), and between atypical
endometriosis and typical endometriosis (P = 0.012).

Immune microenvironment markers

FOXP3 expression, reflecting regulatory T-cell infiltration,
demonstrated an increasing trend from benign to malignant
lesions. Mean FOXP3 expression rose from 3.0 £ 1.0% in eu-
topic endometrium to 26.0 = 7.0% in carcinoma (P = 0.002).
CD68, indicative of general macrophage infiltration, increased
from 4.04+2.0% in eutopic endometrium to 38.04+8.0% in carci-
noma. Similarly, CD163, representing M2 macrophage polari-
zation, rose from 3.0+1.5% to 32.0+7.0% across the groups (P
=0.001). These trends are illustrated in Figure 2.

Pairwise comparisons demonstrated significantly higher
FOXP3 and CD163 levels in atypical endometriosis compared
to typical endometriosis (P = 0.014 and P = 0.017, respective-
ly), supporting the concept of an evolving immunosuppressive
microenvironment.

Hormonal and apoptotic markers

ER and PR expressions were highest in eutopic endometrium
(mean ER 80-90%) and adenomyosis but gradually declined
in typical and atypical endometriosis and reached their low-
est in carcinoma cases (mean ER 20-30%, P < 0.001). Ki67
proliferative index, conversely, increased gradually, correlat-
ing with disease severity. Representative staining examples are
provided in Figure 3.

BCL2 expression showed a modest decrease across
groups, while P53 accumulation became more frequent and

Marker Eutopic endometrium  Adenomyosis Typical endometriosis Atypical endometriosis Carcinoma
CyclinDI  25+1.5 13.0+5.0 21.0+7.0 36.0+8.0 41.0+10.0
CDK4 30+£1.2 14.0+5.0 22.0+6.0 34.0+7.0 40.0+9.0
P16 35+20 12.0 £4.0 20.0+6.0 32.0+7.0 55.0+8.0
FOXP3 3.0+£1.0 8.0+3.0 12.0+5.0 18.0 £6.0 26.0+ 7.0
CD68 4.0£2.0 12.0£5.0 22.0+6.0 30.0+7.0 38.0+8.0
CD163 30+1.5 10.0 £4.0 18.0+5.0 25.0+6.0 32.0+7.0

Data are expressed as mean + SD.
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Figure 1. Distribution of immune microenvironment markers FOXP3, CD68, and CD163.

intense in atypical endometriosis and carcinoma, suggesting a
shift towards dysregulated apoptotic control.

Impact of prior endometrial hyperplasia with atypia

Cases with a clinical history of endometrial hyperplasia with
atypia exhibited significantly higher expressions of cyclin D1
(mean 50.249.0%), CDK4 (48.5+7.5%), and P16 (60.1+8.0%)
compared to cases without such history (mean cyclin D1:
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28.5+8.5%, P = 0.021; mean CDK4: 27.5+7.0%, P = 0.018;
mean P16: 38.2+7.5%, P=10.015). FOXP3 and CD163 expres-
sions were also elevated in these cases (P = 0.028 and P =
0.032, respectively).

Discussion

This study provides a comprehensive immunohistochemical
and clinical analysis of endometrial lesions ranging from eu-

EEm Hyperplasia with Atypia
N No Hyperplasia

P16
Markers

Figure 2. Marker expression in cases with and without prior endometrial hyperplasia with atypia.
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Figure 3. (a) Cyclin D1: minimal nuclear expression in eutopic endometrium, moderate in atypical endometriosis, and strong
diffuse positivity in carcinoma. (b) P16: weak/focal staining in benign lesions transitions to block-like, diffuse expression in carci-
noma, reflecting cell cycle deregulation. (c) FOXP3: nuclear staining of regulatory T cells progressively increases, highlighting the
evolving immunosuppressive microenvironment. (d) CD163: cytoplasmic/membranous staining in stromal macrophages intensi-
fies from benign lesions to carcinoma, indicating M2 polarization. (e) Ki67: low nuclear proliferation index in eutopic endometrium
and adenomyosis, sharply increasing in atypical endometriosis and carcinoma. All images are at x 400 magnification.

topic endometrium through adenomyosis, typical and atypical
endometriosis, culminating in endometriosis-associated carci-
noma. Although subgroup numbers were modest, particularly
for atypical endometriosis and hyperplasia with atypia, sta-
tistical power exceeded 0.8, supporting validity. Our findings
confirm a progressive accumulation of molecular and immune
alterations across this spectrum, supporting the notion of a step-
wise biological evolution from benignity to malignancy. Pa-
tients were divided by prior hyperplasia status (with vs. without
atypia) to examine molecular correlates rather than longitudinal
outcomes. Systemic comorbidities and medications, especially
endocrine and metabolic disorders, may modulate immune-
microenvironmental behavior; their inclusion slightly refined

statistical correlations but did not alter main trends.

Cyclin D1, CDK4, and P16, critical regulators of the G1-S
phase transition, demonstrated progressive overexpression cor-
relating with increasing histologic atypia and malignancy. This
aligns with previous observations that cyclin D1 and CDK4
deregulation play pivotal roles in endometriosis-associated ne-
oplastic transformation by promoting uncontrolled prolifera-
tion and bypassing cell cycle checkpoints [10]. The significant
upregulation of P16 in atypical endometriosis and carcinoma
is consistent with P16 acting paradoxically as a marker of on-
cogenic stress in advanced lesions, despite its traditional role
as a tumor suppressor [11].

Importantly, immune microenvironment remodeling was
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evident in our analysis. FOXP3" regulatory T cells and CD68*
and CD163* macrophages progressively accumulated from
benign to malignant lesions. These findings confirm that im-
munosuppressive mechanisms, characterized by increased
Treg infiltration and M2 macrophage polarization, facilitate
immune evasion and support malignant progression in endo-
metriosis [7]. The significant increase in CD163 expression,
especially in the context of atypical endometriosis and carci-
noma, indicates a transition towards an inflammatory environ-
ment characterized by both immunosuppressive properties and
tumor promotion. This underscores the potential importance of
macrophage markers as prognostic indicators.

Hormonal receptor expression patterns mirrored those re-
ported in the literature, with declining ER and PR expression
across disease progression. The loss of hormonal responsive-
ness may signify increased lesion autonomy and resistance to
hormonal therapies, an important clinical implication [12].
The observed increase in Ki67 and aberrant P53 accumulation
further underscores the proliferative drive and genomic insta-
bility accompanying malignant transformation [13].

This study’s novel and clinically significant finding was
the association between prior endometrial hyperplasia with
atypia and subsequent development of endometriosis-associ-
ated carcinoma. Approximately 66% of cases with prior atypi-
cal hyperplasia evolved to carcinoma, exhibiting significantly
higher expressions of cyclin D1, CDK4, P16, and immunosup-
pressive markers. While prior studies have acknowledged the
malignant potential of atypical endometriosis itself, few have
explored the compounded risk contributed by antecedent uter-
ine pathology. Our data suggest that a history of atypical hy-
perplasia may prime the endometrial microenvironment, both
eutopic and ectopic, for neoplastic transformation.

Our study presents several strengths, including the inte-
gration of various immunohistochemical pathways - hormonal,
proliferative, apoptotic, cell cycle, and immune - and their cor-
relation with comprehensive clinical histories. However, it is
essential to acknowledge certain limitations. The retrospective
design constrains the capacity to draw causal inferences, and
the substantial sample size in a single-center study may limit
the power of subgroup analyses. Furthermore, while immuno-
histochemistry delivers important insights at the protein level,
validating this with molecular genetics (such as sequencing
for PTEN, ARIDIA, or PIK3CA mutations) would enhance
the mechanistic understanding. Nevertheless, our findings ro-
bustly support a model in which molecular changes and shifts
in the immune microenvironment collaborate to facilitate the
progression from benign endometrial lesions to carcinoma.
Furthermore, the clinical history of endometrial hyperplasia
with atypia emerges as a significant predictor of malignant
risk, underscoring the necessity for enhanced surveillance
strategies within this patient population.

Future multicenter prospective studies combining molecu-
lar sequencing and broader cohorts are warranted.

Conclusions

This integrated clinical-immunohistochemical study high-
lights coordinated proliferative and immune shifts underlying

the continuum from benignity to carcinoma, emphasizing the
compounding risk associated with prior atypical hyperplasia.
Significant upregulation of cyclin D1, CDK4, and P16 expres-
sion, along with an increasing burden of FOXP3* regulatory
T cells and CD163" M2 macrophages, characterizes the tran-
sition from benign to malignant disease. Hormonal receptor
loss and proliferative-apoptotic imbalances further contribute
to this progression.

Significantly, the presence of prior endometrial hyper-
plasia with atypia was associated with significantly higher
expressions of proliferative and immune suppression markers
and a greater risk of malignant transformation. This finding
suggests that a hyperplastic background may instigate neoplas-
tic evolution in ectopic and endometrial tissues. Although the
study provides valuable insights into the immunohistochemi-
cal dimensions of endometriosis-related carcinogenesis, it is
predicated solely on protein-level assessments. Further molec-
ular genetic research is imperative to validate and expand upon
these observations. Nevertheless, our findings underscore sig-
nificant biological pathways and clinical risk factors that could
serve as early indicators of malignant transformation, indicat-
ing potential strategies for risk assessment, monitoring, and
future treatment approaches.
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