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Abstract

Background: Breast cancer (BC) is a very critical health concern, as it is the leading cause of
global cancer incidence and female cancer-related deaths worldwide. Despite the clinically
successful outcome of immunotherapy, there are always considerable concerns about the
initial or eventual failure to control the disease. Adenosine 2A receptors (A2AR) play
an essential role in protecting tissues against excessively indulgent immune reactions.
The scope of this study is to evaluate the immunohistochemical expression of adenosine
receptor A2A in invasive breast carcinoma and its association with clinicopathological
parameters. Materials and Methods: A retrospective cross-sectional tissue-biomarker study
of 50 cases of invasive breast carcinoma of no special type (NST), archived as formalin-fixed
paraffin-embedded blocks stained immunohistochemically for A2AR. Of the 50 cases, 26
were obtained following neoadjuvant chemotherapy. Cases were divided according to
A2AR expression using a cutoff of 100 to low (<100) and high (>100) A2AR expression.
Results: High A2AR was detected in 30% of tumor cells (TCs) in the studied cases. High
A2AR expression in TCs was significantly associated with high A2AR expression in tumor-
infiltrating lymphocytes (TILs) and with a high Ki-67 proliferation index. Conclusions: In
conclusion, this exploratory study showed that A2AR is expressed in both TCs and TILs,
with a positive association between A2AR expression in TCs and in TILs. High A2AR
expression in TCs was also associated with high Ki-67 proliferative activity. These associa-
tions persisted after adjustment for neoadjuvant chemotherapy, but they do not establish
causality. They support further investigation of A2AR as a potential immunotherapeutic
target in larger, independent studies.

Keywords: biomarker; immunotherapy; immune checkpoint; A2AR; adenosine receptors;
breast carcinoma

1. Introduction

Breast cancer is the second most common type of cancer among women. In 2022, there
were approximately 20 million new cases and 9.7 million deaths from cancer worldwide.
Female breast cancer accounted for 2.3 million new cases and 665,684 deaths globally,
making it the most frequently diagnosed cancer and the leading cause of cancer death
among women. Given this substantial burden among women, precise breast cancer bio-
logical stratification remains a priority [1]. The incidence rates of breast cancer have been
steadily increasing since the mid-2000s. This progress over recent years can be ascribed to
advancements in earlier detection, targeted therapies, and surgical approaches. Despite
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these advances, it still affects millions of people worldwide. Research into novel treatment
strategies is still ongoing to significantly enhance the prognosis and reduce the incidence
of recurrences and metastases in breast cancer patients [2]. Emerging cancer therapeutic
approaches increasingly focus on targeting malignant cells and stimulating antitumor im-
mune responses and reprogramming the immunosuppressive TME to improve treatment
effectiveness [3]. TCs apply numerous immunosuppressive mechanisms, including the
buildup of extracellular adenosine, which is an effective technique used by tumors to
escape immunosurveillance [4].

Adenosine is increasingly recognized as a major immune response mediator; it is one
of the most important immunological checkpoints in the tumor microenvironment (TME).
The primary route for extracellular synthesis of the adenosine in the TME is represented
by the sequential action of CD39 and CD73 which are expressed on tumor stromal cells
and some cancer cells, which enable the transformation of extracellular ATP into adeno-
sine [5]. By activating adenosine receptors expressed on tumor cells, endothelial cells, or
immune cells, adenosine promotes tumor growth in both paracrine and autocrine ways [5].
However, A2AR expression only indicates receptor availability but not necessarily receptor
activation or suppression effect [6,7]. Functional A2AR signaling occurs when extracellular
adenosine binds A2AR and activates intracellular signaling pathways, typically increasing
cAMP and engaging PKA-dependent immunosuppressive programs [8,9]. Target cells’
G-protein-coupled cell-surface receptors (GPCRs) A1, A2A, A2B, and A3 which recognize
and transduce signals sent by extracellular adenosine. All aspects of inflammatory and
immunological responses are modulated by these receptors [10]. Adenosine 2A and 2B
receptors activation results in a crucial regulatory mechanism that insulates tissues from
exaggerated immune reactions [11].

A2AR has been identified as the mediator that suppresses adaptive immunity [12].
Tumors can use the production of adenosine to suppress the antitumor immunological reac-
tions, as it inhibits the proinflammatory effects of adenosine triphosphate (ATP) generated
by injured or dying cells [13]. Blocking immune checkpoint pathways has emerged as one of
the most favorable therapeutic approaches for cancer treatment [14]. Notably, the biological
significance of A2AR expression may differ according to the cellular compartment in which
it is detected. In TILs, A2AR activation often reduces antitumor immunity by suppressing
T-cell proliferation cytotoxic activity and cytokine production. In TCs, A2AR expression
may reflect tumor-intrinsic signaling implicated in proliferation and survival, although
these effects are less well-established. Tumor-cell A2AR expression should therefore not be
equated with lymphocyte expression or interpreted as direct evidence of immune suppres-
sion [15,16]. Many studies only measure the expression of tumor-cell markers or stromal
TILs, not both. As a result, they are unable to ascertain whether an immune-high tumor
truly contains lymphocytes that engage tumor nests or lymphocytes confined outside of
them [17,18]. This is crucial because stromal and epithelial compartments can exhibit
disconnected immunological states, as opposed to one unified biology across the entire
tumor [19]. The clinical and immunological effects of A2ARs in invasive breast carcinoma
are still unclear [20]. In our study, our objective is to evaluate the immunohistochemical
expression of A2AR in invasive breast carcinoma NST not only in TCs but also in stromal
TILs, and to study its correlation with different clinical and pathological parameters.

2. Materials and Methods
2.1. Study Design

This retrospective cross-sectional tissue-biomarker study included surgically excised
breast carcinoma specimens obtained from the Pathology Department Laboratory of Ain
Shams University Hospitals, Cairo, Egypt, during 2024. A total of 90 cases were screened

https:/ /doi.org/10.3390/immuno6040071


https://doi.org/10.3390/immuno6040071

Immuno 2026, 6, 71

30f15

for eligibility, of which 40 were excluded for the following reasons: male breast carcinoma
(n = 3), complete pathological response following neoadjuvant chemotherapy, with no
residual tumor cells (n = 15), and invasive breast carcinoma histological types other than
invasive breast carcinoma NST (n = 22). The remaining 50 eligible cases, all diagnosed as
invasive breast carcinoma NST, were consecutively included in the study.

One specimen per patient was analyzed to avoid duplicate patient representation. The
sample size was determined by pragmatic availability rather than a formal sample size
calculation. Complete clinicopathological data were available for all 50 included cases;
therefore, no missing data required management.

2.2. Materials and Data Collection

An electronic database system was used to obtain clinicopathological data, and cases
were collected anonymously. Hematoxylin and eosin-stained slides were re-examined
according to the World Health Organization (WHO) classification of breast tumors, 5th
edition, published in 2019, to confirm the final diagnosis [21].

Selected cases were chosen according to these criteria: Female patients with health-
care data used to assign sex, diagnosed with invasive breast carcinoma NST, who were
surgically treated by modified radical mastectomy (MRM) or wide local excision (WLE);
the availability of formalin-fixed, paraffin-embedded tissue blocks; and patients who have
distinct molecular subtypes (luminal A-like, luminal B-like, human epidermal growth
factor receptor 2 (HER2)-enriched, or triple-negative breast carcinoma (TNBC).

Molecular subtypes were defined using immunohistochemical surrogates: Luminal
A-like (ER and/or PR-positive, HER2-negative, Ki-67 < 20%), Luminal B-like (ER and/or
PR-positive with either HER2-negative and Ki-67 > 20%, or HER2-positive), HER2-positive
(ER- and PR-negative, HER2-positive), and Triple-negative (ER-, PR-, and HER2-negative).
The 20% Ki-67 threshold was applied for subtype classification [22-25]. HER2 status was
assessed according to ASCO/CAP guidelines [26].

Additionally, by examining the tumor tissues, the following factors were confirmed:
tumor type, Nottingham grade, TNM (it was recorded as pTNM in untreated cases and
ypTNM in post-neoadjuvant cases) and 0-IV staging according to Breast Cancer Staging
AJCC Cancer Staging Manual 8th Edition [27], lymphovascular invasion, presence or
absence of in situ tumor component, and considering the patient’s response to neoadjuvant
chemotherapy (NAC) if it was administered before the surgery.

Furthermore, the percentage of stromal TILs was evaluated using the standards put
forward by the International TILs Working Group that recommended assessing all stromal
mononuclear cells (plasma cells and lymphocytes) inside the borders of the invasive tumor
and reported as a continuous percentage value of the stromal area without concentrating
on hot spots [28,29]. Areas of necrosis, fibrosis, DCIS, and treatment-related changes were
excluded from the evaluation area [29,30]. In post-NAC specimens, stromal TILs were
assessed within the residual invasive tumor bed [29,31].

In keeping with international recommendations, stromal TILs were analyzed primarily
as a continuous variable [29,32]. Stromal TILs percentages were classified as low infiltration
level (<60%) and high infiltration (>60%) for descriptive categorical analysis. Although
the International TILs Working Group does not validate a universal clinically meaningful
threshold, the 60% cut-off was used only for descriptive grouping, corresponding to the
upper range of the thresholds used to define lymphocyte-predominant breast cancer (LPBC)
(50-60%), and it has not been clinically validated [31-34].
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2.3. Immunohistochemistry Procedures

All 50 paraffin sections were cut at 4 um thickness. Sections were oven-dried at 60 °C
for one hour and then left at 37 °C overnight. After deparaffinization and rehydration,
heat-induced epitope retrieval was performed using Cell Conditioning 1 (CC1, Tris-EDTA
buffer, pH 8.5) for 64 min. Staining was carried out on a BenchMark XT autostainer
(Ventana Medical Systems, Tucson, AZ, USA), with hematoxylin as counterstain and DAB
as chromogen. Sections were incubated with mouse monoclonal anti-A2AR antibody (clone
7F6-G5-A2, Cat. No. sc-32261; Santa Cruz Biotechnology, Dallas, TX, USA) at 1:50 dilution
for 32 min at 37 °C. Detection was performed using the ultraView Universal DAB Detection
Kit (Ventana Medical Systems). Staining-positive stromal lymphocytes were used for the
positive control [2].

2.4. Immunohistochemistry Interpretation

ER, PR, HER2 and Ki-67 had been performed on the surgical resection specimens
as part of routine diagnostic work-up. The corresponding slides were retrieved from the
archive, reviewed and re-scored by the authors following ASCO/CAP guidelines [26].
A2AR staining was evaluated on surgical resection specimen.

We assessed the staining intensity, localization (cytoplasm and membrane) but not
incorporated into scoring, and labeled tumor and TILs percentage. Inmunostaining was
evaluated semi-quantitatively and expressed as a Histoscore (H-score). This method
combines the percentage of tagged cells with the staining intensity There were four levels
of staining intensity: weak (1), intermediate (2), strong (3), and negative (0). (1 x % of weak
positive cells) + (2 x % of moderate positive cells) + (3 x % of strong positive cells) was an
equation used for calculating the H-score. Consequently, the expression level was between
0 and 300 [20,35,36].

Using an H-score of 100 as a cut-off value, the cases were divided according to A2AR
expression using a cutoff of 100 into low (<100) and high (>100) A2AR expression; this
was an operational, study-specific threshold. An H-score of 100—one-third of the 0-300
maximum—is a pragmatic point where staining shifts from predominantly weak baseline
coverage to a more pronounced combination of intensity and extent. The hot spot method
was used to assess Ki-67 proliferation index score [37]. For the association analysis with
A2AR, Ki-67 proliferation index was categorized as high (>30%) [38,39] and low (<30%);
this 30% threshold was used as an operational study-specific cut-off value [39,40]. Using
Olympus BX41 light microscopy (Olympus Corporation, Tokyo, Japan) in at least five
locations (<400 magnification), two pathologists blinded to clinical and histological data
independently analyzed each IHC-stained section, and discrepancies were resolved through
discussion to reach a consensus diagnosis.

2.5. Data Management and Analysis

The Statistical Package for Social Science (SPSS 27) (IBM, Armonk, NY, USA) was used
to revise, code, tabulate, and present the collected data on a PC. For each parameter, data
was given and appropriate analysis was conducted based on the type of data collected.
Fisher-Freeman—-Halton exact tests were used for contingency tables larger than 2 x 2
with small expected counts. Binary logistic regression was used to adjust for NAC status.
Confidence intervals for proportions were calculated using the Jeffreys method.

2.6. Descriptive Statistics

Mean, standard deviation (£SD), and range were used to describe parametric
numerical data, whereas median and interquartile range (IQR) were used to express
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non-parametric numerical data. Frequency and percentage were used to express non-
numerical data.

Odds ratios (ORs) with corresponding 95% confidence intervals (95% Cls) were calcu-
lated and reported for the relevant comparisons.

2.7. Analytical Statistics

The statistical significance of the difference between two study group means was
assessed using Student’s t-test. Examination of the relationship between two qualitative
variables was done using the chi-square test. When the expected count was less than 5 in
more than 20% of cells, the association between two qualitative variables was examined
using Fisher’s exact test. A p-value < 0.05 was considered statistically significant, and a
p-value > 0.05 was considered non-significant.

3. Results
3.1. Clinicopathological Parameters

The mean age of all included cases was 50.76 &+ 12.8 and ranged from 26 to 76 years old.
All cases were diagnosed as invasive breast carcinoma NST. The right breast represented 28
cases (56%), while the left breast represented 22 cases (44%). Grade 2 was the most common
histologic grade, represented in 43 cases (86%), followed by grade 3, represented in five
cases (10%), and the least common was grade 1, represented in two cases (4%). Regarding
(TNM), tumor size (T): 11 cases were classified as T1 (22%), 27 cases (54%) were related to
T2, seven cases (14%) were related to T3, and five cases (10%) were related to T4. Seventeen
cases (34%) were classified as NO (with no lymph node metastasis), while positive lymph
node metastasis was detected in 33 cases (66%). Forty-eight cases (96%) had no distant
metastasis (M0), and two cases (4%) had distant metastasis (M1).

Regarding 0-IV staging, three cases (6%) were related to stage I, 22 cases (44%) were
related to stage II, 23 cases (46%) were related to stage III, and two cases (4%) were related
to stage IV. In situ components were identified in 30 cases (60%). Lymphovascular invasion
was detected in 28 cases (56%). Tumors were molecularly subclassified into Luminal A-like
(25 cases, 50%), Luminal B-like (16 cases, 32%), HER2-enriched (four cases, 8%), and TNBC
(five cases, 10%). Regarding the history of receiving NAC: 24 cases (48%) did not receive
NAC, and 26 cases (52%) received NAC. Regarding stromal TILs, 35 cases (70%) showed
low levels of stromal infiltration, and high stromal infiltration levels were detected in
15 cases (30%). The mean stromal TIL percentage in all cases was 36.8% and ranged from 5
to 90%.

3.2. Immunohistochemical Expression of A2AR in the Studied Cases

Low A2AR expression in TCs was detected in 35 cases (70%; 95% CI: 56.4-81.3%),
whereas high A2AR expression was observed in 15 cases (30%; 95% CI: 18.7-43.6%). Low
A2AR expression in TILs (H-score < 100) was found in 31 cases (62%; 95% CI: 48.2-74.5%),
while 19 cases (38%; 95% CI: 25.5-51.8%) showed high A2AR expression (H-score > 100)
(Figures 1 and 2, and Table 1).

Table 1. A2AR expression in TCs and TILs for the studied cases.

A2AR Expression N (%) 95% CI
Low expression 35 (70%) 56.4-81.3%
A2AR expression in TCs - -
High expression 15 (30%) 18.7-43.6%
Low expression 31 (62%) 48.2-74.5%
A2AR expression in TILs : ;
High expression 19 (38%) 25.5-51.8%
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Figure 1. (A) Invasive breast carcinoma NST showing high A2AR cytoplasmic expression in TCs and
TILs, H-score 300 (IHC x 200). (B) Same case (IHC x 400). (C) Low cytoplasmic expression of A2AR
in TCs and TILs, H-score 50 (IHC x 200). (D) Negative A2AR expression, H-score 0 (IHC x 200).

Figure 2. Invasive breast carcinoma NST: (A) showing tumor vascular emboli (H&E x 100); (B) show-
ing high A2AR cytoplasmic expression in TCs of tumor vascular emboli in the same spot, H-score

300 (IHC x 100).

3.3. A2AR Expression in Association with the Clinicopathological Parameter
Statistically significant results were obtained between high A2AR expression in TCs
and high proliferation index (Ki-67) (p = 0.011) with an OR of 5.27 (95% CI: 1.38-20.14)
(Table 2), and there was also a significant association between high expression of A2AR in
TILs and high expression of A2AR in TCs (p = 0.006) with an OR of 5.78 (95% CI: 1.55-21.50)

(Table 3).
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Table 2. Correlation between A2AR expression in TCs and molecular subtypes and percentage of

Ki-67 (proliferation index) in studied cases.

A2AR Expression in TCs
Low High Test of Significance Effect of
Moleaflar 5 1:1btypes and Expression Expression Sample OR
Proliferation Index Si (95% CI)
N (%) N (%) Value -Value Si e
(95% CI) (95% CI) P 5
Luminal 18 (72%) 7 (28%)
A-like (52.7-86.5%)  (13.5-47.3%)
Luminal 12 (75%) 4 (25%)
B-like (50.9-90.9%)  (9.1-49.1%)
Molecular FE 0.739 NS 0.157
Subtypes HER2- 2 (50%) 2 (50%)
positive  (12.3-87.7%)  (12.3-87.7%)
3 (60%) 2 (40%)
TNBC (20.9-90.6%)  (9.4-79.1%)
_ Low 23 (85.19%) 4 (14.81%)
Ki-67 (<30%)  (68.5-94.8%)  (5.2-31.5%) 2= 507
(Proliferation - 0.011 S 0.359
index) High 12 (52.17%) 11 (47.83%) 6.445 (1.38-20.14)
(>30%)  (325-71.3%)  (28.7-67.5%)
Table 3. Correlation between expression of A2AR in TCs and expression of A2AR in TILs.
A2AR Expression in TCs
A2AR Low High Test of Significance
Expression Expression Expression Effect O_f OR (95% CI)
. Sample Size
in TILs o °
N (%) N (%) Value -Value Si
(95% CI) (95% CI) b &
Low A2AR 26 (83.87%) 5 (16.13%)
i 68.2-93.6% 6.4-31.8%
expression ) )\ e 7am 0.006 S 0387 >78
High A2AR 9 (47.37%) 10 (52.63%) (1.55-21.50)
expression (26.6-68.8%)  (31.2-73.4%)

No statistically significant difference was detected between A2AR expression in TCs
and age (p = 0.783), tumor laterality (p = 0.106) (Supplementary Table S1), tumor grade
(p = 1.00), tumor size (T) (p = 0.699), lymph node status (N) (p = 0.216), history of metastasis
(M) (p = 0.514), stage of the tumor (p = 0.582), lymphovascular invasion (p = 0.384), in situ
component (p = 1.00) (Supplementary Table S2), stromal levels of TILs (p = 1.00), stromal
TILs continuous percentage (p = 1.00) (Supplementary Table S3), the history of NAC prior
to the surgical treatment (p = 0.266) (Supplementary Table S4), and the molecular subtype
(p =0.739) (Table 2).

3.4. NAC Status in Correlation with Clinicopathological Parameters and A2AR Expression in TCs
and TILs

Among patients who received NAC, a statistically significant association with low
Ki-67 was observed (p = 0.025), with an OR of 0.27 (95% CI: 0.08-0.86) (Table 4). No
statistically significant association was detected between NAC status and age (p = 0.168),
tumor laterality (p = 0.412) (Supplementary Table S5), tumor grade (p = 0.827), tumor size
(T) (p = 0.28), lymph node status (N) (p = 0.272), history of metastasis (M) (p = 0.225), stage
of the tumor (p = 0.106), lymphovascular invasion (p = 0.164), in situ component (p = 0.355)
(Supplementary Table S6), molecular subtypes (p = 0.409) (Supplementary Table S7), stromal
levels of TILs (p = 0.902), stromal TILs continuous percentage (p = 0.512) (Supplementary
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Table S8), A2AR expression in TCs (p = 0.266) or A2AR expression in TILs (p = 0.273)
(Supplementary Table S9).

Table 4. Correlation between NAC status and Ki-67 levels.

NAC Status
No NAC NAC Test of Significance
Ki-67 Expression ° Effect Size  OR (95% CI)
N (%) N (%) .
©95% CI) ©5% CI) Value p-Value Sig.
Low 9 (37.5%) 18 (69.23%)
<30% 20.4-57.4% 50.2-84.2%
Kig7 — 0% ) ) 5059 0.025 S 0.318 0.27
High 15 (62.5%) 8 (30.77%) (0.08-0.86)
(>30%)  (42.6-79.6%)  (15.8-49.8%)

3.5. A2AR Expression in TILs in Correlation with the Clinicopathological Parameters

A2AR expression in TILs differed across molecular subtypes (p = 0.039) (supplemen-
tary Table S14); however, the HER2-positive (1 = 4) and TNBC (1 = 5) groups were very
small, so this finding is exploratory and should be interpreted with caution. No significant
association was found between A2AR expression in TILs and Ki-67 (p = 0.057) (supple-
mentary Table 514), age (p = 0.696), tumor laterality (p = 0.425) (supplementary Table 510),
tumor grade (p = 1.00), tumor size (T) (p = 0.339), lymph node status (N) (p = 0.344), history
of metastasis (M) (p = 1.00), stage of the tumor (p = 0.665), in situ component (p = 0.122),
lymphovascular invasion (p = 0.336) (supplementary Table S11), stromal levels of TILs
(p = 0.656), stromal TILs continuous percentage (p = 0.864) (supplementary Table 512), or
the history of NAC prior to the surgical treatment (p = 0.273) (supplementary Table 513).

3.6. Logistic Regression Analysis for High Ki-67 Expression

In binary logistic regression for high Ki-67 expression (Supplementary Table S15), high
A2AR expression in TCs was associated with higher odds of high Ki-67 (crude OR 5.27,
95% CI 1.38-20.14, p = 0.015), whereas NAC was associated with lower odds (crude OR
0.27,95% CI 0.08-0.86, p = 0.027).

After mutual adjustment, A2AR expression in TCs remained significantly associated
with high Ki-67 (adjusted OR 4.91, 95% CI 1.21-19.82, p = 0.026), indicating that the
association was not explained by NAC status, while the adjusted effect of NAC was not
significant (adjusted OR 0.29, 95% CI 0.08-1.00, p = 0.050). Stratified analyses by NAC
status or molecular subtype were not performed because of the small size of the subgroups
(NAC, n =26; no NAC, n = 24; HER2-positive, n = 4, TNBC, n = 5).

4. Discussion

Over the past decade, the treatment of breast cancer has progressed significantly [41].
In breast carcinoma, immune checkpoint inhibitors (ICIs) have been studied as single
agents and paired with chemotherapy and targeted therapies [42]. In the past, poorly
immunogenic breast cancer was not investigated for its vulnerability to immunotherapy.
However, ICIs have recently been used as an achievable immunotherapeutic strategy in
breast cancer patients [43].

Immunotherapy’s efficacy depends on its capability to generate long-lasting T cell
responses [44]. TILs demonstrate the local immune reaction directed against the progression
of the tumor [45]. Immune infiltrate range and composition are highly different between
breast cancer subtypes and within every subtype; this variation means that not all breast
cancer patients would have the same immunotherapeutic approach to provoke an anti-
tumor immune response [46]. Framing A2AR as a component of an adenosine-driven
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system that connects hypoxia, immune suppression, and tumor growth in breast cancer
and other solid tumors is also supported by the research [8].

In the present study, we selected all of our cases to belong to invasive breast carcinoma
NST, to prevent fragmentation of specimens in order to yield a high statistically significant
result. In contrast to other special subtypes of breast carcinoma, invasive breast carcinoma
NST expresses a broad range of molecular subtypes: Luminal A-like in low and intermedi-
ate grades, Luminal B-like in intermediate to high grades, HER2-enriched subtype, and
finally TNBC in high grades. Different clinical presentations and behaviors, as well as
responses to therapy, arise as a result of this molecular diversity [47]. LPBC arises within
invasive breast carcinoma NST represents a substantial immunogenic subgroup marked by
dense stromal immune infiltration [48].

In our study, high expression of A2AR in TCs was reported in 15 (30%) out of 50 cases;
these results were lower than the percentage documented before [2]. The sample size,
differences in tissue preparation, and the use of various antibody clones are all responsible
for the observed diversity in A2AR expression; this can also be attributed to the use of an
H-Score. Even among professional pathologists, the results of the manually determined
H-score are not always repeatable, and there is also no validated or universally accepted
H-score cutoff point [36,49].

Since TILs are a sign of an anti-tumor immune response, they have been linked to
improved prognosis and responsiveness to chemotherapy [43]. Recently, attention has
been shifted to the advantages of TILs for the host and to different treatment strategies
that maximize the benefits by decreasing immune suppression in the TME [50]. It has
been widely accepted that TILs are linked to better survival in different cancer types. TILs
in breast carcinoma are a promising predictor of complete remission after preoperative
chemotherapy [51].

It was interesting to detect a statistically significant association between high expres-
sion of A2AR in TCs and high expression of A2AR in TILs (p = 0.006). Similarly, a positive
correlation between high A2AR expression and high stromal and immune scores, calculated
from transcriptomic data, has been documented [20]. However, no statistically significant
association between A2AR expression and TILs has been reported where expression of
A2AR in intratumoral TILs was studied [2]. In contrast, A2AR expression in stromal TILs
was assessed in our study, whereas Zohair et al. [20] assessed immune cells as a single
group, without distinguishing stromal from intratumoral lymphocytes. Recent studies
have reported that stromal TILs are a more accurate and superior parameter, as they are
not affected by the carcinoma nest growth pattern [28]. Furthermore, TIL levels might vary
significantly within each subtype of breast cancer [52].

Moreover, a statistically significant association was detected between high A2AR ex-
pression in TCs and high proliferation index (Ki-67) (p = 0.011). This was in accordance with
the findings of previous studies, where a positive association between A2AR expression
in TCs and high proliferation index (Ki-67) was reported [2,20]. The expression of Ki-67
is closely linked to cancer proliferation and is a predictor of prognosis and outcome; in
certain situations, this can help guide therapy choices [53].

In our study, the identified positive association between high A2AR expression and a
high proliferation index may suggest a possible relationship between A2AR expression and
tumor proliferative activity. However, further functional and clinical studies are required
to clarify the role of this association in tumor proliferation.

Our findings are consistent with previous studies [54-56] that have reported a statisti-
cally significant association between a prior history of NAC and a lower Ki-67 proliferation
index in invasive breast carcinoma, which may greatly affect the survival outcome, although
the present study cannot establish a causal relationship.
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Importantly, high A2AR expression in tumor cells remained significantly associated
with high Ki-67 expression after adjustment for NAC status (adjusted OR = 4.91, 95%
CI: 1.21-19.82, p = 0.026). This suggests that the observed association between A2AR
expression and tumor proliferation persisted after accounting for NAC status. However,
the wide confidence interval indicates limited precision, and residual confounding cannot
be excluded.

In the present study, we found no statistically significant difference between A2AR
expression in TCs and the different breast carcinoma molecular subtypes. In contrast to our
findings, a significant association with Luminal B-like and TNBC subtypes was reported
by Guimei and Eladl [2]; a significant association with HER2-positive and TNBC subtypes
in immune cells was reported by Zohair et al. [20]. This may be due to the sample size
of our study, as subgroups are too small for reliable subtype-specific stratification and for
differences in antibody clone and scoring technique. A2AR expression in TILs differed
across molecular subtypes (p = 0.039); however, because of the very small HER2-positive
and TNBC groups in our study, this finding is exploratory and should be interpreted
with caution.

Our study was innovative in evaluating the association between A2AR expression
and the history of receiving NAC, but our results did not show a statistical significance.
Unfortunately, the previous literature lacks any data concerning the association between
A2AR expression and the history of receiving NAC. Additionally, no statistically significant
association was found between A2AR expression and other clinicopathological parameters;
this was in accordance with the previously reported literature [2,20].

Recently, A2AR and A2BR have been used in many clinical trials to assess their
potential and efficacy in different cancers as chemotherapeutic or immunotherapeutic
anti-cancer approaches. A2AR has great relevance to activated immune cells, so it may
have a great role in immunotherapy [57]. A previous study found that A2AR expression
was higher in TNBC tumor tissues compared to normal epithelial tissues. Within this study,
it was proposed that A2AR may be of greater significance and relevance to clinical tumor
progression than A2BR. Interestingly, A2AR expression was documented to play a role in
the growth and spread of radiotherapy-resistant breast carcinoma [58].

The currently utilized ICIs in breast carcinoma are PD-1 and PDL-1 inhibitors and
HER2-directed monoclonal antibodies [42]. Immunotherapy with anti-PD-L1 has been
underwhelming in monotherapy for breast carcinoma metastasis, spurring the use of
synergistic treatment combinations combining immunotherapy with ICIs [59]. When
compared to PD-1, A2AR is the most prominently expressed protein in breast carcinoma
tumor tissues [20]. A2AR antagonists” anti-tumor effect indicates that they are suitable for
cancer therapies, particularly in patients who are not responsive to anti-PD-L1 therapy or
in combination with PD-L1 blockage to prevent treatment resistance [60].

This study has several limitations. It is a retrospective, single-center study with a
small sample size (n = 50), and the HER2-positive (n = 4) and TNBC (n = 5) subgroups
were too small for reliable subtype-specific conclusions; stratified analyses were therefore
not feasible. Our study also combined untreated and post-neoadjuvant chemotherapy
specimens, which are biologically non-equivalent; although NAC status was adjusted for
regression analysis, residual confounding cannot be excluded. The observed associations
are correlative and do not imply causality, and no adjustment for multiple testing was
applied. We recommend future research with multicenter integration to widen sample
representativeness and result reliability.
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5. Conclusions

Breast carcinoma treatment strategies have been a challenging issue over the last few
decades. The use of ICIs in immunotherapy has sparked a lot of attention. Our exploratory
study revealed a positive association between high expression of A2AR in TCs and high
expression of A2AR in TILs; TILs have a major role in the antitumor immune responses
in TME.

Furthermore, a statistically significant association was detected between high A2AR
expression in TCs and a high proliferation index (Ki-67). We suggest that larger studies be
conducted in order to clarify the role of this association in breast carcinoma immunotherapy.
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