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Background: Overexpression of human epidermal growth factor receptor 2 (HER2) in breast cancer is associated with aggressive
tumor biology and a distinct immune microenvironment. Although the absolute lymphocyte count (ALC) in peripheral blood is widely
used as a routine indicator of systemic immune function, its relationship with HER2 status remains insufficiently explored.
Methods: This retrospective study investigated the association between pretreatment peripheral ALC and HER?2 status in a cohort of
breast cancer patients. Multivariate logistic regression, random forest modeling, and restricted cubic spline (RCS) analyses were
employed to assess this relationship. Subgroup analyses were conducted across major clinical and pathological variables to evaluate
their robustness. In parallel, tumor immune infiltration profiles were analyzed using the TIMER 2.0 platform.

Results: A robust and consistent inverse association was observed between ALC and HER2-positive status across all analytical
approaches. In fully adjusted logistic regression models, higher ALC was independently associated with lower odds of HER2
positivity (OR= 0.53, 95% CI: 0.37-0.77, P<0.001), with consistent effects across all examined subgroups. Further immune profiling
using the TIMER 2.0 platform demonstrated that ERBB2 (HER2) expression was negatively correlated with the infiltration of key
anti-tumor lymphocytes, including CD8" T cells, activated memory CD4" T cells, and natural killer (NK) cells, while showing relative
enrichment of immature B cells and non-regulatory CD4" T cells. Collectively, these findings suggest that HER2-overexpressing
tumors are associated with concurrent systemic immune alterations and a locally suppressed tumor immune microenvironment.
Conclusion: Peripheral blood ALC levels are negatively correlated with HER2 expression in breast cancer. Given its accessibility and
cost-effectiveness, ALC may serve as a complementary systemic immune indicator for contextual assessment of HER2-related
immune characteristics and immune heterogeneity at the population level.
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Introduction
Breast cancer remains the most common malignancy among women worldwide and continues to pose a substantial global public
health challenge." Human epidermal growth factor receptor 2 (HER2), encoded by the ERBB2 gene, is overexpressed or
amplified in approximately 15%—20% of breast cancer patients.” This molecular alteration is associated with increased tumor
aggressiveness, poorer prognosis, and response to specific targeted therapies.® The introduction of HER2-targeted agents, such as
trastuzumab and pertuzumab, has markedly improved clinical outcomes in patients with HER2-positive breast cancer.*>
Emerging evidence further suggests that crosstalk between HER2 signaling and the immune system plays a pivotal
role in disease progression, therapeutic response, and resistance mechanisms.®® Understanding these interactions is
therefore essential for optimizing treatment strategies and developing novel therapeutic approaches.
Tumor-infiltrating immune cells, particularly lymphocytes, have been extensively investigated in breast cancer and are
recognized as key components of the tumor microenvironment.” In HER2-positive breast cancer, higher tumor-infiltrating
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lymphocytes (TILs) density has been associated with better clinical prognosis and enhanced responses to HER2-targeted
therapies.'!'" However, while the local immune response within the tumor has been extensively studied, the systemic immune
status, particularly as reflected by peripheral immune markers like lymphocyte counts, remains less explored in the context of
HER?2 expression.

Absolute lymphocyte count (ALC) in peripheral blood is a routine, cost-effective, and easily obtainable biomarker
that reflects systemic immune function. A reduced ALC has been associated with poor prognosis in various malignancies,
including breast cancer.'>!® However, the relationship between HER2 expression and peripheral immune cell levels, such
as ALC, remains poorly understood. Investigating this association may enhance our understanding of tumor—host
immune interactions and help identify accessible immunological markers linked to HER2-driven tumor biology.

From a clinical practice perspective, particularly in resource-limited settings or primary care environments, breast
cancer patients often cannot immediately obtain complete pathological and molecular profiling results at the time of
initial diagnosis or during the preoperative period. Prior to the availability of routine pathology and HER2-related
immunohistochemistry or fluorescence in situ hybridization (IHC/FISH) results, clinicians may face an information gap
regarding a patient’s HER2 status, which can constrain early risk stratification and preliminary clinical decision-making.

Within this context, the present study explores ALC as a potential early, systemically accessible immune indicator.
Importantly, ALC is not intended to replace standard HER2 testing methods, but rather to serve as supplementary
immunological information. In selected clinical scenarios, ALC may provide preliminary contextual insight into HER2
status and the tumor immune milieu. In particular, when pathological results are pending or diagnostic resources are
limited, ALC may assist in initial risk assessment and overall immune status evaluation, thereby offering complementary
background information to support subsequent standardized testing and treatment decisions.

This study investigates the association between HER2 expression and peripheral blood ALC in breast cancer patients,
aiming to assess whether HER2-positive tumors are associated with systemic immune suppression. To further interrogate
the tumor immune microenvironment, we performed immune infiltration analysis using the TIMER2.0 database, which
integrates multiple deconvolution algorithms.'* By combining peripheral and intratumoral perspectives, we seek to
delineate a comprehensive immune profile of HER2-positive breast cancer and provide new insights into its immuno-
logical characteristics.

Materials and Methods
Study Population

Clinical data were retrospectively extracted from the institutional electronic medical record system, with all personal
identifiers removed to protect patient confidentiality. A total of 789 patients were consecutively enrolled from the
Department of Breast Surgery at The Second Affiliated Hospital of Fujian Medical University between July 1, 2021, and
June 30, 2025.

Inclusion criteria were as follows: (1) female patients aged 20 years or older; (2) those who underwent primary
surgical treatment for breast cancer; (3) histologically confirmed primary breast cancer as the first and only malignancy;
(4) no evidence of distant metastasis at the time of diagnosis; and (5) no receipt of neoadjuvant therapy.

Exclusion criteria included: (1) incomplete data for key clinical covariates; (2) history of severe infection or active
inflammation within one month before diagnosis; (3) presence of pre-existing immune system disorders; (4) severe
dysfunction of major organs.

The detailed patient selection flowchart is presented in Figure 1. All clinical data were extracted after the completion
of patient enrollment, and the dataset was locked prior to statistical analysis and manuscript submission.

HER?2 Status Assessment

HER2 protein expression was evaluated using immunohistochemistry (IHC). For cases with equivocal IHC results (2+),
fluorescence in situ hybridization (FISH) was performed to assess HER2 gene amp lification and determine the final
HER?2 status.
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Figure | Flowchart of participant selection.

The interpretation criteria were as follows: IHC scores of 0 or 1+ were classified as HER2-negative, IHC scores of 3+ were
classified as HER2-positive, IHC scores of 2+ were considered equivocal and required FISH testing. If FISH indicated HER2
gene amplification, the case was deemed HER2-positive; if no amplification was detected, the case was classified as HER2-
negative.

Assessment of Absolute Lymphocyte Count
All preoperative blood samples were collected in the morning as part of routine clinical assessment. Peripheral blood
samples were collected from all participants within two weeks prior to breast cancer surgery. ALC was measured as part

of routine preoperative laboratory testing in the hospital’s clinical laboratory.

Covariate Adjustment
Covariates were selected based on prior research and clinical relevance. The following variables were adjusted for in the
analysis: age, body mass index (BMI), hypertension (yes/no), diabetes (yes/no), marital status (unmarried/married), history of
childbirth (yes/no), menopausal status (yes/no), tumor laterality (left/right), tumor multiplicity (single/multiple), histological
grade (I, II, III), presence of perineural or vascular invasion (yes/no), estrogen receptor (ER) status (positive/negative),
progesterone receptor (PR) status (positive/negative), and axillary lymph node metastasis (ALNM) (yes/no).

Due to the very low prevalence (fewer than ten cases) of smoking and alcohol consumption in the study population,
these two variables were excluded from the final analysis.

Statistical Analysis

All statistical analyses were conducted using R software (version 4.5.1). Participants were stratified into two groups
based on HER2 status for comparison of baseline characteristics. Continuous variables were tested for normality using
the Kolmogorov—Smirnov test. Variables with normal distribution were expressed as mean + standard deviation (SD) and
compared using independent-samples t-tests. Categorical variables were presented as frequencies and percentages, with
between-group differences assessed using the chi-square test or Fisher’s exact test, as appropriate.

To investigate the association between ALC and HER2 status, we employed a series of rigorous analytical
approaches: First, multivariate logistic regression models were constructed with HER2 status as the dependent variable
and ALC as the primary independent variable. These models were sequentially adjusted for potential confounders.
Second, a random forest machine learning algorithm was implemented to assess the predictive importance of ALC for
HER2 status, with importance quantified by mean decrease in accuracy and mean decrease in Gini index. Third,
restricted cubic spline (RCS) modeling was applied to explore potential nonlinear associations between ALC and
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HER?2 expression. Additionally, subgroup analyses were performed based on predefined stratification factors to validate
the robustness of the observed associations.

To further explore the immunological context of HER2 expression, we utilized the TIMER2.0 online platform to
analyze the correlations between HER2 gene expression and levels of immune cell infiltration (including T cells, B cells,
and NK cells) in the breast cancer tumor microenvironment.

A two-tailed p-value < 0.05 was considered statistically significant.

Results

Baseline Characteristics
A total of 789 breast cancer patients were included in this study, comprising 580 cases (73.51%) in the HER2-negative
group and 209 cases (26.49%) in the HER2-positive group.

Compared with the HER2-negative group, the HER2-positive group had a significantly higher Ki67 proliferation
index (45.77+17.23 vs 34.06 £21.56, P <0.001) and a significantly lower ALC (1.79+0.50 vs 1.93 +0.54, P=0.002).
Statistically significant differences were also observed between groups in histological grade, estrogen receptor (ER)
status, and progesterone receptor (PR) status (P <0.001 for all). In addition, differences in marital status (P =0.040),
parity history (P =0.027), and menopausal status (P =0.037) were statistically significant.

In contrast, no significant differences were found between the two groups with respect to age, tumor size, body mass
index (BMI), tumor laterality, number of tumors, perineural invasion, vascular invasion, axillary lymph node metastasis
(ALNM), hypertension, or diabetes (P >0.05 for all). Baseline characteristics of the study population are summarized in
Table 1.

Table | The Baseline Characteristics of 789 Breast Cancer Participants

Variables Total HER2 Negative | HER2 Positive | Statistic P
(n=1789) (n = 580) (n =209)
Age, Mean * SD 51.05 + 10.93 51.04 £ 11.25 51.06 + 9.99 t=—0.01 0.989
Tumor size (cm), Mean + SD 2,05 + 1.0l 2.03 + 0.96 212 % 1.15 t=—1.19 0.233
K167, Mean + SD 37.16 £ 21.13 34.06 + 21.56 45.77 £ 17.23 t=—7.08 | <0.001
BMI (kg/m?), Mean % SD 23.46 + 3.21 23.52 + 3.24 23.27 £ 3.14 t=1.00 0317
ALC (10%/L), Mean # SD 1.89 £ 0.53 1.93 £ 0.54 1.79 £ 0.50 t=3.17 0.002
Laterality, n (%) =147 0.225
Left 402 (50.95) 288 (49.66) 114 (54.55)
Right 387 (49.05) 292 (50.34) 95 (45.45)
Tumor count, n (%) 1*=3.69 0.055
Single 720 (91.25) 536 (92.41) 184 (88.04)
Multiple 69 (8.75) 44 (7.59) 25 (11.96)
Histology, n (%) ¥*=57.42 | <0.001
| 48 (6.08) 47 (8.10) | (0.48)
I 398 (50.44) 325 (56.03) 73 (34.93)
1] 343 (43.47) 208 (35.86) 135 (64.59)
Nerve invasion, n (%) x*=0.21 0.643
No 637 (80.74) 466 (80.34) 171 (81.82)
Yes 152 (19.26) 114 (19.66) 38 (18.18)
Vascular invasion, n (%) =236 0.124
No 564 (71.48) 406 (70.00) 158 (75.60)
Yes 225 (28.52) 174 (30.00) 51 (24.40)
ER, n (%) x3=75.90 | <0.001
Negative 206 (26.11) 104 (17.93) 102 (48.80)
Positive 583 (73.89) 476 (82.07) 107 (51.20)
(Continued)
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Table | (Continued).

Variables Total HER2 Negative | HER2 Positive | Statistic P
(n=789) (n =580) (n =209)

PR, n (%) x*=93.55 | <0.001
Negative 250 (31.69) 128 (22.07) 122 (58.37)
Positive 539 (68.31) 452 (77.93) 87 (41.63)

ALNM, n (%) =146 | 0227
No 540 (68.44) 390 (67.24) 150 (71.77)
Yes 249 (31.56) 190 (32.76) 59 (28.23)

Hypertension, n (%) x*=0.02 0.897
No 666 (84.41) 489 (84.31) 177 (84.69)
Yes 123 (15.59) 91 (15.69) 32 (15.31)

Diabetes, n (%) x*=0.33 0.564
No 725 (91.89) 531 (91.55) 194 (92.82)
Yes 64 (8.11) 49 (8.45) 15 (7.18)

Marital status, n (%) =421 0.040
Unmarried 15 (1.90) 15 (2.59) 0 (0.00)
Married 774 (98.10) 565 (97.41) 209 (100.00)

Procreation, n (%) x*=4.88 0.027
No 26 (3.30) 24 (4.14) 2 (0.96)
Yes 763 (96.70) 556 (95.86) 207 (99.04)

Pausimenia, n (%) x*=4.37 0.037
No 400 (50.70) 307 (52.93) 93 (44.50)
Yes 389 (49.30) 273 (47.07) 116 (55.50)

Note: t: t-test, xz: Chi-square test.

Abbreviations: SD, standard deviation; ALC, absolute lymphocyte count; HER2, human epidermal growth factor receptor 2; BMI,

body mass index; ER, estrogen receptor; PR, progesterone receptor; ALNM, axillary lymph node metastasis;

Association Between ALC and HER2-Positive Status

Table 2 presents the results of logistic regression analyses evaluating the association between ALC and HER2-positive

status. A consistent and statistically significant inverse association was observed across all models.

In the unadjusted model (Model 1), higher ALC was significantly associated with lower odds of HER2 positivity
(odds ratio [OR] =0.60; 95% confidence interval [CI]: 0.44-0.83; P=0.002).In Model 2, after adjustment for baseline
demographic and clinical variables including age, body mass index (BMI), hypertension, diabetes, marital status, parity,
and menopausal status, the association remained statistically significant (OR =0.58; 95% CI: 0.41-0.81; P=0.001).In
Model 3, which further adjusted for tumor-related characteristics such as estrogen receptor (ER) status, progesterone

receptor (PR) status, axillary lymph node metastasis (ALNM), perineural invasion, vascular invasion, tumor multiplicity,

histological grade, tumor size, Ki67 index, and tumor laterality, the inverse association persisted (OR =0.53; 95% CI:

0.37-0.77; P <0.001).

Table 2 Association Between Peripheral Blood Lymphocyte Count and HER2-Positive Status in

Breast Cancer Patients

Variables Model | Model 2 Model 3
OR (95% CI) P OR (95% CI) P OR (95% CI) P
ALC (I09/L) 0.60 (0.44 ~ 0.83) | 0.002 | 0.58 (0.41 ~ 0.81) | 0.001 | 0.53 (0.37 ~0.77) | <0.001

Notes: Modell: CrudeModel2: Adjust: Age, BMI, Hypertension, Diabetes, Marital status, Procreation, Pausimenia Model3:
Adjust: Age, BMI, Hypertension, Diabetes, Marital status, Procreation, Pausimenia, ER, PR, ALNM, Nerve invasion, Vascular
invasion, Tumor count, Histology, Tumor size, KI67, Laterality.
Abbreviations: ALC, absolute lymphocyte count; HER2, human epidermal growth factor receptor 2; BMI, body mass
index; ER, estrogen receptor; PR, progesterone receptor; ALNM, axillary lymph node metastasis; OR, Odds Ratio; Cl,
Confidence Interval.
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These findings indicate that lower peripheral ALC is independently associated with an increased likelihood of HER2-
positive breast cancer.

Feature Importance Ranking in Random Forest Models
To evaluate the relative importance of each variable in predicting HER2-positive status, we applied two feature importance
metrics derived from the random forest model: Mean Decrease in Gini (MDI) and Mean Decrease in Accuracy (MDA).

As shown in Figure 2, ALC emerged as a consistently important predictor across both metrics. Specifically, ALC
ranked second in importance based on MDI and sixth based on MDA, suggesting a meaningful but moderate contribution
to HER2 status classification.

Exploration of Nonlinear Relationships
To assess potential nonlinear associations between peripheral ALC and HER2-positive status, we incorporated restricted
cubic spline (RCS) functions into fully adjusted logistic regression models.

As shown in Figure 3, no significant nonlinear association was detected (P for nonlinearity = 0.646). However, the
overall association was statistically significant (P for overall trend = 0.003), indicating a significant linear inverse
relationship: the risk of HER2 positivity progressively declined with increasing ALC levels.

Subgroup Analysis Results

Subgroup analyses were conducted to further assess the robustness of the association between absolute lymphocyte count
and HER2-positive status across different patient characteristics. Stratification variables included age, tumor laterality,
histological grade, hypertension, diabetes, body mass index (BMI), menopausal status, and tumor size. As shown in
Table 3, a significant inverse association between ALC and HER2 positivity was observed across most subgroups. No
significant interactions were detected in any of the predefined subgroups (all P for interaction > 0.05), indicating that the
inverse association between ALC and HER2-positive status remained consistent regardless of baseline clinical or tumor

characteristics.
A. Mean Decrease in Gini (MDI) B. Mean Decrease in Accuracy (MDA)
PR _ Lymphocyte.count -
ER _ Hypertension -
histology _ Age -
g Laterality - g Marital.status -
§ Vascular.invasion - § Vascular.invasion -
ALNM - Procreation -
Pausimenia - Pausimenia -
Nerve.invasion - Laterality .
Hypertension - Tumor.count I
Tumor.count - ALNM l
Diabetes . Diabetes |
Procreation I Nerve.invasion .
Marital.status I BMI .
0 10 20 30 40 50 0 10 20 30
Importance Importance

Figure 2 Variable importance rankings from the random forest model assessed using two metrics: (A) Mean Decrease in Gini (MDI) and (B) Mean Decrease in Accuracy
(MDA). Absolute lymphocyte count (ALC) ranked second by MDI and sixth by MDA, suggesting a moderate and consistent contribution to the model in distinguishing HER2
status.
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Figure 3 Association Between Peripheral Blood Lymphocyte Count and HER2-Positive Risk Modeled Using Restricted Cubic Splines.

Lymphocyte count

Association Between ERBB2 Expression and Immune Cell Infiltration in Breast Cancer

Based on TIMER2.0

To further explore the relationship between ERBB2 (HER2) expression and the tumor immune microenvironment, we

analyzed the infiltration levels of various immune cell subtypes in breast cancer tissues using the TIMER2.0 platform.

As detailed in Table 4, ERBB2 expression was negatively correlated with several immune cell subsets, including activated
memory CD4" T cells, Th1/Th2 helper T cells, and natural killer (NK) cells, suggesting that HER2 overexpression may be

associated with suppression of adaptive immune responses. In contrast, significant positive correlations were observed with
specific lymphocyte subsets, such as non-regulatory CD4" T cells (p=0.191, FDR = 5.1 x 10"®) and naive B cells (p = 0.141,
FDR = 1.4 x 10~%), indicating potential selective recruitment or activation of these cell types in HER2-overexpressing tumors.

Table 3 Subgroup Analyses of the Association Between Peripheral

Lymphocyte Count and HER2-Positive Status

Variables n (%) OR (95% CI) P P for Interaction
Al patients 789 (100.00) | 0.53 (0.37 ~ 0.77) | <0.001
AGE 0.121
<40 130 (16.48) | 0.16 (0.04 ~ 0.54) | 0.004
40~60 518 (65.65) | 0.60 (0.39 ~0.93) | 0.022
>60 141 (17.87) | 0.66 (0.26 ~ 1.65) | 0.375
Laterality 0.128
Left 402 (50.95) | 0.40 (0.24 ~ 0.68) | <0.001
Right 387 (49.05) | 0.69 (0.41 ~ 1.19) | 0.185
Histology 0451
| 48 (6.08) - 1.000
Il 398 (50.44) | 0.65 (0.35~1.23) | 0.187
1] 343 (43.47) | 051 (0.31 ~0.81) | 0.005
(Continued)
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Table 3 (Continued).

Variables n (%) OR (95% CI) P P for Interaction
Hypertension 0.692
No 666 (84.41) | 0.52 (0.35~0.79) | 0.002
Yes 123 (15.59) | 0.76 (0.25 ~2.32) | 0.626
Diabetes 0.688
No 725 (91.89) | 0.52 (0.36 ~ 0.76) | <0.001
Yes 64 (8.11) 0.14 (0.01 ~ 1.63) | O.l16
BMI 0.714
<185 33 (4.18) - -
18.5~23.9 438 (55.51) | 0.42 (0.25 ~0.71) | 0.001I
24~27.9 235 (29.78) | 0.59 (0.31 ~ I.12) | 0.106
28 83 (10.52) | 0.57 (0.14 ~2.38) | 0.443
Pausimenia 0.101
No 400 (50.70) | 0.35 (0.19 ~ 0.63) | <0.001
Yes 389 (49.30) | 0.67 (0.41 ~ 1.08) | 0.100
Tumor size 0.216
<2cm 427 (54.12) | 0.59 (0.34 ~ 1.05) | 0.071
>2cm 362 (45.88) | 0.48 (0.29 ~ 0.78) | 0.003

Abbreviations: HER2, human epidermal growth factor receptor 2; BMI, body mass index; OR:

Odds Ratio, Cl: Confidence Interval.

Table 4 Associations Between ERBB2 Expression and Immune Cell Infiltration
(T Cells, B Cells, and NK Cells) in Breast Cancer from the TIMER2 Database

Immune Cell Subtype (Method) rho p adj.p
T cell CD4+ (non-regulatory)_ QUANTISEQ 0.191168 | 1.23E-09 | 5.13E-08
T cell CD4+ (non-regulatory)_XCELL —0.0683 | 0.031316 | 0.105275
T cell CD4+ central memory XCELL 0.076076 | 0.016441 | 0.064944
T cell CD4+ effector memory XCELL 0.08276 | 0.009042 | 0.040132
T cell CD4+ memory activated_CIBERSORT —0.16056 | 3.60E-07 | 6.47E-06
T cell CD4+ memory activated_CIBERSORT-ABS | —0.16156 | 3.04E-07 | 5.86E-06
T cell CD4+ memory resting_CIBERSORT 0.089328 | 0.004826 | 0.024507
T cell CD4+ memory resting_CIBERSORT-ABS 0.020949 | 0.50943 | 0.685604
T cell CD4+ memory_XCELL —0.14748 | 3.02E-06 | 4.26E-05
T cell CD4+ naive_CIBERSORT —0.00656 | 0.836299 | 0.913608
T cell CD4+ naive_CIBERSORT-ABS —0.00662 | 0.83478 | 0.913608
T cell CD4+ naive_XCELL —0.06621 | 0.036878 | 0.119544
T cell CD4+ Thl_XCELL —0.16325 | 2.28E-07 | 4.62E-06
T cell CD4+ Th2_XCELL —0.2807 | 1.87E-19 | 1.48E-16
T cell CD4+_EPIC 0.097652 | 0.002054 | 0.01258I
T cell CD4+_TIMER —0.14584 | 3.90E-06 | 5.22E-05
T cell regulatory (Tregs)_CIBERSORT —0.04631 | 0.144543 | 0.296595
T cell regulatory (Tregs)_CIBERSORT-ABS —0.06372 | 0.044603 | 0.137242
T cell regulatory (Tregs)_ QUANTISEQ 0.071334 | 0.024511 | 0.086444
T cell regulatory (Tregs)_XCELL 0.006533 | 0.837016 | 0.913608
T cell CD8+ central memory XCELL —0.15742 | 6.10E-07 | I.16E-05
T cell CD8+ effector memory_XCELL —0.09692 | 0.00222 | 0.012872
T cell CD8+ naive_XCELL —0.08987 | 0.004576 | 0.023205
T cell CD8+_CIBERSORT —0.04573 | 0.149658 | 0.310173
T cell CD8+_CIBERSORT-ABS —0.07665 | 0.015647 | 0.062276
(Continued)
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Table 4 (Continued).

Immune Cell Subtype (Method) rho P adj.p

T cell CD8+_EPIC —0.07659 | 0.015725 | 0.062276
T cell CD8+_MCPCOUNTER —0.14964 | 2.15E-06 | 3.74E-05
T cell CD8+_QUANTISEQ —0.11534 | 0.000269 | 0.002441
T cell CD8+_TIMER 0.18107 | 8.97E-09 | 2.56E-07
T cell CD8+_XCELL —0.11929 | 0.000164 | 0.001741
B cell memory_CIBERSORT —0.10011 | 0.001576 | 0.010743
B cell memory_CIBERSORT-ABS —0.10506 | 0.000909 | 0.006814
B cell memory_ XCELL —0.13958 | 1.00E-05 | 0.000162
B cell naive_ CIBERSORT 0.14102 | 8.09E-06 | 0.000139
B cell naive_ CIBERSORT-ABS 0.115593 | 0.00026 | 0.002518
B cell naive_ XCELL —0.0844 | 0.007759 | 0.038358
B cell plasma_CIBERSORT 0.080882 | 0.010742 | 0.048589
B cell plasma_CIBERSORT-ABS 0.052985 | 0.095006 | 0.24465
B cell plasma_XCELL —0.11106 | 0.000452 | 0.003663
B cell_EPIC —0.04876 | 0.124469 | 0.29394
B cel_MCPCOUNTER —0.01739 | 0.584005 | 0.778673
B cell_QUANTISEQ —0.06054 | 0.056391 | 0.171749
B cell_TIMER 0.115042 | 0.000279 | 0.002652
B cell_XCELL —0.14552 | 4.09E-06 | 9.44E-05
Class-switched memory B cell_XCELL —0.02765 | 0.383856 | 0.61417
NK cell activated_CIBERSORT —0.04262 | 0.179367 | 0.47047
NK cell activated_CIBERSORT-ABS —0.05409 | 0.088317 | 0.340499
NK cell resting_CIBERSORT 0.003567 | 0.91058 | 0.95224
NK cell resting_CIBERSORT-ABS 0.000778 | 0.980465 | 0.980465
NK cell_EPIC —0.0911 | 0.004046 | 0.027547
NK cell_ MCPCOUNTER —0.10439 | 0.000981 | 0.008047
NK cell_QUANTISEQ —0.02637 | 0.406213 | 0.713327
NK cell_XCELL —0.00415 | 0.89598 | 0.949383

Moreover, beyond the TIMER algorithm, most immune deconvolution methods consistently demonstrated a negative
association between CD8" T cell infiltration and ERBB2 expression, underscoring the robustness of this finding while
also highlighting method-dependent variations in effect size.

In summary, HER2-overexpressing breast cancers display a complex immune infiltration landscape characterized by
reduced helper and memory T cell populations alongside increased naive or non-effector lymphocytes. This dichotomous

pattern may reflect ongoing immune remodeling and immune evasion mechanisms within the tumor microenvironment.

Discussion
This study revealed a robust and consistent inverse association between peripheral blood ALC and HER2-positive status
in breast cancer patients. The relationship remained statistically significant across multiple analytical approaches,
including multivariate logistic regression, random forest-based feature importance analysis, and restricted cubic spline
(RCS) modeling. Furthermore, subgroup analyses demonstrated that this inverse association was consistently observed
across various clinical and pathological subgroups, indicating that ALC may represent a reliable systemic immune
indicator associated with HER2 expression. Importantly, this association reflects a population-level immunological trend
rather than a discriminatory marker intended for individual-level clinical decision-making.

Analysis of the tumor immune microenvironment using the TIMER 2.0 platform further supported these findings.
ERBB2 (HER2) expression was significantly negatively correlated with the infiltration of several key anti-tumor immune
cell subsets, including CD8" T cells, activated memory CD4" T cells, Th1/Th2 cells, and natural killer (NK) cells. In
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contrast, HER2 expression showed a positive correlation with early-stage or non-effector lymphocytes, such as naive
B cells and non-regulatory CD4" T cells. These patterns suggest that HER2-overexpressing breast cancers may exist in
a dual immunosuppressive state, characterized by both diminished systemic immune activity and reduced intratumoral
immune infiltration.

ALC as a marker reflecting systemic immune status, is inherently non—tumor-specific. Previous studies have shown that
ALC can be influenced by a variety of non-tumor-related factors, including acute infection or inflammatory responses,
physiological or psychological stress (such as cortisol release), circadian rhythm variation, and other systemic conditions.
Therefore, in tumor-related research, interpreting the relationship between ALC and molecular subtypes without adequate
control for these confounding factors may result in biased conclusions. Accordingly, this study applied relatively stringent
inclusion and exclusion criteria at the design stage to systematically minimize the influence of non-tumor-related factors that
could substantially affect peripheral immune status. Specifically, patients with recent severe infection or inflammation,
autoimmune diseases, immune system disorders, or major organ dysfunction were excluded. Under these controlled condi-
tions, the observed association between ALC and HER2 status is more likely to reflect tumor-related immune characteristics
rather than being predominantly driven by systemic inflammation or stress-related immune fluctuations.

At the mechanistic level, previous studies have shown that activation of the HER2 signaling pathway can stimulate STAT3,
leading to the secretion of immunomodulatory cytokines such as interleukin-6 (IL-6) by tumor cells. This contributes to the
establishment of an immunosuppressive tumor microenvironment (TME)."> In such an inflammation-driven TME, the
effector functions of cytotoxic T cells and NK cells are impaired, while immunosuppressive populations such as regulatory
T cells and myeloid-derived suppressor cells are enriched, ultimately resulting in depletion of tumor-infiltrating lymphocytes
(TILs).'®'® Moreover, chronic inflammatory signaling may induce emergency myelopoiesis in the bone marrow, skewing
hematopoiesis toward the myeloid lineage at the expense of lymphoid development, thereby reducing peripheral absolute
lymphocyte count.'® In addition, HER2 signaling has been reported to suppress antiviral and antitumor immune responses
through AKT1-mediated inhibition of the STING pathway.?’ Supporting this, Fukai et al observed that HER2-high regions in
HER2-positive gastric cancers were associated with reduced CDS8" TIL infiltration and downregulation of STING-related
gene expression, suggesting a role for HER2 in dampening local immune activation via STING suppression.”' Similarly,
Nadine et al reported that HER2-low breast tumors displayed lower TIL densities and limited immune responses compared to
HER2-0 tumors, further corroborating the immunosuppressive landscape associated with HER2 expression.>>

Several studies have reported that both ALC and TILs are associated with prognosis, pathological complete response
(pCR), and treatment sensitivity in patients with HER2-positive breast cancer.”>>> However, whether ALC directly partici-
pates in the regulation of HER2 expression remains uncertain. Evidence from animal models suggests a potential link: NK
cells and perforin have been shown to reduce the number of primary tumors in HER2/neu transgenic mice, indicating that
immune surveillance may selectively suppress HER2-overexpressing tumor clones.>® Nonetheless, further research is required
to clarify whether systemic immune status can actively influence HER2 expression levels in human cancers.

In summary, this study identifies a potential association between ALC and HER2 expression status, suggesting that HER2-
positive breast cancer may be characterized by a dual immunosuppressive profile involving both systemic immune deficiency
and a locally suppressed tumor immune microenvironment. These findings contribute to a more comprehensive understanding of
the immunological landscape in HER2-driven tumors. Given its cost-effectiveness, accessibility, and widespread use in clinical
practice, ALC holds promise as an adjunctive marker for assessing HER2 status and evaluating immune microenvironment
activity at the population level.

However, this study has several limitations. First, as a single-center retrospective analysis, the findings reflect
associations rather than causality, necessitating validation through prospective cohort studies and mechanistic investiga-
tions. Second, immune cell infiltration estimates derived from platforms such as TIMER 2.0 are based on bulk
transcriptomic data and may not fully capture the spatial, functional, and phenotypic heterogeneity of the TME. Future
research should incorporate advanced technologies such as single-cell RNA sequencing, spatial transcriptomics, and
multiplex immunohistochemistry to more precisely delineate the relationship between peripheral ALC dynamics, HER2
pathway activation, and immunosuppressive mechanisms within the TME. Third, although this study employed relatively
stringent inclusion and exclusion criteria to minimize the impact of non-tumor-related factors on peripheral blood
absolute lymphocyte count, the retrospective study design inherently precludes complete control over perioperative short-
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term medication or individual stress-related immune fluctuations. Although all preoperative blood samples were collected
in the morning, defining the blood collection time window as within two weeks prior to surgery may still permit some
degree of preoperative stress-related variability. Accordingly, the clinical interpretation of ALC warrants caution, and
future multicenter, prospective studies will be required to evaluate the reproducibility of these findings and to determine
whether clinically actionable thresholds or risk stratification strategies can be defined.

Conclusion

This study demonstrated a consistent inverse association between peripheral blood absolute lymphocyte count (ALC) and
HER2-positive status in breast cancer patients. This association remained statistically significant across multiple analytical
approaches and was further supported by tumor immune microenvironment analyses using the TIMER 2.0 platform.
Collectively, these findings indicate that HER2-positive breast cancer may be associated with a population-level immunolo-
gical profile characterized by reduced systemic immune activity and suppressed intratumoral immune infiltration. Given its
accessibility and routine clinical availability, peripheral ALC may serve as a complementary systemic immune indicator for
contextual assessment of HER2-related immune characteristics at the population level.
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