Cancer Management and Research SO

ORIGINAL RESEARCH

Inflammatory and Nutritional Biomarkers Predict
Response to Neoadjuvant Dual Anti-HER?2
Therapy in HER2-Positive Breast Cancer:

A Retrospective Cohort Study

Hayriye Sahinli@, Galip Can Uyar ), Enes Yesilbas
Department of Medical Oncology, Ankara Etlik City Hospital, Ankara, Turkey

Correspondence: Hayriye $Sahinli, Department of Medical Oncology, Ankara Etlik City Hospital, Ankara, Turkey, Email dr.hayriye@hotmail.com

Purpose: Predicting response to neoadjuvant therapy (NAT) remains a clinical challenge in patients with HER2-positive breast cancer
(BC). Systemic inflammatory and immune-nutritional biomarkers have emerged as potential predictors of treatment response;
however, their value in patients receiving dual anti-HER2 therapy is not well defined.

Patients and Methods: This retrospective study included patients with HER2-positive BC treated with neoadjuvant dual anti-HER2
therapy between January 2023 and February 2025. A total of 136 patients were included. Pathological complete response (pCR) and
radiological response assessed by positron emission tomography/computed tomography (PET/CT) were the primary outcomes.
Routinely available inflammatory and immune-nutritional indices, including lymphocyte-to-monocyte ratio (LMR), systemic immune-
inflammation index (SII), and C-reactive protein—to—albumin ratio (CAR), were evaluated using receiver operating characteristic analysis
and multivariable logistic regression. Exploratory RF models were constructed to contextualize regression-based findings, with feature
importance assessed using permutation importance and the Gini index. These machine learning analyses were conducted as exploratory,
hypothesis-generating tools to support and contextualize regression-based findings rather than to establish standalone predictive models.
Results: Among 136 patients, 74% had locally advanced disease; pCR was achieved in 52.9%, and radiological response in 84.6%.
Higher LMR (>2.98) was independently associated with increased odds of pCR, whereas elevated SII and CAR were associated with
reduced response. For radiological response, LMR, CAR, baseline CA 15-3 levels, and intermediate Ki-67 expression (20-30%)
remained independently associated with outcomes. Exploratory machine-learning analyses consistently identified inflammatory and
immune-nutritional biomarkers among the most influential predictors.

Conclusion: Routinely available systemic inflammatory and immune-nutritional biomarkers, particularly LMR, SII, and CAR, are
independently associated with pathological and radiological response to neoadjuvant dual anti-HER2 therapy in HER2-positive BC.
These findings support the potential role of host-related biomarkers in treatment response prediction, pending prospective validation.

Plain Language Summary: In patients with HER2-positive breast cancer, predicting response to neoadjuvant therapy remains
challenging. This study evaluated whether simple blood-based inflammatory and nutritional biomarkers, including lymphocyte-to-
monocyte ratio (LMR), systemic immune-inflammation index (SII), and C-reactive protein-to-albumin ratio (CAR), are associated
with treatment response.

The results showed that these routinely available biomarkers were significantly associated with both pathological complete response
and radiological response. Because these markers are inexpensive, widely accessible, and easy to calculate, they may provide
a practical tool to support treatment decision-making in real-world clinical settings.

These findings suggest that incorporating host-related biomarkers alongside standard clinical factors may improve response prediction.
However, further prospective and multicenter studies are needed before these biomarkers can be routinely used in clinical practice.
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Introduction

Breast cancer (BC) remains the most frequently diagnosed malignancy among women worldwide, with its incidence
continuing to rise annually." Approximately 10-34% of invasive BCs exhibit overexpression or amplification of the
human epidermal growth factor receptor 2 (HER2), a molecular subtype historically associated with aggressive tumor
biology and unfavorable clinical outcomes.” The introduction of HER2-targeted therapies has substantially improved
survival in this population, particularly in the neoadjuvant setting, where dual anti-HER2 regimens have led to marked
increases in pathological complete response (pCR) rates.”

Neoadjuvant therapy (NAT) is currently established as the standard of care for patients with early-stage and locally
advanced HER2-positive BC, offering important clinical advantages such as tumor downstaging, increased breast-
conserving surgery rates, and in vivo assessment of treatment efficacy.” > Achieving pCR after NAT has been consis-
tently associated with improved long-term outcomes, especially in HER2-positive disease.” However, despite the wide-
spread use of dual anti-HER2 regimens, a substantial proportion of patients fail to achieve optimal pathological or
radiological responses.® Early identification of patients unlikely to benefit from standard NAT therefore represents
a critical unmet clinical need.

Systemic inflammation and nutritional status are increasingly recognized as key modulators of tumor progression,
host immune response, and sensitivity to anticancer therapy.”* Inflammatory and immune-nutritional biomarkers derived
from routine blood tests, such as the lymphocyte-to-monocyte ratio (LMR), systemic immune-inflammation index (SII),
and C-reactive protein—to—albumin ratio (CAR), have been associated with prognosis and treatment outcomes across
multiple malignancies, including BC.>'® However, most previous biomarker studies in BC were conducted in hetero-
geneous patient populations, often before the routine use of dual anti-HER?2 therapy, and primarily focused on prognosis
rather than direct prediction of neoadjuvant treatment response. Nevertheless, the predictive value of these biomarkers for
both pCR and radiological response in patients receiving neoadjuvant dual anti-HER2 therapy remains incompletely
defined, and existing evidence in this specific clinical context is limited.

Accordingly, the present study aimed to investigate whether routinely available inflammatory and nutritional
biomarkers are associated with pCR and radiological response in patients with HER2-positive BC treated with
neoadjuvant dual anti-HER2 therapy. Conventional regression analyses were used to identify independent predictors of
treatment response, while exploratory machine learning (ML) methods were applied to support and contextualize
biomarker-based predictions and to assess the relative contribution of individual variables.

Materials and Methods
Study Design and Population

This retrospective cohort study included patients with early-stage or locally advanced HER2-positive breast cancer who
were diagnosed and treated at Ankara Etlik City Hospital between January 2023 and February 2025. Clinicopathological
and laboratory data were obtained from electronic medical records and institutional patient file archives. No missing data
were present for variables included in the analyses; therefore, a complete-case approach was applied.

Inclusion criteria were: (i) histologically confirmed breast cancer; (ii) HER2 positivity defined as immunohistochem-
istry (IHC) score 3+ or IHC 2+ with HER2 gene amplification confirmed by in situ hybridization (ISH); (iii) availability
of complete clinicopathological and laboratory data; and (iv) completion of neoadjuvant therapy, radiological assessment,
and definitive surgery. Patients with HER2-negative disease, metastatic disease at diagnosis, primary tumor size <2 cm
with negative lymph nodes, or a history of another malignancy were excluded.

Baseline clinicopathological variables included age, menopausal status, smoking history, Eastern Cooperative
Oncology Group performance status (ECOG-PS), body mass index (BMI), tumor size, clinical T and N stage, histologic
grade, estrogen receptor (ER) and progesterone receptor (PR) expression, HER2 expression level, Ki-67 proliferation
index, comorbidity burden, baseline medication use, and pretreatment laboratory parameters.

Menopausal status was determined based on clinical records at diagnosis. ECOG-PS was recorded at treatment
initiation. BMI was calculated as weight in kilograms divided by height in meters squared (kg/m?). Weight loss during
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neoadjuvant therapy was calculated as the percentage change from baseline body weight, with >10% weight loss
considered clinically significant.

Comorbidity burden was assessed using the modified Charlson Comorbidity Index (mCCI), calculated based on
documented comorbid conditions at diagnosis.'' Baseline medication use, including metformin and lipid-lowering
therapy, was recorded at the time of treatment initiation. Serum carcinoembryonic antigen (CEA) and cancer antigen
15-3 (CA15-3) levels were measured prior to the initiation of NAT.

Treatment Protocol

All patients received standard neoadjuvant chemotherapy consisting of doxorubicin plus cyclophosphamide followed by
a taxane in combination with dual anti-HER2 therapy (trastuzumab and pertuzumab). Definitive surgery was performed
after completion of NAT in accordance with institutional treatment protocols.

Assessment of Pathological and Radiological Response

Radiological response was assessed using PET/CT in accordance with the PET Response Criteria in Solid Tumors
(PERCIST).'*!3 Target lesions were defined based on the highest standardized uptake value normalized to lean body
mass (SULpeak) of the most metabolically active lesion. Radiological complete response (CR) was defined as complete
resolution of "18F-fluorodeoxyglucose (*18F-FDG) uptake to background levels, with no residual metabolically active
disease detected on PET/CT. Partial response was defined as a significant reduction in metabolic activity of target lesions
according to PERCIST criteria. Patients achieving complete or partial metabolic response (CR or PR) were classified as
radiological responders, whereas those with stable or progressive metabolic disease (SD or PD) were classified as non-
responders. Pathological complete response (pCR) was defined as the absence of invasive tumor cells in both the
surgically resected breast tissue and axillary lymph nodes at definitive surgery.

Inflammatory and Nutritional Biomarkers

Inflammatory and nutritional indices were calculated using routine pretreatment laboratory parameters. The LMR was
defined as the ratio of absolute lymphocyte count to monocyte count. The SII was calculated as (platelet count x
neutrophil count) / lymphocyte count.”'* The CAR was calculated as serum C-reactive protein (CRP, mg/L) divided by
serum albumin (g/L).

Biomarkers were primarily analyzed as continuous variables in regression analyses. In addition, receiver operating
characteristic (ROC) curve analysis was performed to determine optimal cutoff values using the Youden index, and
biomarkers were subsequently dichotomized for evaluation of diagnostic performance metrics, including sensitivity,
specificity, positive predictive value (PPV), negative predictive value (NPV), and overall accuracy.

Statistical Analysis

All statistical analyses were performed using SPSS software, version 25.0 (IBM Corp., Armonk, NY, USA) and
R software, version 4.5.2 (R Foundation for Statistical Computing, Vienna, Austria). Continuous variables were
summarized as medians with interquartile ranges (IQR), and categorical variables as frequencies and percentages. The
Shapiro—Wilk test was used to assess the normality of continuous variables. Group comparisons were performed using
the Mann—Whitney U-test for non-normally distributed continuous variables and the Pearson chi-square test for
categorical variables, as appropriate.

Univariable logistic regression analyses were conducted to identify clinicopathological and laboratory variables
associated with pathological complete response and radiological response. Variables with a p-value <0.10 in univariable
analyses were entered into multivariable logistic regression models. Multicollinearity was assessed using variance
inflation factor (VIF) and tolerance values, with VIF >5 or tolerance <0.20 indicating collinearity. Model calibration
was evaluated using the Hosmer—Lemeshow goodness-of-fit test, and model discrimination was assessed using
Nagelkerke R”.

ROC curve analysis was performed to evaluate the predictive performance of inflammatory and nutritional biomar-
kers. Area under the curves (AUC) with 95% confidence intervals (Cls) were calculated, and optimal cutoff values were
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determined using the Youden index. Based on these cutoff values, biomarkers were dichotomized, and diagnostic
performance metrics, including sensitivity, specificity, PPV, NPV, and overall accuracy, were calculated. A two-sided
p-value <0.05 was considered statistically significant.

Exploratory Random Forest (RF) Analysis

In addition to conventional statistical analyses, exploratory RF analyses were conducted to support and contextualize
biomarker-based findings. RF classifiers were implemented using the “randomForest” package in R. For each outcome
(pCR and radiological response), classification models were constructed using all candidate clinicopathological and
laboratory variables.

Hyperparameters were selected based on empirical optimization, with the number of trees (ntree) set to 500 to ensure
model stability, and the number of variables randomly sampled at each split (mtry) determined using the square root of
the number of predictors. No extensive hyperparameter tuning was performed, as analyses were predefined as
exploratory.

Model performance was internally evaluated using stratified train—test splits (70% training and 30% testing).
Discriminative ability was assessed using the area under the receiver operating characteristic curve (AUC), along with
complementary classification metrics derived from confusion matrices, including accuracy, sensitivity, and specificity.

Feature importance was assessed using both permutation importance and mean decrease in impurity (Gini index)
methods to evaluate the relative contribution of individual variables to model predictions.

Given the retrospective design and moderate sample size, RF analyses were considered exploratory and interpreted
cautiously. The very high discriminative performance observed in the RF model for pCR (AUC approaching 1.0) may
reflect potential overfitting, and therefore these results should be interpreted with caution. These analyses were performed
to complement conventional regression-based inference rather than to establish standalone predictive models.

RF models were not used for formal variable selection but rather to complement conventional regression analyses and
to provide additional insight into variable importance and potential non-linear relationships.

Ethics Approval

The study was approved by the Ethics Committee of Ankara Etlik City Hospital (Approval No: 2025-565) and conducted
in accordance with the Declaration of Helsinki. Informed consent was waived due to the retrospective study design. All
data were anonymized prior to analysis.

Results

Patient Characteristics, Treatment Response, and Survival Outcomes

A total of 196 patients with HER2-positive BC were initially assessed for eligibility between January 2023 and
February 2025. After applying the predefined inclusion and exclusion criteria, 136 patients met the eligibility criteria
and were included in the final analysis (Figure 1).

The median age was 49.0 years (IQR, 42.0-62.5), and all patients were female. At diagnosis, 87 patients (64.0%) had
clinically node-positive disease, and 115 patients (84.6%) had tumors larger than 2 cm. ER expression >10% was
observed in 81 patients (59.6%), while 75 patients (55.1%) were PR—negative. A high proliferative index (Ki-67 >30%)
was present in 90 patients (66.2%). pCR was achieved in 72 patients (52.9%). Based on PET/CT assessment, 115 patients
(84.6%) were classified as radiological responders, including 74 patients (54.4%) with CR and 41 patients (30.1%) with
PR. SD and PD were observed in 20 patients (14.7%) and 1 patient (0.7%), respectively. Baseline clinicopathological and
laboratory characteristics stratified by pCR and radiological response are summarized in Table 1.

With a median follow-up of 18.6 months (IQR, 12.4-26.8 months), 14 patients (10.3%) experienced an event-free
survival (EFS) event and 4 patients (2.9%) died during the study period. Due to the limited number of events, the median
EFS and overall survival (OS) were not reached. The estimated 12-month EFS rate was 90.4% (95% CI, 84.1-96.7), and
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Patients with confirmed HER2-positive breast cancer assessed for eligibility
(January 2023 — February 2025)
(N =196)

*Excluded (N = 60):
*Metastatic disease at diagnosis (n = 24)
*Primary tumor <2 cm with node-negative disease (n

*Incomplete clinicopathological or laboratory data (n = 6)

*History of another malignancy (n = 3)

*Did not complete neoadjuvant therapy and surgery (n = 18)

=9)

Included in final analysis
(N=136)

Figure | Study flow diagram. HER2 positivity was defined according to contemporary ASCO/CAP guidelines using immunohistochemistry and/or in situ hybridization.
Exclusion criteria were applied sequentially; patients may have met more than one exclusion criterion.

Note: * Reasons for exclusion from the study.

the 24-month EFS rate was 82.1% (95% CI, 72.4-91.8). The estimated 12-month OS rate was 98.5% (95% CI,
96.0-100.0), while the 24-month OS rate was 95.8% (95% CI, 90.9-100.0). Survival analyses were considered
exploratory given the relatively short follow-up duration and the low number of observed events.

Table | Clinicopathological and Laboratory Characteristics Stratified by Pathological Complete Response (pCR) and Radiological
Response in Patients with HER2-Positive Breast Cancer Treated with Neoadjuvant Dual Anti-HER2 Therapy

Parameters (n=136) PCR, n (%) Radiological Response, n (%) Overall, n (%)
Absent, Present, Non-Responder (SD + PD), | Responder (CR + PR),
(n=64) (n=72) (n=21) (15.4%) (n=115) (84.6%)
(47.1%) (52.9%)
Age
<65 49 (44.5) 61 (55.5) 16 (14.5) 94 (85.5) 110 (80.9)
265 15 (57.7) 11 (42.3) 5(19.2) 21 (80.8) 26 (19.1)
ECOG-PS
0-1 55 (46.2) 64 (53.8) 19 (16.0) 100 (84.0) 119 (87.5)
2 9 (52.9) 8 (47.1) 2(11.8) 15 (88.2) 17 (12.5)
Smoking History
Absent 38 (49.4) 39 (50.6) 14 (18.2) 63 (81.8) 77 (56.6)
Present 26 (44.1) 33 (55.9) 7(11.9) 52 (88.1) 59 (43.4)
Menopausal Status
Premenopausal 23 (40.4) 34 (59.6) 9 (15.8) 48 (84.2) 57 (41.9)
Postmenopausal 41 (51.9) 38 (48.1) 12 (15.2) 67 (84.8) 79 (58.1)
Diabetes Mellitus at Diagnosis
Absent 51 (43.2) 67 (56.8) 18 (15.3) 100 (84.7) 118 (86.8)
Present 13 (72.2) 5 (26.8) 3(l67) 15 (83.3) 18 (13.2)
Baseline Lipid-Lowering Therapy Use
Absent 61 (46.9) 69 (53.1) 19 (14.6) 111 (85.4) 130 (95.6)
Present 3 (50.0) 3 (50.0) 2 (33.3) 4 (66.7) 6 (4.4)
Baseline Metformin Therapy Use
Absent 51 (42.5) 69 (57.5) 18 (15.0) 102 (85.0) 120 (88.2)
Present 13 (81.3) 3(187) 3(187) 13 (81.3) 16 (11.8)
(Continued)
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Table | (Continued).

Parameters (n=136) PCR, n (%) Radiological Response, n (%) Overall, n (%)
Absent, Present, Non-Responder (SD + PD), | Responder (CR + PR),
(n=64) (n=72) (n=21) (15.4%) (n=115) (84.6%)
(47.1%) (52.9%)
ER Expression
<1% 11 (22.4) 38 (77.6) 4(82) 45 (91.8) 49 (36.0)
ER-Low (1-10%) 2 (333) 4 (66.7) . 6 (100.0) 6 (4.4)
=10% 51 (63.0) 30 (37.0) 17 (21.0) 64 (79.0) 81 (59.6)
PR Expression
<1% 24 (32.0) 51 (68.0) 8 (10.7) 67 (89.3) 75 (55.1)
PR-Low (1-10%) 9 (69.2) 4 (30.8) 2 (15.4) 11 (84.6) 13 (9.6)
210% 31 (64.6) 17 (35.4) 11 (22.9) 37 (77.1) 48 (35.3)
mCCli
<4 38 (45.2) 46 (54.8) 13 (15.5) 71 (84.5) 84 (61.8)
24 26 (50.0) 26 (50.0) 8 (15.4) 44 (84.6) 52 (38.2)
Ki-67
<20% 17 (58.6) 12 (41.4) 5(17.2) 24 (82.8) 29 (21.3)
20-30% 10 (58.8) 7 (41.2) 6 (35.3) Il (64.7) 17 (12.5)
230% 37 (41.1) 53 (58.9) 10 (11.1) 80 (89.9) 90 (66.2)
Clinical T Stage
TI-2 51 (44.3) 64 (55.7) 17 (14.8) 98 (85.2) 115 (84.6)
T3-4 13 (61.9) 8 (38.1) 4 (19.0) 17 (81.0) 21 (15.4)
Clinical N Stage
Negative 24 (49.0) 25 (51.0) 9 (19.4) 40 (81.6) 49 (36.0)
Positive 40 (46.0) 47 (54.0) 12 (13.8) 75 (86.2) 87 (64.0)
CEA Level at Treatment Initiation (ng/mL)
<5 50 (43.1) 66 (56.9) 18 (15.5) 98 (84.5) 116 (85.3)
25 14 (70.0) 6 (30.0) 3(15.0) 17 (85.0) 20 (14.7)
CA 15-3 Level at Treatment Initiation (ng/mL)
<28.5 ng/mL 46 (41.1) 66 (58.9) 12 (10.7) 100 (89.3) 112 (82.4)
228.5 ng/mL 18 (75.0) 6 (25.0) 9 (37.5) 15 (62.5) 24 (17.6)
Histologic Grade
Grade 1-2 23 (47.9) 25 (52.1) 10 (20.8) 38 (79.2) 48 (35.3)
Grade 3 41 (46.6) 47 (53.4) 11 (12.5) 77 (87.5) 88 (64.7)
Tumor size
<2 cm 9 (42.9) 12 (57.1) 4 (19.0) 17 (81.0) 21 (15.4)
>2 cm 55 (47.8) 60 (52.2) 17 (14.8) 98 (85.2) 115 (84.6)
Hemoglobin Level at Treatment Initiation (g/dL)
<12 g/dL 9 (50.0) 9 (50.0) 3(16.7) 15 (83.3) 18 (13.2)
212 g/dL 55 (46.6) 63 (53.4) 18 (15.3) 100 (84.7) 118 (86.8)
HER2 Expression
IHC 2+ / ISH amplified 11 (78.6) 3 (21.4) 5(35.7) 9 (64.3) 14 (10.3)
IHC 3+ 52 (43.4) 69 (56.6) 16 (13.1) 106 (86.9) 122 (89.7)
Baseline BMI at Diagnosis (kg/m?)
<25.0 14 (41.2) 20 (58.8) 6 (17.6) 28 (82.4) 34 (25.0)
>25.0 50 (49.0) 52 (51.0) 15 (14.7) 87 (85.3) 102 (75.0)
Weight Loss During Treatment
210% weight loss 11 (47.8) 12 (51.2) 4 (17.4) 19 (82.6) 23 (16.9)
<10% or no weight loss 53 (46.9) 60 (53.1) 17 (15.0) 96 (85.0) 113 (83.1)
sl
Low (<798) 22 (26.2) 62 (73.8) 9 (10.7) 75 (89.3) 84 (61.8)
High (2798) 42 (80.8) 10 (19.2) 12 (23.1) 40 (76.9) 52 (382)
CAR
Low (<0.23) 30 (30.6) 68 (69.4) 10 (10.2) 88 (89.8) 98 (72.1)
High (20.23) 34 (89.5) 4 (10.5) 11 (28.9) 27 (71.1) 38 (28.9)
(Continued)
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Table | (Continued).

Parameters (n=136) PCR, n (%) Radiological Response, n (%) Overall, n (%)
Absent, Present, Non-Responder (SD + PD), | Responder (CR + PR),
(n=64) (n=72) (n=21) (15.4%) (n=115) (84.6%)
(47.1%) (52.9%)
LMR
Low (<2.98) 31 (30.4) 71 (69.9) 9 (8.8) 93 (91.2) 102 (75.0)
High (22.98) 33 (97.1) 1 (29) 12 (35.3) 22 (64.7) 34 (25.0)

Notes: Low and high categories for inflammatory and nutritional biomarkers were defined according to optimal cutoff values determined by receiver operating
characteristic (ROC) curve analysis using the Youden index. Radiological responders were defined as patients achieving complete or partial metabolic response, whereas
non-responders included patients with stable or progressive disease.

Abbreviations: pCR, Pathological complete response; SD, Stable disease; PD, Progressive disease; CR, Complete response; PR, Partial response; ECOG-PS, Eastern
Cooperative Oncology Group Performance Status; ER, Estrogen receptor; PR(biomarker), Progesterone receptor; mCCl, Modified Charlson Comorbidity Index; Ki-67, Ki-
67 proliferation index; T, Tumor (clinical T stage); N, Node (clinical nodal stage; CEA, Carcinoembryonic antigen; CA 15-3, Cancer antigen |5-3; HER2, Human epidermal
growth factor receptor 2; IHC, Immunohistochemistry; ISH, In situ hybridization; BMI, Body mass index; S, Systemic immune-inflammation index; CAR, C-reactive protein-
to-albumin ratio; LMR, Lymphocyte-to-monocyte ratio.

Association Between Radiological Response and Pathological Complete Response
Among the 74 patients classified as having a radiological response, pCR was achieved in 72 patients (97.3%), while pCR
was not achieved in 2 patients. All patients with radiological complete response (n=72) achieved pCR, whereas none of
the patients with PR, SD, or PD achieved pCR. Radiological response demonstrated excellent discrimination for pCR,
with an AUC of 0.986 (95% CI, 0.962—1.000; p<0.001).

Diagnostic Performance of Inflammatory and Nutritional Biomarkers
ROC analyses were performed to evaluate the discriminative ability of inflammatory and nutritional biomarkers for
predicting pCR and radiological response. For prediction of pCR, SII demonstrated significant discriminative perfor-
mance (AUC 0.737, 95% CI 0.646-0.827; p=0.002), followed by CAR (AUC 0.722, 95% CI 0.635-0.810; p=0.001),
while LMR showed the highest discriminative ability among the evaluated biomarkers (AUC 0.793, 95% CI
0.715-0.871; p=0.003) (Supplementary Figure 1A-C).

In analyses evaluating radiological response, SII (AUC 0.713, 95% CI 0.607-0.818; p=0.013), CAR (AUC 0.721,
95% CI 0.626-0.817; p<0.001), and LMR (AUC 0.785, 95% CI 0.705-0.866; p<0.001) all demonstrated significant
predictive performance (Supplementary Figure 1D-F). Optimal cutoff values for each biomarker were determined using

the Youden index, with detailed diagnostic performance metrics summarized in Supplementary Table 1.

Univariable and Multivariable Logistic Regression Analysis
Univariable logistic regression analyses were performed for initial variable screening, and the results are presented in
Supplementary Table 2. Variables meeting the predefined criteria were subsequently included in multivariable logistic

regression models.

In the multivariable analysis for pCR, LMR >2.98 was independently associated with higher odds of achieving pCR
(OR: 6.12, 95% CI: 1.12-13.10; p =0.004). In contrast, CAR >0.23 (OR: 0.20, 95% CI: 0.03—0.86; p <0.001) and SII
>798 (OR: 0.16, 95% CI: 0.04-0.67; p =0.012) were independently associated with lower odds of pCR. In addition, PR
expression <1% was significantly associated with pCR (OR: 1.81, 95% CI: 1.29-2.54; p =0.001) (Figure 2A).

For radiological response, multivariable logistic regression analysis demonstrated that LMR >2.98 was independently
associated with radiological response (OR: 3.01, 95% CI: 1.74-9.20; p =0.002). CAR >0.23 (OR: 0.31, 95% CI:
0.10-0.89; p =0.030) and baseline CA 15-3 levels >28.5 ng/mL (OR: 0.28, 95% CI: 0.09-0.85; p =0.024) were
independently associated with reduced odds of radiological response. Furthermore, a Ki-67 proliferation index of
20-30% was independently associated with radiological response (OR: 4.97, 95% CI: 1.30-19.04; p =0.019) (Figure 2B).
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A OR S

OR (95%CT) P Values
LMR High (22.98) 612(L12-13.10)

LMR High (22.98) D — 3.01(1.74-9.20) 0.002
CAR High 20.23) +— 0.20 0.03-0,86) 0.001

SII High G798) w—s 0.160.04-0.67) o012 CAR High 20.23) 0.31(0.10-0.89) 04030
CAIS3 2285 n/m. (13 <28.5) et 013 001-1.37) 0090 SII High 2798)  +——a—————————— 199 (0.43-9.18) 0.380
PR Expression 1% (v others) —— 181(1.29-254) 0001

CAI15-3228.5 ng/mlL (vs <28.5) 0.28 (0.09-0.85) 0.024

HER2 IHC3+ (vs IHC24/IST) 1.53(0.13-10.68) 0740

PR Expression <1% (vs others) »+— 0.68 (0.16-2.96) 0.623
CEA2S ng/m (13 <§) ————— 0290.04-2.13) 0221
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Figure 2 Forest plots of multivariable logistic regression analyses for treatment response. Forest plots showing independent predictors of (A) pathological complete
response (pCR) and (B) radiological response in patients with HER2-positive breast cancer treated with neoadjuvant dual anti-HER2 therapy. Odds ratios (ORs) with 95%
confidence intervals (Cls) are shown. Multicollinearity was assessed using variance inflation factor (VIF); diabetes mellitus was excluded from the pCR model due to
collinearity with metformin use, and ER <1% was excluded from the radiological response model due to collinearity with ER 210%. Model calibration was evaluated using the
Hosmer—Lemeshow test, and overall model significance was confirmed by the Omnibus test.

Abbreviations: CAR, C-reactive protein—to—albumin ratio; CA |5-3, cancer antigen |5-3; Cl, confidence interval; CEA, carcinoembryonic antigen; ER, estrogen receptor;
HER2, human epidermal growth factor receptor 2; IHC, immunohistochemistry; ISH, in situ hybridization; Ki-67, Ki-67 proliferation index; LMR, lymphocyte-to-monocyte
ratio; OR, odds ratio; pCR, pathological complete response; PR, progesterone receptor; Sll, systemic immune-inflammation index.

Exploratory Random Forest (RF) Feature Importance (Fl) Analysis

For prediction of pCR, the RF model demonstrated high discriminative performance, achieving an AUC of 0.995 (95%
CI, 0.981-1.000) (Supplementary Figure 2A). For radiological response, the model demonstrated discriminative perfor-
mance with an AUC of 0.791 (95% CI, 0.599-0.984) (Supplementary Figure 2B). Detailed performance metrics,
including accuracy, sensitivity, specificity, predictive values, and agreement statistics, are summarized in

Supplementary Table 3.

FI was evaluated using permutation importance and mean decrease in impurity (Gini index) to explore the relative
contribution of variables to treatment response. For prediction of pCR, inflammatory and immune-nutritional biomarkers,
particularly LMR, SII, and CAR, ranked among the most influential features across both importance metrics, followed by
hormone receptor status and tumor size (Supplementary Figure 3A and B). For radiological response, LMR and

pretreatment hemoglobin levels ranked among the most prominent features in both permutation- and Gini-based analyses,
with additional contributions from HER2 expression, CAR, and BMI depending on the importance metric applied
(Supplementary Figure 4A and B).

Overall ranking patterns were concordant between permutation and Gini importance methods. All RF analyses were
considered exploratory and were performed to contextualize and complement the results of conventional regression

models rather than to establish standalone predictive tools.

Discussion

In this retrospective cohort of patients with HER2-positive BC treated with NAT, we found that baseline inflammatory
and immune-nutritional biomarkers were significantly associated with both pCR and radiological response. Among the
evaluated markers, LMR, SII, and CAR consistently emerged as the most informative predictors across complementary
analytical approaches, including multivariable regression and exploratory RF analyses. These biomarkers retained
independent associations with treatment response after adjustment for established clinicopathological factors, whereas
several conventional parameters demonstrated limited predictive value. In addition, selected tumor- and disease-related
variables, including PR status, Ki-67 proliferation index, and baseline CA15-3 levels, showed outcome-specific inde-
pendent associations with pCR or radiological response, reflecting the multifactorial nature of treatment response. In
parallel, radiological response showed excellent discrimination for pCR, underscoring the clinical relevance of imaging-
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based assessment. Collectively, these findings suggest that host-related inflammatory and immune-nutritional status may
contribute meaningfully to neoadjuvant treatment response in HER2-positive BC.

The associations observed between inflammatory and immune-nutritional biomarkers and treatment response in this
study are biologically plausible and align with current concepts regarding host—tumor interactions in BC.”*'> A higher
LMR is thought to reflect a preserved antitumor immune response, whereas elevated monocyte levels are associated with
immunosuppressive tumor-associated macrophage activity and tumor progression.'®!” Similarly, SII, integrating neu-
trophil- and platelet-driven inflammatory burden, may capture protumorigenic inflammatory signaling that adversely
affects treatment efficacy, while CAR represents a composite marker of systemic inflammation and nutritional
reserve. ' 1820 Although previous studies have reported associations between these biomarkers and prognosis or

neoadjuvant treatment response in heterogeneous BC populations,”' 71?2

our findings extend this evidence by demon-
strating their independent and consistent predictive value for both pCR and radiological response in a contemporary,
homogeneous cohort of patients with HER2-positive BC treated with dual anti-HER2 NAT. These results support the
notion that sensitivity to neoadjuvant therapy is influenced not only by tumor-centered pathological features but also by
host-related inflammatory and immune-nutritional status. Notably, the concordant ranking of LMR, SII, and CAR across
both conventional regression models and exploratory RF feature importance analyses further supports the robustness of
these associations, while reinforcing their role as complementary, rather than standalone, predictive markers.

Several conventional clinicopathological variables traditionally associated with NAT response, including clinical
T and N stage, histologic grade, baseline BMI, comorbidity burden, and performance status, did not retain independent
significance in multivariable analyses. This observation is consistent with emerging evidence suggesting that, in the era
of highly effective dual anti-HER2 NAT, the predictive value of classical tumor burden—related parameters may be
attenuated.>®>* The high rates of pathological and radiological response observed across clinical subgroups in our cohort
likely reduced the discriminative capacity of these traditional factors. Similarly, while proliferation markers such as Ki-
67 and tumor markers such as CA 15-3 demonstrated associations with radiological response, their predictive value for
pCR was less consistent. This divergence may reflect fundamental differences between metabolic imaging—based
response and histopathological tumor eradication, with radiological response being more sensitive to early changes in
tumor activity rather than complete cellular clearance.'®'* In contrast, host-related inflammatory and immune-nutritional
biomarkers appeared to capture systemic biological processes that influence treatment sensitivity across both response
domains. Importantly, the lack of independent significance for several conventional variables should not be interpreted as
evidence of their clinical irrelevance but rather as an indication that host-related systemic factors may exert a dominant
influence on neoadjuvant response once potent HER2-targeted therapy is administered. This shift underscores the
importance of complementing tumor-centered assessment with biologically informed host-related markers when evaluat-
ing neoadjuvant response in uniformly treated HER2-positive populations.

From a clinical and translational perspective, our findings align with a growing body of evidence emphasizing the
importance of host-related factors in modulating treatment response beyond tumor-intrinsic characteristics. Previous
studies have suggested that systemic inflammation, nutritional reserve, and immune competence influence sensitivity to
anticancer therapies and long-term outcomes in BC and other solid tumors.”'*>'® In HER2-positive disease specifically,
recent reports indicate that highly effective dual anti-HER2 regimens may diminish the relative prognostic weight of
traditional tumor burden—related variables, shifting attention toward biological host—tumor interactions.*** Within this
context, our results suggest that routinely available inflammatory and immune-nutritional biomarkers may serve as
pragmatic adjuncts to standard clinicopathological assessment, particularly in homogeneous treatment settings where
response rates are uniformly high. Importantly, the concordance between radiological response and pCR observed in our

121324 while systemic

cohort supports prior evidence that metabolic imaging captures early treatment sensitivity,
biomarkers may provide complementary information reflecting the host’s capacity to sustain an effective therapeutic
response. Future studies should evaluate whether integrating these biomarkers with imaging-based assessment can refine

risk stratification, guide treatment adaptation, or inform surveillance strategies in HER2-positive BC.
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Strengths and Limitations

This study has several notable strengths. First, it focuses on a contemporary and clinically homogeneous cohort of
patients with HER2-positive BC treated uniformly with dual anti-HER2 NAT, thereby minimizing treatment-related
heterogeneity. Second, both pCR and radiological response were evaluated using standardized and clinically relevant
criteria, allowing assessment of treatment efficacy across complementary response domains. Third, inflammatory and
immune-nutritional biomarkers were derived from routine, low-cost laboratory parameters that are readily available in
daily clinical practice, enhancing the translational relevance of the findings. In addition, the consistency of results across
multiple analytical frameworks, including ROC analysis, multivariable logistic regression, and exploratory RF—based
approaches, supports the robustness of the observed associations. Finally, the concordance observed between rCR and
pCR further reinforces the internal validity of the response assessment strategy.

Several limitations should also be acknowledged. The retrospective, single-center design introduces the potential for
selection bias and limits the generalizability of the findings. Although the cohort was treated with a uniform neoadjuvant
regimen, the sample size was relatively modest, and the number of survival events was low, precluding definitive
conclusions regarding long-term outcomes. Inflammatory and immune-nutritional biomarkers were assessed at a single
pretreatment time point, and dynamic changes during therapy could not be evaluated. In addition, detailed molecular or
genomic tumor characteristics beyond routine hormone receptor and HER2 status were not available and may have
provided further biological insight. While exploratory RF analyses were used to contextualize and support regression-
based findings, these machine learning results should be interpreted cautiously and not as standalone predictive models.
Finally, external validation in independent, multicenter cohorts is required before these biomarkers can be integrated into
clinical decision-making.

Conclusion

In conclusion, this study demonstrates that baseline inflammatory and immune-nutritional biomarkers, particularly LMR,
SII, and CAR, are independently associated with both pCR and radiological response in patients with HER2-positive BC
treated with neoadjuvant dual anti-HER2 therapy. These routinely available biomarkers appear to capture host-related
biological processes that may influence treatment sensitivity beyond conventional clinicopathological parameters. The
concordance observed between radiological response and pCR further supports the clinical relevance of imaging-based
assessment in this setting. Although the RF analyses were exploratory, their concordance with regression-based findings
reinforces the consistency of the observed associations. Future prospective, multicenter studies are warranted to validate
these results and to determine whether integrating systemic inflammatory and immune-nutritional biomarkers into
clinical workflows may improve risk stratification, treatment-response assessment, closer monitoring, and individualized
neoadjuvant treatment planning in HER2-positive BC.
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