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Abstract

Tumor-infiltrating lymphocytes (TILs) are an established predictor of pathological complete
response (pCR) after neoadjuvant chemotherapy (NACT) in breast cancer. However, TILs
primarily reflect the extent of immune infiltration and provide limited insight into immune
functional state. We investigated whether integrating measures of immune infiltration
(TILs), effector T-cell presence (CD8), and functional context (immune checkpoint compo-
nents) may improve prediction of pCR beyond TILs alone. Pretreatment tumor biopsies
from 166 patients with early breast cancer treated with standard NACT were assessed for
stromal TILs and mRNA expression of CD8, PD-1, LAG-3, and TIM-3. Associations with
PCR were evaluated using univariate and multivariable logistic regression, and composite
immune phenotypes were constructed to capture functional immune states. In univariate
analyses, higher TILs, CD8, PD-1, and LAG-3 were associated with pCR (all p < 0.05),
whereas TIM-3 was not (p = 0.801). In multivariable models, TILs remained indepen-
dently associated with pCR when adjusted for checkpoint markers, but this association
was attenuated when CD8 was included, consistent with the strong biological correlation
between TILs and CD8, and neither CD8 nor checkpoint markers retained independent
significance. PD-1 and LAG-3 expression strongly correlated with CD8 and moderately cor-
related with TILs, indicating that checkpoint expression predominantly reflects an immune
effector-engaged tumor microenvironment. Composite immune phenotypes based on
CD8/PD-1 co-expression identified distinct immune functional states, with CD8-high/PD-
1-high tumors demonstrating the highest pCR rates. Hierarchical modeling showed modest
improvements in discrimination with sequential addition of immune variables to clinical
predictors, with the integrative CD8/PD-1 model achieving the highest discrimination
within the cohort (AUC = 0.849), although the magnitude of improvement beyond TIL
assessment alone was limited. In conclusion, immune infiltration, effector T-cell presence,
and functional immune context represent complementary dimensions for pCR prediction
following NACT in breast cancer. However, TILs remain the most robust and clinically
feasible immune biomarker.
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1. Introduction

Neoadjuvant chemotherapy (NACT) is a standard treatment approach for patients
with high-risk early breast cancer, allowing tumor downstaging and providing an in vivo
assessment of treatment response [1-4]. Achieving a pathological complete response (pCR)
after NACT is strongly associated with improved long-term outcomes, particularly in
HER2-positive and triple-negative breast cancer subtypes [5-7]. However, pCR rates vary
widely among patients, underscoring the need for robust predictive biomarkers that can
improve patient stratification and guide treatment decision-making.

Tumor-infiltrating lymphocytes (TILs) have emerged as one of the most reproducible
immune-related biomarkers in breast cancer and have been consistently associated with
higher pCR rates, particularly in triple-negative and HER2-positive disease [8-10]. Never-
theless, TILs primarily reflect the quantity of immune infiltration rather than the functional
state of antitumor immunity, and their predictive performance remains heterogeneous
across patients and tumor subtypes [10-12].

Cytotoxic CD8-positive T cells represent a key TIL effector population mediating anti-
tumor immune responses. Increased CD8 infiltration has been associated with improved
response to chemotherapy and favorable outcomes in breast cancer [13-16]. However,
the presence of CD8-positive T cells alone does not necessarily indicate effective immune-
mediated tumor control, as T-cell activity is tightly regulated by immune checkpoint
pathways within the tumor microenvironment [17-19].

Programmed cell death protein 1 (PD-1) and other immune checkpoint receptors,
including lymphocyte activation gene-3 (LAG-3) and T-cell immunoglobulin and mucin-
domain containing-3 (TIM-3), are commonly expressed on tumor-infiltrating T cells. Their
function is to mediate regulatory feedback that can attenuate T-cell function after sustained
stimulation [17-19]. For this reason, these molecules are classically regarded as markers
of immune inhibition or exhaustion; however, accumulating evidence suggests that in
treatment-naive tumors their expression may also reflect immune activation and ongoing
antitumor immune engagement [15,20,21]. The biological and clinical significance of im-
mune checkpoint expression in breast cancer remains incompletely understood, particularly
in the setting of NACT in the absence of immune checkpoint blockade [22].

In this study, we aimed to evaluate the predictive value of baseline immune biomark-
ers for pCR in breast cancer patients treated with NACT. We assessed TILs, cytotoxic
T-cell infiltration (CD8), and immune checkpoint expression (PD-1, LAG-3, and TIM-3)
in pretreatment biopsies and hypothesized that these immune features are associated
with treatment response and provide incremental predictive value beyond established
clinical and pathological factors. By integrating measures of immune infiltration (TILs),
effector T-cell presence (CD8), and functional context (immune checkpoint components),
this work seeks to refine prediction of pCR and to explore the potential clinical utility of
immune-informed risk stratification for neoadjuvant treatment de-escalation strategies.

2. Results
2.1. Patient Characteristics and Association with pCR

A total of 166 patients treated with NACT were included in the analysis. pCR was
achieved in 55 patients (33.1%), while 111 patients (66.9%) did not achieve pCR (Table 1).
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Table 1. Clinicopathological characteristics of patients according to pathological complete response

(pCR) status.
Patients Patients -Value 4
. 2 p - 5
Characteristics ! Al} Pit;eg;;s Without pCR ~ with pCR 3 (Group OR (95% CI) ¢ U P Va!ute LR)
n= (n =111) (n = 55) Comparison) nivariate
Age (years), mean £ SD 50.6 £ 11.2 49.4 £10.6 464 £12 0.092 0.97 (0.95-1.00) 0.094
Tumor size (mm), median (IQR) 26 (13) 27 (14) 26 (10) 0.142 0.98 (0.95-1.01) 0.104
Clinical nodal stage 0.009
Node negative, n (%) 45 (27.1) 23 (51.1) 22 (48.9) Ref.
Node positive, n (%) 121 (72.9) 88 (72.7) 33(27.3) 0.39 (0.19-0.80) 0.010
Grade <0.001
Grade 2, n (%) 42 (25.5) 37(88.1) 5(11.9) Ref.
Grade 3, n (%) 123 (74.5) 73 (59.3) 50 (40.7) 5.07 (1.86-13.79) 0.001
Molecular subtype <0.001
Luminal B like, n (%) 87 (52.4) 73 (83.9) 14 (16.1) Ref.
HER2-positive, n (%) 47 (28.3) 20 (42.6) 27 (57.4) 7.04 (3.12-15.88) <0.001
Triple negative, n (%) 32(19.3) 18 (56.2) 14 (43.8) 4.06 (1.64-10.00) 0.002
% Ki-67 median (IQR) 40 (28) 30 (30) 50 (30) <0.001 1.03 (1.01-1.05) 0.001
% TIL median (IQR) 10 (25) 5(19) 25 (45) <0.001 1.03 (1.01-1.04) <0.001
CDS8 relative expression vs. non-pCR
(2-38Ct) " edian (IQR) 1.13 (1.95) 0.97 (1.03) 1.75 (2.53) 0.006 1.45 (1.17-1.81) <0.001
LAG-3 relative expression vs.
non-pCR (225 median (IQR) 1.10 (1.87) 0.94 (1.50) 1.60 (2.58) 0.004 1.20 (1.03-1.40) 0.023
TIM-3 relative expression vs. non-pCR
(2-28Ct) median (IQR) 1.04 (0.54) 1.03 (0.48) 1.08 (0.64) 0.511 1.08 (0.60-1.92) 0.801
PD-1 relative expression vs. non-pCR 1.17 (1.72) 0.95 (1.31) 2.17 (2.63) <0.001 1.28 (1.08-1.51) 0.004

(2-28Ct ‘median (IQR)

1 Data are presented as mean 4 SD (standard deviation), median (interquartile range (IQR)), or number (%), as
appropriate. Gene expression values are presented as relative expression calculated using the 224t method,
with the mean ACt value of the non-pCR group used as the internal biological calibrator (set to 1). Reported
values are medians; therefore, the non-pCR group does not necessarily equal 1. 2 One value was missing for tumor
grade and one for Ki-67; all other variables were complete. 3 Overall pCR rate was 33.1%.  Group comparisons
were performed using Student’s t-test or Mann-Whitney U test for continuous variables and x? or Fisher’s exact
test for categorical variables. 5 Odds ratios (ORs) and corresponding p-values were obtained from univariate
logistic regression (LR) with pCR as the outcome. © Odds ratios for continuous variables represent change per
one-unit increase.

Patients who achieved pCR tended to be younger than those without pCR, al-
though this difference did not reach statistical significance (mean age 46.4 + 12.0 vs.
49.4 & 10.6 years; p = 0.092). Tumor size was not significantly associated with pCR (median
26 mm vs. 27 mm; p = 0.142).

Clinical nodal status was significantly associated with treatment response (p = 0.009).
Patients with node-positive disease were less likely to achieve pCR following NACT
compared with node-negative patients (27.3% vs. 48.9%). In univariate logistic regression,
nodal positivity was associated with a lower likelihood of pCR (OR 0.39, 95% CI 0.19-0.80;
p =0.010).

Tumor grade showed a strong association with pCR (p < 0.001). Grade 3 tumors were
more likely to achieve pCR after NACT (40.7%) compared with grade 2 tumors (11.9%).
Grade 3 disease was associated with increased odds of pCR (OR 5.07, 95% CI 1.86-13.79;
p =0.001).

Molecular subtype was significantly associated with pCR (p < 0.001). Compared with
luminal B-like tumors, HER2-positive tumors had markedly higher odds of pCR following
NACT (OR 7.04, 95% CI 3.12-15.88; p < 0.001), as did triple-negative tumors (OR 4.06, 95%
CI 1.64-10.00; p = 0.002).
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The proliferation marker Ki-67 was significantly higher in tumors achieving pCR
(median 50% vs. 30%; p < 0.001). Increasing Ki-67 was associated with higher odds of pCR
(OR 1.03 per 1% increase, 95% CI 1.01-1.05; p = 0.001).

2.2. Immune Biomarkers and pCR

Tumors achieving pCR after NACT exhibited significantly higher levels of immune
infiltration and immune-related markers (Table 1). Median TIL levels were significantly
higher in the pCR group compared with the non-pCR group (25% vs. 5%; p < 0.001), and
increasing TIL percentage was associated with higher odds of pCR (OR 1.03 per 1% increase,
95% CI 1.01-1.04; p < 0.001).

CD8 expression was also significantly higher in tumors achieving pCR (median 1.75 vs.
0.97; p = 0.006, Figure 1) and was associated with increased likelihood of pCR in univariate
analysis (OR 1.45, 95% CI 1.17-1.81; p < 0.001). Similarly, PD-1 expression was markedly
higher in tumors achieving pCR (median 2.17 vs. 0.95; p < 0.001) and was associated with
higher odds of pCR (OR 1.28, 95% CI 1.08-1.51; p = 0.004). LAG-3 expression was also
higher in the pCR group (median 1.60 vs. 0.94; p = 0.004) and showed a modest association
with pCR (OR 1.20, 95% CI 1.03-1.40; p = 0.023). In contrast, TIM-3 expression did not differ
significantly between patients with or without pCR (p = 0.511) and was not associated with
PCR in univariate analysis (OR 1.08, 95% CI 0.60-1.92; p = 0.801).

Figure 1. Immune marker expression according to pCR. Box-and-whisker plots compare normalized
expression (2724Ct normalized to the non-pCR group (set to 1), of (A) CD8, (B) LAG-3, (C) TIM-3,
and (D) PD-1 between tumors achieving pCR and those without pCR. Higher expression of CD8
(p = 0.006), LAG-3 (p = 0.004), and PD-1 (p < 0.001) was observed in tumors with pCR, whereas TIM-3
showed no association with response (p = 0.511). Individual data points are shown; boxes represent
the interquartile range with median, and whiskers indicate range. p-values were calculated using the
Mann-Whitney U test.

Correlation analysis (Supplementary Table S1) showed that TIL levels were moder-
ately and positively associated with CD8 expression (r = 0.48, p < 0.001), indicating that
higher immune infiltration is accompanied by increased cytotoxic T-cell presence. PD-1
and LAG-3 exhibited strong positive correlations with CD8 (r = 0.87, p < 0.001 and 0.76,
p < 0.001, respectively) and moderate correlations with TILs (r = 0.46, p < 0.001 and 0.35,
p <0.001













































