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Abstract
Background  Triple-negative breast cancer (TNBC) is characterized by aggressive biological behavior and poor 
prognosis. However, TNBC exhibits higher immunogenicity than other breast cancer subtypes, making it more 
responsive to immunotherapy. Neoadjuvant chemotherapy (NAC) is the standard treatment for early high-risk TNBC; 
however, reliable biomarkers for predicting NAC response remain elusive. Tumor-infiltrating lymphocytes (TIL) are 
recognized as predictive markers of NAC response in TNBC, yet discordant cases remain, such as tumors with high TIL 
levels but poor response. This study aimed to further elucidate the immune environment of TNBC by analyzing TIL, 
programmed death-ligand 1 (PD-L1) expression, and tumor-stroma ratio using pretreatment biopsy tissue slides from 
16 patients with TNBC treated with NAC.

Method  Multiplexed immunofluorescence for CD8, FOXP3, CD4, CD20, and CK was employed to investigate immune 
cell (IC) composition and spatial interactions within the tumor immune microenvironment. Cell to cell distance and 
comparison of subcellular proportion of IC and were analyzed by treatment response, TIL, and PD-L1 status.

Results  Significant differences were found in IC composition and distribution between patients achieving pathologic 
complete response (pCR) and those with residual disease (non-pCR). The pCR group exhibited significant enrichment 
of cluster of differentiation CD8 + IC and CD20 + IC in both tumor and stromal regions, suggesting their critical role in 
mediating an effective NAC response. In contrast, non-pCR cases showed higher proportions of immunosuppressive 
CD4 + FOXP3 + IC, particularly in the tumor region. High TIL levels were associated with pronounced B-T cell 
interactions, as evidenced by the significant clustering of CD20 + and CD8 + ICs near tumor cells, highlighting their 
cooperative role in antitumor immunity.
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Background
Triple-negative breast cancer (TNBC) is a biologi-
cally aggressive breast cancer subtype that accounts for 
10–15% of all breast cancers. It is defined by the absence 
of estrogen receptor (ER) and progesterone receptor 
(PR) expression, as well as human epidermal growth fac-
tor receptor (HER2) amplification [1]. TNBC is a het-
erogeneous group of disease entities that can be further 
divided into six subtypes based on molecular features [2]. 
Compared with other breast cancer subtypes which are 
generally considered less immunogenic [3], TNBC exhib-
its higher immunogenicity [4], and has shown promising 
clinical outcomes with immunotherapy [5, 6].

Neoadjuvant chemotherapy (NAC) is currently the 
standard treatment for TNBC, even in the early stages [7, 
8]. Higher stromal tumor-infiltrating lymphocytes (TIL) 
predict increased pathologic complete response (pCR) 
and superior clinical outcome in patients with TNBC 
treated with NAC [9, 10]. In the cancer-immunity cycle, 
various immune cell (IC) components, along with other 
cellular elements within the tumor microenvironment, 
initiate and maintain effective antitumor immunity [11]. 
Moreover, the coordination of diverse B and T lympho-
cyte populations at different stages of development deter-
mines the effectiveness of adaptive immunity and, thus, 
the survival outcome of patients [12, 13]. High TIL levels 
in TNBC indicate an inflamed tumor, which is considered 
a potential target for immune checkpoint inhibitors [14]. 
CD8 + T cells have been identified as a key component 
of anti-cancer immunity in many solid cancers, including 
TNBC [15, 16].

Despite the general trends, not all patients with TNBC 
with high TIL levels respond positively to NAC, and sim-
ilarly, not all patients with low TIL levels are non-respon-
sive. To address this discrepancy, our study examined 
the tumor immune microenvironment (TIME) in TNBC 
samples obtained before NAC treatment using multi-
plex immunofluorescence (mIF). This technique allows 
for the detailed identification and quantification of vari-
ous IC types within TIME. In addition, mIHC provides 
spatial information by mapping each cell, which enables 
the analysis of spatial distribution of IC and tumor cells 
(TC), as well as the relative locations of different IC pop-
ulations [17]. In this study, we categorized IC into several 
types based on CD markers and FOXP3 expression: CD8 
for cytotoxic T cells, CD20 for B cells, CD4 for helper 

T cells, and CD4 + FOXP3 + IC for T regulatory cells 
(Treg). We aimed to explore the TIME in treatment-naïve 
TNBC and its role in NAC response and to elucidate the 
differences in TIME among patients with similar TIL lev-
els but varying treatment outcomes, as well as those with 
differing TIL levels but similar treatment responses.

Methods
Patients
We retrospectively reviewed the electronic medical 
records of patients with stage II–III early TNBC treated 
with NAC at Gangnam Severance Hospital between 
October 2018 and December 2020 (n = 160). Among 
them, treatment-naïve biopsy samples were available in 
16 patients who underwent NAC with anthracycline and/
or taxane, followed by curative breast surgery. Clinico-
pathologic data, including age at diagnosis, histologic 
grade (HG) based on the Nottingham grading system 
[18], ER, PR, HER2, clinical subtypes of breast cancer, 
Ki-67 index, TIL level, pretreatment clinical T and N 
stages, treatment regimens, and post-treatment patho-
logic T and N stages, were collected from electronic 
medical records. Clinical stages were classified according 
to the seventh edition of the American Joint Committee 
on Cancer guidelines [19]. A pCR was defined as ypT0/
is N0.

Histopathologic and Immune Profiling
Histologic evaluation for TILs and tumor-stroma ratio (TSR)
The histological slides of the patients were reviewed by 
two pathologists (SSJ and YJC). TIL levels were assessed 
in accordance with guidelines proposed by the Interna-
tional TIL Working Group [20]. All mononuclear cells, 
including lymphocytes and plasma cells (but excluding 
polymorphonuclear leukocytes), were counted. Cases 
with TIL levels >10% were categorized as the high-TIL 
group, whereas those ≤ 10% were categorized as the low-
TIL group based on the median TIL level of the included 
cases. TSR was defined as the tumor cellularity relative 
to the surrounding stroma within the overall tumor bed 
[21, 22]. For the quantification of TSR, assessments were 
undertaken using scoring percentages, incremented at 
intervals of 10%.

Conclusions  In conclusion, our findings suggest that tumoral CD8 + and CD20 + ICs are pivotal determinants of 
NAC response in TNBC. The enrichment of CD20 + IC under high-TIL conditions underscores the potential role of B-T 
cell interactions in shaping immune-mediated chemotherapy responses. These insights provide a foundation for 
leveraging immune-based biomarkers to stratify patients with TNBC and optimize NAC outcomes.

Keywords  Triple-Negative breast cancer, Neoadjuvant therapy, Tumor infiltrating lymphocyte, Tumor 
microenvironment, Immunofluorescence, Spatial analysis
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IHC for clinical subtype.
Nuclear staining values ≥ 1% were considered positive for 
ER (clone 6F11; dilution 1:200; Leica Biosystems, Wet-
zlar, Germany) and PR (clone 16; dilution 1:500; Leica 
Biosystems) [23]. HER2 staining (clone 4B5; dilution 1:5; 
Ventana Medical System, Oro Valley, AZ, USA) was eval-
uated according to the 2018 American Society of Clinical 
Oncology/College of American Pathologists guidelines 
[24]. Only samples with a strong circumferential mem-
branous HER2 immunoreactivity (3+) were considered 
positive, whereas cases with 0 or 1 + HER2 were nega-
tive. Equivocal HER2 (2+) cases underwent silver in situ 
hybridization (SISH) for HER2 gene amplification. This 
study exclusively included patients with TNBC.

IHC for programmed death-ligand 1 (PD-L1) status
PD-L1 (clone 22C3; dilution, 1:50; Dako, Carpentaria, 
CA, USA) IHC was performed and evaluated using the 
combined proportional score (CPS) per the manufactur-
er’s guidelines and scoring algorithm [25]. The CPS was 
calculated as the number of PD-L1 staining cells, includ-
ing TCs, lymphocytes, and macrophages, divided by the 
total number of viable invasive TCs multiplied by 100. 
CPS determination was performed at x200 magnifica-
tion. Scoring excluded regions with edge artifacts, crush-
ing artifacts, or necrosis. CPS ≥ 10 was considered as 
positive for PD-L1 (22C3).

OPAL mIF and primary data generation
The tyramide signal amplification-based (TSA)-based 
opal method was used for mIF staining. The 4 μm-thick 
sectioned slides were baked at 60 ℃ for 1  h, deparaf-
finized in xylene and rehydrated in ethanol. After rehy-
dration, the slides were washed with distilled water and 
fixed in 10% neutral-buffered formalin for 10 min at room 
temperature. All multiplexed staining was performed 
using the Opal 7 Immunology Discovery Kit (OP7D-
S2001KT; Akoya Biosciences, Marlborough, MA, USA). 
Antigen retrieval was performed using microwave treat-
ment (MWT) in AR buffer. After the MWT, the slides 
were incubated at room temperature for 15 min and cov-
ered with a blocking buffer in a humidified chamber for 
10 min at room temperature. The following primary anti-
bodies were used: CD8 (clone 108 M-96; dilution 1:200; 
Cell Marque, Rocklin, CA, USA), FOXP3 (clone 236  A/
E7; dilution 1:50; Abcam, Cambridge, UK), CD4 (clone 
EPR6855; dilution 1:200; Abcam), CK (clone AE1/AE3; 
dilution 1:500; Novocastra, Newcastle upon Tyne, UK), 
and CD20 (clone M0755; dilution 1:200; Dako). Second-
ary antibodies were incubated in a humidified chamber 
for an hour at room temperature. The TSA visualization 
was performed using opal fluorophores (Opal 480, Opal 
570, Opal 620, Opal 690, and Opal 780). For subsequent 
antibody staining, MWT was performed using AR buffer 

to remove the antibody-opal fluorophore complex. Mul-
tiplexed staining steps were repeated using TSA visual-
ization. The multiplex staining process was completed 
with DAPI counterstaining, and the slides were mounted 
with mounting solution (S3023; Dako). Opal mIF Images 
of stained slides were acquired with the Vectra Polaris 
(Akoya Biosciences) whole-slide scanner using a stan-
dardized scanning protocol, and processed using digital 
image analysis software, inForm® (Ver 2.5, Akoya Biosci-
ences). Manual annotation was carried out for region of 
interest (ROI) for all slides using Phenochart (Ver 1.1, 
Akoya Biosciences). ROIs were selected in tumor tissue 
of each case, which were further categorized in “tumor” 
and “stroma”: “Tumor” area was almost exclusively com-
posed of TC with least intervening stroma. “Stroma” area 
was exclusive of TC, consisting of a TME, which con-
tained most of the IC. For each ROI, the density of spe-
cific cell types expressing CD8, FOXP3, CD4, CD20, and 
CK per case were quantified by cell counts per square 
micron. Data table generated from inForm® software was 
further consolidated using “phenoptr” package of R soft-
ware (https://www.r-project.org; version 4.3.1). Repre-
sentative image of paired hematoxyline and eosin-stained 
image and mIF image is shown in Fig. 1.

Calculation of spatial metrics of TC and IC
Cells expressing CK alone and located in the ROI of the 
tumor category were defined as TC. Conversely, cells 
expressing at least one immune marker were defined as 
IC, irrespective of the CK status. IC counts were sepa-
rately analyzed within the ROI of the tumor and stroma, 
as well as across total ROIs. For each ROI category, 
the numbers and areas of TC and IC were calculated. 
With the sum of cell area and cell numbers, the density 
of TC and IC was calculated in the tumor and stroma 
areas, defined as cell count per mm2. Cells estimated 
to express multiple markers were excluded, except for 
CD4 + FOXP3 + cells.

Cell-to-cell distances were calculated using the x- and 
y-coordinates of each cell’s centroid. To calculate the dis-
tance between IC and TC, the closest TC was selected 
for each IC, and the distance between each IC-TC pair 
was computed for a density plot. For statistical compari-
sons, all IC-TC pairs within each case were included, and 
median (50th percentile) distance per case was used as 
the representative value for group-level analysis to mini-
mize the influence of potential outliers of disproportion-
ate cell numbers across cases. Given the relatively small 
sample size, further normalization of pair counts across 
cases was not performed. Group comparison were con-
ducted using the non-parametric Wilcoxon rank-sum 
test.

For each IC subtype, kernel density estimation was per-
formed using the density() function in R to visualize the 

https://www.r-project.org
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distribution of distances to the nearest TC. The Y-axis 
represents a normalized probability density, where the 
area under each curve equals 1. The 50th percentile dis-
tance – defined as the point at which half of the IC area 
located closer to the TC – was extracted for each group. 
These values were used to compare proximity distribu-
tions between different TIL or pCR groups. IC were fur-
ther categorized based on whether their distance to the 

nearest TC was above or below this median, and statisti-
cal significance was assessed using chi-squared tests.

Cells located within 15 μm of each other were consid-
ered to be in direct interaction and were further ana-
lyzed. For IC in direct contact with each TC, the number 
of interacting IC, along with the combination and pro-
portion of IC types, was analyzed. For each IC within the 
same samples, unique IC pairs consisting of two or more 

Fig. 1  Representative histopathological and multiplex immunofluorescent images of high-TIL TNBC with different responses to neoadjuvant chemo-
therapy. A and B A case with pathologic complete response (pCR) shows dense lymphocytic infiltration on hematoxylin and eosin-stained image (A). 
Matched multiplex immunofluorescence reveals abundant CD8+ (cyan) and CD20+ (white) immune cells in close proximity to tumor cells. C and D A 
non-pCR case with high TIL on HE (C) displays increased infiltration of CD4+ (orange) and FOXP3+ (yellow) immune cells on multiplex immunofluores-
cence (D)
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cells located within 15 μm of each other were analyzed to 
determine their proportional distribution.

Statistical analysis
Statistical analyses were performed using the R software 
(https://www.r-project.org; version 4.3.1). Continuous 
variables were compared between the two groups using 
the t-test or Wilcoxon rank-sum test, while categorical 
variables were analyzed using Pearson’s chi-squared test. 
Statistical significance was defined as p < 0.05 with a 95% 
confidence interval (CI) excluding 1. For comparison of 
IC subtype proportion between different groups, we cal-
culated the relative proportions of CD20+, CD8+, and 
CD4 + IC within each sample by dividing each cell type’s 
density by the total IC density in the respective compart-
ment (tumor or stroma). CD4 + IC were further stratified 
into FOXP3 + and FOXP3- subsets, and their proportions 
were calculated relative to total CD4 + IC density. Group-
level composition differences were assessed using Pear-
son’s chi-squared test.

Results
Basal clinicopathologic features of patients
In this study, we analyzed a cohort of 16 patients diag-
nosed with TNBC who underwent NAC treatment. 
Detailed clinicopathological attributes are presented in 
Table  1. A comparative analysis between the pCR and 
non-pCR groups revealed no significant differences 
in age, clinical T and N stages, NG, HG, TIL, TSR, and 
PD-L1 status. Similarly, the number of fields exam-
ined, areas of the ROIs (both stroma and tumor), and 
TC density showed no notable differences between the 
two groups. Comprehensive details regarding the NAC 
regimens administered to these patients are provided in 
Table  1. Although the pCR group displayed an elevated 
TIL level compared to the non-pCR group, this differ-
ence was not significant.

IC metrics and distribution across the TIL groups
A total of 1,183,644 cells, including 761,976 tumor cells 
(TC) and 421,668 immune cells (IC), were analyzed, with 
comprehensive metrics presented in Table 2. The densi-
ties of total IC and individual IC subtypes were statisti-
cally indistinguishable between the high- and low-TIL 
groups across stromal and tumor ROIs (Supplemen-
tary Fig.  1). Notably, only the CD20 + IC density in the 
tumor ROI showed a marginally higher trend in the pCR 
group compared to the non-pCR group (648 ± 872.3/
mm2 vs. 122.3 ± 131.1/mm2, p = 0.056). Similarly, the 
ratios of CD8 + IC/CD4 + FOXP3 + IC and FOXP3-IC/
FOXP3 + IC within the CD4 + IC category in the stro-
mal ROI did not differ significantly between groups. 
Among patients with high TIL levels, the IC densi-
ties in the stromal ROI were comparable between the 
pCR and non-pCR groups, with no significant differ-
ences observed in CD8 + IC/CD4 + FOXP3 + IC and 
CD4 + FOXP3-/CD4 + FOXP3 + IC ratios (Table  2, Sup-
plementary Fig. 2). However, within the tumor ROI, the 
non-pCR group exhibited significantly denser infiltration 
of CD4 + IC compared to the pCR group (169.8 ± 87.3/
mm2 vs. 528.5 ± 80.0/mm2, p = 0.029). Specifically, both 
FOXP3 + IC and FOXP3-IC densities within the CD4 + IC 
population were significantly higher in the non-pCR 
group (FOXP3 + IC: 16.5 ± 17.7/mm2 vs. 88.8 ± 45.9/mm2, 
p = 0.029; FOXP3-IC: 153.3 ± 72.3/mm2 vs. 439.7 ± 148.6/
mm2, p = 0.029). Conversely, the pCR group demon-
strated a significantly higher FOXP3-IC/FOXP3 + IC 
ratio within the CD4 + IC category (3.9 ± 1.4 vs. 1.4 ± 0.6, 
p = 0.029). While the CD8 + IC/CD4 + FOXP3 + IC ratio 
was higher in the pCR group, this difference did not reach 
statistical significance (20.7 ± 18.6 vs. 1.1 ± 1.0, p = 0.057). 
In patients with low TIL levels, the stromal CD8 + IC/
CD4 + FOXP3 + IC ratio showed a trend toward being 
higher in the pCR group (5.9 ± 0.8 vs. 3.2 ± 1.9, p = 0.071). 

Table 1  Basal characteristics of the patients
pCR (n = 6) Non-pCR (n = 10) p

Age, years (median, range) 52.5 (32–64) 55 (44–73) 0.785
Clinical T stage 0.242
cT1 2 (33.3%) 0 (0.0%)
cT2 4 (66.7%) 8 (80.0%)
cT3 0 (0.0%) 2 (20.0%)
Clinical N stage 0.318
cN0 2 (33.3%) 0 (0.0%)
cN1 2 (33.3%) 5 (50.0%)
cN2 1 (16.7%) 4 (40.0%)
cN3 1 (16.7%) 1 (10.0%)
NG, n (%) 1.000
2 3 (50.0%) 4 (40.0%)
3 3 (50.0%) 6 (60.0%)
HG, n (%) 1.000
II 3 (50.0%) 5 (50.0%)
III 3 (50.0%) 5 (50.0%)
TIL, % (mean ± SD) 41.7 ± 35.9 28.5 ± 31.1 0.868
High TIL, n (%) 4 (66.7%) 4 (40.0%) 0.606
Low TIL, n (%) 2 (33.3%) 6 (60.0%)
TSR, % (mean ± SD) 60.0 ± 20.0 66.0 ± 22.2 0.579
PD-L1 result, n (%) 0.608
CPS < 10 2 (33.3%) 6 (60.0%)
CPS ≥ 10 4 (66.7%) 4 (40.0%)
Fields number (mean ± SD) 41.7 ± 19.3 53.7 ± 22.3 0.514
Total ROI (mm2) 16.9 ± 9.3 16.9 ± 7.2 0.875
Stroma 13.2 ± 8 11.9 ± 6 0.875
Tumor 3.7 ± 2.3 5.1 ± 2.8 0.428
pCR, pathologic complete response; NG, nuclear grade; HG, histologic grade; 
TILs, tumor-infiltrating lymphocytes; SD, standard deviation; TSR, tumor-stroma 
ratio; ROI, region of interest

https://www.r-project.org
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No other significant differences were observed in IC den-
sities or ratios (Table 2, Supplementary Fig. 2).

IC composition between pCR and non-pCR groups 
categorized by TIL levels
Significant different IC composition in stroma and tumor 
ROIs were observed between pCR and non-pCR group. 

These differences were consistent across all patients, 
as well as within the high-TIL and low-TIL subgroups. 
(Table  3; Fig.  2). In the stromal ROI of the pCR group, 
CD20 + IC and CD8 + IC comprised a significantly larger 
fraction than that of the non-pCR group (Fig.  2A). In 
contrast, CD4 + IC were the most dominant compo-
nents in the non-pCR group (CD20 + IC, 36.7% vs. 

Table 2  Immune cell metrics in stroma and tumor rois by TIL level and pCR status
All cases High TIL cases Low TIL cases
pCR (n = 6) Non-pCR 

(n = 10)
p pCR (n = 4) Non-pCR (n = 4) p pCR (n = 2) Non-pCR 

(n = 6)
p

Stroma ROI
IC density, /mm2 
(mean ± SD)

4509.8 ± 5594.2 2327.8 ± 1716.6 0.622 6186.4 ± 6386.7 4108.5 ± 992.9 0.686 1156.6 ± 610.1 1140.7 ± 696 1.000

CD20 + IC 1653.1 ± 2679.2 394 ± 482.8 0.313 2457.9 ± 3061.4 864.2 ± 442.1 0.486 43.6 ± 37.4 80.4 ± 86.4 0.857
CD8 + IC 655.9 ± 1135 136.8 ± 97.3 0.181 837.7 ± 1418.2 128.2 ± 38.1 0.686 292.5 ± 105.8 142.4 ± 126.8 0.286
CD4 + IC 2200.7 ± 1858 1797.1 ± 1353.5 0.713 2890.8 ± 1943.1 3116.1 ± 1052.8 0.686 820.5 ± 466.9 917.8 ± 559.3 1.000
FOXP3 + IC 168 ± 217.2 123.5 ± 127.7 0.713 226.7 ± 254.3 244.8 ± 123.5 0.686 50.7 ± 24.2 42.5 ± 23.8 0.643
FOXP3-IC 2032.6 ± 1645.5 1673.7 ± 1246.9 0.713 2664.1 ± 1689 2871.2 ± 978.2 0.686 769.7 ± 442.7 875.3 ± 558.6 1.000
CD8 + IC/CD4 + FOXP3 + IC 
ratio

3.8 ± 2.4 2.2 ± 1.9 0.147 2.7 ± 2.1 0.7 ± 0.5 0.114 5.9 ± 0.8 3.2 ± 1.9 0.071

CD4 + FOXP3-IC/
CD4 + FOXP3 + IC ratio

2.1 ± 1.8 2.0 ± 1.3 1.000 1.8 ± 1.3 1.7 ± 1.3 0.886 2.7 ± 3.1 2.1 ± 1.4 1.000

Tumor ROI
IC density, /mm2 
(mean ± SD)

1116.1 ± 1122.3 41.3 ± 326.8 0.264 1520.1 ± 1197.6 762.5 ± 152.3 1.000 308.1 ± 189.9 190.4 ± 145.5 0.429

CD20 + IC 648 ± 872.3 122.3 ± 1 31.1 0.056 872.7 ± 1028.5 150.3 ± 94.7 0.200 198.7 ± 159.8 103.6 ± 156.5 0.429
CD8 + IC 342.1 ± 641.2 49.9 ± 45.6 0.147 477.5 ± 781.9 83.8 ± 56.2 0.886 71.5 ± 32.8 27.3 ± 17.6 0.143
CD4 + IC 125.9 ± 95.9 247.1 ± 268.4 0.875 169.8 ± 87.3 528.5 ± 180.0 0.029 38.2 ± 2.8 59.5 ± 68.3 1.000
FOXP3 + IC 11.9 ± 15.5 39.8 ± 50.1 0.313 16.5 ± 17.7 88.8 ± 45.9 0.029 2.6 ± 0.1 732 ± 7.6 0.286
FOXP3-IC 114.1 ± 82.7 207.3 ± 222.6 1.000 153.3 ± 72.3 439.7 ± 148.6 0.029 35.6 ± 2.9 52.3 ± 62.4 0.643
CD8 + IC/CD4 + FOXP3 + IC 
ratio

NA NA NA 20.7 ± 18.6 1.1 ± 1 0.057 NA NA NA

CD4 + FOXP3-IC/
CD4 + FOXP3 + IC ratio

NA NA NA 3.9 ± 1.4 1.4 ± 0.6 0.029 NA NA NA

TIL, tumor-infiltrating lymphocytes; pCR, pathologic complete response; ROI, region of interest; IC, immune cell; SD, standard deviation; NA, not applicable

Table 3  Immune cell composition between different treatment responses and tumor-infiltrating lymphocytes status
All cases High TIL cases Low TIL cases
pCR (n = 6) Non-pCR 

(n = 10)
p pCR (n = 4) Non-pCR 

(n = 4)
p pCR (n = 2) Non-pCR 

(n = 6)
p

IC composition, stroma ROI, % < 0.001 < 0.001 < 0.001
CD20 + IC 36.7 16.9 39.7 21 3.8 7.1
CD8 + IC 14.5 5.9 13.5 3.1 25.3 12.5
CD4 + IC 48.8 77.2 46.7 75.8 70.9 80.5
FOXP3 + IC (% among CD4) 3.7 (7.6) 5.3 (6.9) 0.010* 3.7 (7.8) 6.0 (7.9) 0.984* 4.4 (6.2) 3.7 (4.6) 0.014*
FOXP3-IC (% among CD4) 45.1 (92.3) 71.9 (93.1) 43.1 (92.2) 69.9 (92.1) 66.6 (93.8) 76.7 (95.4)
IC composition, tumor ROI, % < 0.001 < 0.001 < 0.001
CD20 + IC 58.1 29.2 57.4 19.7 64.5 54.4
CD8 + IC 30.7 11.9 31.4 11 23.1 14.3
CD4 + IC 11.3 58.9 11.2 69.3 12.4 31.3
FOXP3 + IC (% among CD4) 1.1 (9.4) 9.5 (16.1) < 0.001* 1.1 (9.7) 11.6 (16.8) < 0.001* 0.8 (6.8) 3.8 (12.1) 0.254*
FOXP3-IC (% among CD4) 10.2 (90.6) 49.4 (83.9) 10.1 (90.3) 57.7 (83.2) 11.5 (93.2) 27.5 (87.9)
Pearson’s chi-squared test, * p-value for comparisons of the proportions of FOXP3 + IC and FOXP3-IC among CD4 + between the pCR and non-pCR groups

TIL, tumor-infiltrating lymphocytes; pCR, pathologic complete response; IC, immune cell; ROI, region of interest
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Fig. 2  Immune cell composition in different compartments classified by tumor-infiltrating lymphocyte status and treatment response. A All cases, B high 
TIL cases, and (C) low TIL cases are shown. Pie charts depict the relative composition of CD20+, CD8+, and CD4 + IC within each compartment. CD4 + IC 
are further subdivided into FOXP3 + and FOXP3- population. Comparisons between pCR and non-pCR groups were performed within each TIL category 
using Pearson’s chi-squared test. Statistical significance is indicated above each comparison
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16.9%; CD8 + IC, 14.5% vs. 5.9%; CD4 + IC, 48.8% vs. 
77.2%; p < 0.001). Within the CD4 + IC category, the 
FOXP3 + component was slightly more prominent in 
the pCR group (7.6% vs. 6.9%; p = 0.010); however, it was 
diminished when considering all IC types (3.7% vs. 5.3%, 
p < 0.001). In the tumor ROI, CD20 + IC (58.1%) were the 
predominant component in the pCR group, followed by 
CD8 + IC (30.7%) and CD4 + IC (11.3%). However, non-
pCR group shows contrasting outcome, where CD4 + IC 
was the largest component (58.9%), trailed by CD20 + IC 
(29.2%) and CD8 + IC (11.9%). A significantly higher 
proportion of CD4 + FOXP3 + IC was observed in the 
non-pCR group than in the pCR group, both within the 
CD4 + IC category (16.1% vs. 9.4%, p < 0.001) and across 
all IC types (9.5% vs. 1.1%, p < 0.001).

In patients of high-TIL group (n = 8), the pCR group 
showed a greater proportion of CD20 + IC and CD8 + IC 
but a lower proportion of CD4 + IC in the stroma com-
pared to the non-pCR group (CD20 + IC, 39.7% vs. 
21.0%; CD8 + IC, 13.5% vs. 3.1%; CD4 + IC, 46.7% vs. 
75.8%; p < 0.001). However, the proportion of stromal 
FOXP3 + IC within the CD4 + IC group did not sig-
nificantly differ between the two groups. In the tumor 
ROI, the IC composition showed a pattern similar to 
that observed in the stroma. The pCR group exhib-
ited a higher fraction of CD20 + IC and CD8 + IC and a 
lower proportion of CD4 + IC compared to the non-pCR 
group. Unlike the stromal CD4 + FOXP3 + IC compo-
nent, the tumoral CD4 + FOXP3 + IC of the non-pCR 
group showed significantly denser infiltration. This sub-
set accounted for 16.8% of CD4 + IC and 11.6% of all IC 
in the non-pCR group, in contrast to 9.7% and 1.1% in the 
pCR group.

In the low-TIL group (n = 8), the IC composition within 
both the stromal and tumor ROI showed notable dif-
ferences between the two groups (Table  3; Fig.  2C). In 
the pCR group, the stromal CD8 + IC proportion was 
significantly higher than that in the non-pCR group, 
whereas the non-pCR group showed elevated propor-
tions of CD20 + IC and CD4 + IC (CD20 + IC, 3.8% vs. 
7.1%; CD8 + IC, 25.3% vs. 12.5%; CD4 + IC, 70.9% vs. 
80.5%; p < 0.001). Within the CD4 + IC category, stromal 
FOXP3 + IC represented a significantly higher propor-
tion in the pCR group compared to the non-pCR group 
(6.2% vs. 4.6%, p = 0.014). However, this difference was 
not significant when all IC types were considered (4.4% 
vs. 3.7%; p = 0.177). The IC composition in the tumor 
ROI indicated a larger proportion of CD20 + IC and 
CD8 + IC in the pCR group, whereas the CD4 + IC com-
ponent was the least common and lower in the pCR 
group (CD20 + IC, 64.5% vs. 54.4%; CD8 + IC, 23.1% vs. 
14.3%; CD4 + IC, 12.4% vs. 31.3%; p < 0.001). Conversely, 
the proportion of tumoral CD4 + FOXP3 + IC within the 
CD4 + IC category did not differ between the two groups 

but was significantly higher in the non-pCR group when 
compared across all IC subtypes (0.8% vs. 3.8%, p < 0.001).

Assessing IC-TC interactions: proximity and proportional 
analysis
For each IC type, density plots were generated to visu-
alize the distribution of the 50th percentile distance 
between IC-TC pairs. Density plots of different pCR sta-
tus revealed similar patterns in both high and low-TIL 
groups (Fig. 3). Both CD20 + IC and CD8 + IC were signif-
icantly more clustered near the TC in pCR cases, regard-
less of TIL status. In contrast, CD4 + FOXP3 + IC showed 
significantly tighter clustering from TC in the non-pCR 
cases within the high-TIL group (Fig.  3A). However, in 
the low-TIL group, the density of CD4 + FOXP3 + IC did 
not differ between pCR and non-pCR cases. Instead, 
CD4 + FOXP3-IC were more densely clustered in pCR 
cases. (Fig. 3B).

In the pCR and non-pCR groups, the density plots of 
each IC type by TIL status showed slightly different pat-
terns. Low-TIL cases generally showed greater IC com-
pactness near the TC in most situations (Fig.  4). In the 
pCR group, the 50th percentile distances of CD20 + IC 
and CD8 + IC were nearly identical between high- and 
low-TIL cases, though CD4 + IC clustering was signifi-
cantly denser in the low TIL cases (Fig. 4A). In the non-
pCR group, all IC types showed significantly denser 
clustering near TC in low TIL cases (Fig. 4B). To address 
potential bias caused by disproportionate cell numbers 
or outliers, we further analyzed case-level IC-TC pair 
counts (Supplementary Fig. 3). Although some variation 
in absolute pair counts existed, no significant systematic 
bias was observed between the compared groups (most 
comparisons showed p > 0.05). The few significant differ-
ences were restricted to comparisons between high- and 
low-TIL cases within the same non-pCR group, which is 
expected du to the inherent differences in IC density by 
TIL classification.

We next analyzed the types and proportions of IC 
located within 15  μm of TCs, a distance at which the 
two cells could potentially touch each other. In patients 
who achieved pCR, significantly higher proportions of 
CD8 + IC and CD20 + IC were observed (pCR vs. non-
pCR: CD8 + IC, 18.9% vs. 6.7%; CD20 + IC, 25.6% vs. 
8.5%; p < 0.001, Fig. 5A). This pattern was also observed 
in cases with high TIL levels, where the fraction of 
CD4 + FOXP3 + IC was significantly lower (4.2% vs. 9.8%, 
p < 0.001; Fig.  5C). In the low-TIL group, CD8 + IC rep-
resented the second-largest proportion of pCR cases 
and was significantly higher than that in non-pCR cases 
(30.6% vs. 10.7%, p < 0.001, Fig. 5E).

Regarding TIL status, low-TIL cases exhibited larger 
fractions of CD8 + IC and CD4 + FOXP3-IC than those 
with high-TIL cases (low-TIL vs. high-TIL: CD20 + IC, 
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Fig. 4  Density distribution of the distance between immune cells and tumor cells by different treatment response. Kernel density plots represent the 
spatial proximity of CD20 + IC, CD8 + IC, CD4 + FOXP3 − IC, and CD4 + FOXP3 + IC to the nearest tumor cells (TC) stratified by tumor infiltrating lympho-
cytes (TIL) status. Panel A shows high TIL cases, and panel B shows low TIL cases. Each plot further compares the pCR vs. non-pCR cases. The Y-axis rep-
resents an estimated probability density, where the area under each curve equals 1. Shaded regions indicate the 50th percentile of IC located proximity 
to TC. The distance at which the 50th percentile of IC is located when ordered by proximity to the nearest TC were compared between groups, and chi-
square tests were performed to assess statistical significance, as indicated by the p-values

 

Fig. 3  Density distribution of the distance between immune cells and tumor cells by tumor-infiltrating lymphocyte status. Kernel density plots represent 
the spatial proximity of CD20 + IC, CD8 + IC, CD4 + FOXP3 − IC, and CD4 + FOXP3 + IC to the nearest tumor cells (TC) stratified by pathological complete 
response (pCR) status. Panel A shows pCR cases, and panel B shows non-pCR cases. Each plot further compares the high versus low TIL cases. The Y-axis 
represents an estimated probability density, where the area under each curve equals 1. Shaded regions indicate the 50th percentile of IC located proxim-
ity to TC. The distance at which the 50th percentile of IC is located when ordered by proximity to the nearest TC were compared between groups, and 
chi-square tests were performed to assess statistical significance, as indicated by the p-values
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15.9% vs. 10.8%; CD4 + FOXP3-IC, 75.8% vs. 61.4%; 
p < 0.001; Fig.  5B). In pCR cases, CD4 + FOXP3-IC 
remained the largest fraction in both conditions. How-
ever, CD8 + IC was significantly predominant in the 
low-TIL group (30.6% vs. 16.8%, p < 0.001), whereas 
CD20 + IC was significantly dominant in the high-TIL 
group (1.4% vs. 30.1%, p < 0.001) (Fig. 5D). When compar-
ing non-pCR cases, the CD20 + IC and CD4 + FOXP3 + IC 
fractions were significantly higher in the high-TIL group 
(CD20 + IC, 3.0% vs. 11.4%; CD4 + FOXP3 + IC, 5.9% vs. 
9.8%; p < 0.001; Fig. 5F).

IC-IC interaction
For IC-IC pairs that were intimately located, their pro-
portional distributions were investigated (Fig.  6). The 
most common IC pair observed was CD4:CD4 IC pair. 
Clustering by TIL levels, pCR, and PD-L1 status revealed 
that the high-TIL group had a higher proportion of com-
binations of CD4 + IC and CD20 + IC and a higher pro-
portion of CD20:CD20 IC pairs in pCR cases. Except for 
the CD4:CD4 IC pair, the low-TIL group had a higher 
proportion of IC combinations, including CD8 + IC, par-
ticularly in pCR cases. All the ICs in direct contact with 
each other exhibited up to 12 different combinations. The 
pCR cases showed a greater diversity of IC combinations 

Fig. 5  Proportional representation of immune cell types. Stacked bar charts show the proportions of different immune cell (IC) types in all cases seg-
mented into different treatment responses (A) and tumor-infiltrating lymphocyte (TIL) levels (B). Relative IC proportions were compared within the same 
TIL group by treatment response (C and E) and within the same treatment response group by different TIL levels (D and F)
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than non-pCR cases. Detailed information regarding spe-
cific IC combinations and their relative proportions is 
provided in Supplementary Fig. 4.

Discussion
In this study, we observed differences in IC composi-
tion and spatial distribution in treatment-naïve TNBC 
samples based on the pCR status and TIL levels. NAC is a 
standard treatment strategy for patients with TNBC [26], 
and TIL levels serve as a powerful prognosticator for 
treatment response and clinical outcomes following NAC 
[9]. However, some TNBC cases achieve pCR despite low 
TIL status, whereas others have residual disease even 
with high TIL status. We observed that cases resulting in 
pCR typically showed a higher ratio of tumoral CD8 + IC 

to CD20 + IC, irrespective of TIL status. This implies that 
the adaptive immune system is activated in response to 
TC.

In the high-TIL group, CD4 + FOXP3 + IC were signifi-
cantly enriched in the tumoral area, suggesting that Tregs 
could appear after a substantial number of TIL are pres-
ent. Conversely, tumoral CD4 + FOXP3 + IC infiltration in 
patients with low TIL levels was not significantly differ-
ent. Ironically, a higher infiltration of these subsets was 
observed in the stromal ROI of pCR cases. However, con-
sidering the extremely low density of CD4 + FOXP3 + IC 
in the low-TIL group, the statistical power of this obser-
vation should be carefully interpreted. In non-pCR cases 
within the low-TIL group, the insufficient amount of 
functional antitumor immunity explains the outcomes, 

Fig. 6  Heat map of immune cell pair proportions. Clustered heat maps visualized the proportions of various immune cell (IC) pairs across triple-negative 
breast cancer (TNBC) samples. The color gradient represents the proportion of each cell pair, ranging from low (lighter blue) to high (darker blue). Samples 
were annotated according to tumor-infiltrating lymphocytes (TIL) levels (high vs. low), treatment response (pathological complete response [pCR] vs. 
non-pCR), and PD-L1 status (positive vs. negative), as indicated by the color bars at the top of the heat map. The dendrogram on the left reflects clustering 
based on the similarity in cell-pair proportions across the samples
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as evidenced by the lower fraction of CD8 + IC and 
CD20 + IC in the stroma and their limited presence in 
tumor areas.

In a previous study [27], we observed higher CD8 + IC 
and CD4 + FOXP3 + IC fractions in patients with high-
TIL TNBC than those with high-TIL HR + HER2-BC. In 
this study, predominant CD8 + IC was also observed in 
pCR cases with low-TIL TNBC, highlighting the impor-
tance of cellular immunity in achieving pCR in TNBC. 
This also explains why enrichment of CD4 + FOXP3 + IC 
could dampen cellular immunity in non-pCR cases with 
high-TIL TNBC.

In this study, CD20 + IC constituted an even larger 
fraction than CD8 + IC. CD20 + IC, otherwise B cells, 
have been less emphasized than T cells in their anti-
tumor effects so far. B cells are a key component of 
adaptive immunity involving diverse mechanisms: anti-
body-dependent cellular cytotoxicity, complement acti-
vation, recruitment and organization of other IC, and 
immunosuppression by regulatory B cells [28, 29] They 
also constitute tertiary lymphoid structures (TLS), which 
promote an immunotherapy response [30]. In TNBC, 
B and T cells, especially T follicular helper (Tfh) cells, 
mediate immunotherapy responses in a mouse model 
[31]. In our study, the spatial distribution pattern of IC, 
irrespective of TIL levels, showed clustering of CD8 + IC 
and CD20 + IC near the TC in pCR cases. The clustering 
of CD4 + FOXP3 + IC near the TC in non-pCR cases was 
significant only in the high-TIL group. The distribution 
of CD4 + FOXP3 + IC did not differ between the pCR 
and non-pCR groups in the low-TIL group. Instead, CD8 
+ IC showed a significantly higher density peak and clus-
tering near the TC in pCR cases in the low-TIL group, 
which also supports the importance of the cellular immu-
nity in treatment response of TNBC.

Interestingly, in the pCR group, the density plots 
based on different TIL status revealed a similar distribu-
tion pattern for CD20 + IC and CD8 + IC. Their plots 
were largely overlapped, with the distances from TC to 
the 50th percentile of IC differing by less than 10 μm 
between high- and low-TIL cases. This observation aligns 
with a previous study suggesting that a balanced ratio of 
IC types may be more functionally effective than a large 
quantity of specific IC types [12]. In contrast, CD4 + IC 
in the pCR group showed distinct denser clustering near 
the TC in low-TIL cases. Taken together, this observation 
suggest that the effective coordination of B and T cells 
may rely not only on a balanced dynamic among different 
IC types but also on the presence of a specific amount of 
CD4 + IC, likely Tfh cells, for the functional efficacy.

Among the IC in direct contact with TC, the 
CD4 + FOXP3-IC subset was the most prevalent. In 
the pCR cases, the next largest subset was CD20 + IC, 
whereas in the non-pCR cases, CD20 + IC and 

CD4 + FOXP3 + IC were present in similar proportions. 
This trend was more pronounced in patients with high-
TIL TNBC. In the pCR group, the dominant subsets in 
high-TIL cases were CD4 + FOXP3-IC and CD20 + IC, 
whereas in low-TIL cases, the predominant subsets were 
CD4 + FOXP3-IC and CD8 + IC. This observation sug-
gests that B cells may emerge at a later stage in the devel-
opment of antitumor immunity, following the activation 
of T-cell components. Consistent with these spatial pat-
terns, case-level analysis further supported the group-
level trends (Supplementary Fig. 5). pCR/high-TIL cases 
generally exhibited shorter IC-TC distances, especially 
for CD20 + IC and CD8 + IC, whereas non-pCR/low-TIL 
cases showed relatively longer distances. Although some 
inter-case variability remained, this overall consistency 
strengthened the reliability of our spatial findings and 
suggests that these IC subsets may play distinct roles in 
shaping treatment response.

In our previous study [27], we hypothesized that the 
adverse effects observed in patients with high-TIL HR 
+ HER2-BC may stem from a dominant B-cell compo-
nent, which could potentially be regulatory B cells. How-
ever, in this study with TNBC, B-cell predominance was 
observed in pCR cases with high TIL levels. Addition-
ally, most of the high TIL cases showed PD-L1 positiv-
ity. PD1/PD-L1 suppress antitumor immunity and induce 
immune evasion of TC [32]. However, PD-L1 positiv-
ity has been reported to correlate with better prognosis 
in treatment-naïve TNBC after resection [33]. PD-L1 
expression in TC has an inhibitory effect on T-cell expan-
sion and exhausts cytotoxic T-cells [34]. However, PD-L1 
also serves as a Tfh cell that is involved in TLS formation 
and higher-affinity B cell development [12].

In this study, supplementary case-level analyses sup-
ported the robustness of our findings, minimizing 
concerns about potential bias and confirming the con-
sistency of the observed spatial trends. Nonetheless, this 
study has several limitations. First, although we analyzed 
approximately a million cells with sufficient statistical 
power, the small number of patients and the lack of long-
term clinical outcomes after NAC may limit the robust-
ness of our findings. Further investigation of long-term 
outcomes beyond NAC could provide deeper insights 
into TIME function. Second, molecular classification of 
TNBC and genomic analysis were not performed. While 
we used mIF to classify IC types and analyze their spa-
tial distribution, we were unable to assess the genomic 
characteristics of the TC itself. This limitation prevents 
us from identifying specific immune-related features 
or their influence on TIME. TNBC with high TIL levels 
might belong to immunomodulatory or basal-like sub-
types [2], whereas low-TIL cases may fall under other 
subtypes, in which TIME might have limited influence 
on tumor biology or treatment response [35]. Third, we 
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analyzed biopsy samples, which may not represent the 
entire tumor. We investigated whether different pre-
treatment TIME leads to varying treatment responses, 
including all tumor tissue areas within the ROI fields. 
However, the biopsy samples had an intrinsic limitation, 
as they might not encompass larger functional immune 
structures, such as TLS. Fourth, although the combina-
tion of pembrolizumab and chemotherapy for NAC, as 
established by the KEYNOTE 522 [36], is now the stan-
dard treatment for early high-risk TNBC, our study did 
not include samples from this regimen. Instead, our sam-
ples were collected prior to the adoption of KEYNOTE 
522, which may limit the applicability of our findings to 
current treatment standards. Finally, we used only a lim-
ited number of mIF antibodies. In this study, CXC che-
mokines and receptors were not included, and PD-L1 
expression at the cellular level was technically unavail-
able, which diminished the in-depth analysis of IC types 
and their functional states.

Conclusion
Tumoral CD8 + IC and CD20 + IC are important com-
ponents of the TNBC treatment response. In particular, 
CD20 + IC are accompanied by a high TIL status, which 
implies the coordination of B and T cells under high TIL 
conditions. For further validation, larger datasets with 
longer clinical outcomes are needed to analyze the inte-
grated gene expression data, functional annotation, and 
spatial information.
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