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Prognostic value of various
immune cells and Immunoscore
in triple-negative breast cancer

Xinyu Ren1†, Yu Song2†, Junyi Pang1, Longyun Chen1,
Liangrui Zhou1, Zhiyong Liang1*‡ and Huanwen Wu1*‡

1Department of Pathology, State Key Laboratory of Complex Severe and Rare Disease, Molecular
Pathology Research Center, Peking Union Medical College Hospital, Chinese Academy of Medical
Sciences and Peking Union Medical College, Beijing, China, 2Department of Breast Surgery, Peking
Union Medical College Hospital, Chinese Academy of Medical Science and Peking Union Medical
College, Beijing, China
Background: This study aimed to evaluate the expression status and prognostic role

of various immunoregulatory cells and test in triple-negative breast cancer (TNBC).

Methods: The expression of five markers (CD3/CD4/CD8/CD19/CD163) of

tumor immune cells was evaluated retrospectively in tumor sections from 68

consecutive cases of TNBC by immunohistochemistry. Computational image

analysis was used to quantify the density and distribution of each immunemarker

within the tumor region, tumor invasive margin, and expression hotspots.

Immunoscores were calculated using an automated approach. Other clinical

characteristics were also analyzed.

Results: For all patients, Kaplan–Meier survival analysis showed that high CD3+

signals in the tumor region (disease-free survival (DFS), P=0.0014; overall survival

(OS), P=0.0031) and total region (DFS, P=0.0014; OS, P=0.0031) were

significantly associated with better survival. High CD4+ levels in the tumor

region and total regions were significantly associated with better survival

(P<0.05). For Hotspot analysis, CD3+ was associated with significantly better

survival for all Top1, Top2, and Top3 densities (DFS and OS, P<0.05). High CD4+

levels were significantly associated with better prognosis for Top1 and Top3

densities (DFS and OS, P<0.05). For stage IIB and IIIC patients, CD3+ in the tumor

region and all Top hotspots was found to be significantly correlated with survival

(DFS and OS, P<0.05). CD4+ cells were significantly associated with survival in

the tumor region, total region, and Top3 density (DFS, P=0.0213; OS, P=0.0728).

CD8+ cells were significantly associated with survival in the invasive margin,

Top2 density, and Top3 density. Spatial parameter analysis showed that high

colocalization of tumor cells and immune cells (CD3+, CD4+, or CD8+) was

significantly associated with patient survival.

Conclusion: Computational image analysis is a reliable tool for evaluating the

density and distribution of immune regulatory cells and for calculating the

Immunoscore in TNBC. The Immunoscore retains its prognostic significance in

TNBC later than IIB stage breast cancer. Future studies are required to confirm its

potential to predict tumor responses to chemotherapy and immune therapy.
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Abbreviations: TNBC, triple-negative breast cancer; DFS, d

OS, overall survival; TILs, tumor-infiltrating lymphocytes; TIM

microenvironment; HE, hematoxylin and eosin; IHC, imm

CK, cytokeratin; TC, tumor core; IF, invasive front; IM, inv

index, Morisita–Horn index; LR, late recurrence; ER, earl

distant metastasis; pCR, pathologic complete response.
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1 Introduction

Triple-negative breast cancer (TNBC) is highly heterogeneous

with an abundance of infiltrated immune cells (1). It is now known

that the tumor microenvironment plays a very important role in the

prognosis of and therapeutic efficacy against breast cancer, especially

TNBC (2, 3). Tumor-infiltrating lymphocytes (TILs) and

macrophages distribution has been shown to be heterogeneous,

even within the same tumor tissue (4–7). Moreover, accumulating

evidence indicates that TILs evaluated in different intra-tumoral

regions play distinct roles in disease prognosis and predicting

treatment responses (8–10). Collectively, these data suggest that

analysis of TILs and macrophages from different tumor subareas is

necessary. Different types of immune cells from different locations in

the tumor microenvironment have different effects on tumors’

behavior, and it is necessary to study the role of lymphocytes

further to obtain a complete and comprehensive understanding of

the immune microenvironment in cancer progression (11). We chose

to analyze five immune markers (CD3+, CD4, CD8+, CD19+, and

CD163) because they represent the main immune cell types

(cytotoxic and regulatory T cells, B cells, and macrophages) and

play key roles in tumor immunity. Some scientists have proposed

immune scores to evaluate the tumor immune microenvironment

(TIME) and predict treatment efficacy and disease prognosis (12).

However, the usefulness of immune scores across different types of

tumors requires more corroborating data.

The quantification of TILs has the potential to become a new

tumor biomarker that can be used to easily evaluate the

immunogenicity of a tumor. Therefore, pathologists have begun to

devise standardized visual approaches to quantify TILs to predict

therapy efficacy. Evaluation of the tumor microenvironment mainly

depends on visual observation of hematoxylin and eosin (HE)-

stained slides (13). The successful application of this assessment

method requires extensive training of pathologists. However, despite

successful standardization efforts, evaluation by the human eye is

subjective and interpretations can vary greatly among individuals.

Visual TIL estimation has limited precision and lacks the ability to

evaluate more complex properties such as TIL distribution patterns.

In such situations, computational imaging analysis techniques can be

applied to evaluate and calculate immune cell numbers in tumors

more objectively and accurately and can help pathologists reduce
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their workload and improve the precision and efficiency of

immunohistochemistry (IHC) image evaluation.

In this study, we used an automated method of image

registration and analysis to evaluate the expression and

distribution of various immune indicators identified by IHC, and

then analyzed their prognostic capacity for TNBC.
2 Materials and methods

2.1 Patients

Specimens from 68 TNBC cases, selected randomly from a non-

consecutive series of breast cancer cases from the Department of

Pathology, Peking Union Medical College Hospital, were used in

our study. Patient information is listed in Table 1. Data were

collected in two batches due to the arrangement of the IHC

staining schedule, with 19 patients in the first batch and 49

patients in the second batch. Clinicopathological parameters,

including age, tumor size, histological grade, histological subtype,

and lymph node status, were also reviewed. The follow-up period

for this retrospective study was from the date of curative surgery

until March 31, 2019, with a median follow-up time of 95 months.
2.2 Tissue construction

Formalin-fixed paraffin-embedded (FFPE) samples were collected

for each patient, with FFPE tissue sections prepared at a thickness of 4

mm. Seven slides of serial sections were collected per sample and

stained for CD3, CD4, CD8, CD19, CD163, and cytokeratin (AE1/

AE3), as well as H&E staining in order. IHC was performed according

to the manufacturer’s protocol using a Leica stainer (Leica Biosystems,

Germany). ER, PR, Her-2, P53, Ki67 were stained at time of diagnosis

as previously described (14). HER-2 (2+) cases were further subjected

to fluorescent in situ hybridization (FISH) to confirm its negative.

Details of the primary antibodies of CD3, CD4, CD8, CD19, CD163,

AE1/AE3 and their respective optimizations are listed in

Supplementary Table 1. After staining, all the slides were scanned

with a KF-pro-400 (Ningbo, China) scanner under the same

acquisition conditions, with a magnification of 40× (0.2 mm/pixel).

The images were then transformed into digital image files.
2.3 Image registration and annotation

The process of analyzing the IHC images started with image

registration to assess the spatial information among the biomarkers.
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The microscopic images were imported as digital slide files for

image registration. To reduce errors, the digital slides were aligned

to the fourth image, which was obtained from the middle slide of

the serial sections. The typical registration process in this study is

shown in Figure 1A (the upper 5 box), which was constructed and

completed using Python. The images were first downsampled to a

size of approximately 500 pixels × 500 pixels and then registered to

downsampled target images with a step of rigid registration and a

step of non-rigid registration. Deformation fields were generated

and upsampled to the original image size. Finally, the digital image

was registered with the upsampled deformation field, and serial

sections identifying different biomarkers were spatially aligned to
Frontiers in Immunology 03
study the distributions of multiple immune cells (Figure 1B) with

the whole process shown in Figure 2.

Owing to the different orders of serial sections in the two

batches, the middle slides were CD8 for the first batch and CK

for the second batch.

The tumor core (TC) and invasive front (IF) were annotated

using QuPath by an experienced pathologist from the Department

of Pathology, Peking Union Medical College Hospital. The invasive

margin (IM) was defined as the region within 100 µm of the IF.
2.4 Quantification

For the IHC images, cell segmentation and quantification were

assessed using QuPath (bule part of Figure 2). Cells positive and

negative for each biomarker were measured with respect to quantity

and location. Several parameters were measured for different

biomarkers, as listed below.

2.4.1 Quantification of single biomarker
For each biomarker, we calculated the positive cell density,

which was defined as the positive cell number per mm2, in the TC

and IM regions.

2.4.2 Hotspot
Each slide image was dissected into small regions of 1000

pixels × 1000 pixels. A specific region was noted as an effective

region if half of its area was in the annotated TC. Cell densities were

calculated for every effective region and sorted from high to low.

The top three positive cell densities were recorded as Hotspot1,

Hotspot2, and Hotspot3 and used for further analysis.
BA

FIGURE 1

Schematic Overview of IHC Series Imaging, Registration and Multiplex Visualization. (A) Whole-Slide Digital Images representing serial sections
enable assessment of immune microenvironment biomarkers. The images were down-sampled to a 500 pixels × 500 pixels size and then registered
to the target images to generate deformation fields. The original size digital images were finally registered with up-sampled deformation fields, and
thus serial sections identifying different biomarkers were spatially aligned to study the distributions of multiple immune cells. (B) Integrated
visualization of serial sections by pseudo-coloring. Biomarkers and colors are shown on the right. The gray arrows indicated analytical steps that
moves forward.
TABLE 1 Information of patients.

Total number of patients 68

Age

< 40 11

– 50 18

> 50 39

Stage

I 15

II 31

III 22

vGrade
2 18

3 50

Distant metastasis 20

Recurrence 27

Death 18
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2.4.3 Colocalization
Colocalization was measured using the Morisita–Horn index

(MH index), which is a parameter that indicates similarity among

community structures in ecology. Mathematically, the MH index is

defined as:

MH =
2oip

l
ip

c
i

oi(p
l
i)
2 +oi(p

c
i )
2

where pli and pci are the proportions of biomarkers l and c,

respectively, within region i, and 1<i<R, where R is the total number

of regions into which a sample image has been dissected. This

equation can be expanded into multiple inputs. According to this

equation, the MH index is between 0 and 1. The closer the MH

index is to 1, the higher the colocalization of two or

more biomarkers.

In addition, all immune cells were combined to calculate their

density and MH index with tumor cells to determine the

colocalization of immune marker of tumor cells (green part

of Figure 2).

2.4.4 Immunoscore
The Immunoscore was calculated using CD3+ and CD8+ cell

densities in the TC and IM, as previously described (15). The CD3+

and CD8+ cell densities were converted into percentiles before

calculating the Immunoscore as the average of four percentiles (two

markers, two regions). A two-category Immunoscore analysis was

applied, in which a density of 0–25% was scored as low, and a

density >25% was scored as high.
2.5 Statistical analysis

All statistical analyses were performed in Python. For group

comparison, all patients were separated into ER (early recurrence,
Frontiers in Immunology 04
patients with recurrence during the follow-up period) and LR (late

recurrence, patients without recurrence during the follow-up

period) groups, and DM (distant metastasis, patients with

metastasis during the follow-up period) and non-DM (non-

distant metastasis, patients without metastasis during the follow-

up period) groups. A Student’s t-test was performed for each

parameter, and a p-value<0.05 was regarded as significant.

For the prognostic analysis, disease-free survival (DFS) and

overall survival (OS) were used as prognostic parameters. DFS and

OS were calculated from the date of curative surgery to the date of

first relapse or the date of death, respectively. Receiver operating

curve (ROC) analysis was used to determine the valid cut-off point

and the most discriminating threshold or cut-off value for each

measurement. Univariate survival analysis was performed using the

Kaplan–Meier method, and statistical differences were determined

using the log-rank test. Multivariate survival analysis was

performed using the Cox regression model. To study the

influence of tumor stage on the prognostic analysis, patients with

stages IIB and III cancer were separated from the group, and all

analyses were repeated. A two-tailed p-value<0.05 was regarded as

significant for all these analyses.
3 Results

3.1 Comparison of single biomarkers
between groups

As shown in Table 2, the groups were compared for eachmeasured

parameter. The results showed that more than half of the parameters

were significantly different between the ER and LR groups and the DM

and non-DM groups. As can be seen from the results, for the 47

parameters measured in our study, twenty-five were significantly

different between the ER and LR groups, and eighteen were
frontiersin.or
FIGURE 2

The flowchart of the experiment. The brown part present image registration and annotation process; The blue part present the analysis process of
every IHC markers; The green part present process of colocalization of immune marker of tumor cells.
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significantly different between the DM and non-DM groups. There

were eight parameters (cell density of CD19+ in TC, CD19+ in TC and

IM, Hotspot2 of CD19+, Hotspot3 of CD19+, colocalization of CD3+

and CD8+, colocalization of CD4+ and CD163+, colocalization of CK+

and CD4+, and colocalization of CK+ and immune cells) with p-

values<0.05 when comparing the ER and LR groups, but the

corresponding p-values were >0.05 when comparing the DM and

non-DM groups. However, only one parameter (Hotspot1 of CD8+)

was significantly different when comparing the DM and non-DM

groups, but not when comparing the ER and LR groups.
3.2 Correlation between single biomarkers
and prognostic survival

In our study, we calculated the positive cell density for all

biomarkers of immune cells (CD3, CD4, CD8, CD19, and CD163)

in both the tumor region and IM, as described previously. We first

analyzed the entire group of patients regardless of tumor stage; the

results are presented in Table 3. In addition, some examples of

survival curves are shown in Figures 3A, B. Specifically, Kaplan–

Meier survival analysis revealed a significantly better survival of

patients with high CD3+ (DFS, P=0.0014; OS, P=0.0031) and CD4+

(DFS, P=0.0101; OS, P=0.0106) signals in the tumor region, but not
Frontiers in Immunology 05
with biomarker in the IM. Taking the tumor region and IM

together, high CD3+ (DFS, P=0.0014; OS, P=0.0031) and CD4+

(DFS, P=0.0101; OS, P=0.0106) signals were significantly correlated

with better survival. For the Hotspot analysis, we found significantly

better survival with higher CD3+ (DFS, P=0.0072; OS, P=0.0183)

and CD4+ (DFS, P=0.0248; OS, P=0.0320) signals for Top1 density,

higher CD3+ (DFS, P=0.0062; OS, P=0.0105) signals for Top2

density, and higher CD3+ (DFS, P=0.0062; OS, P=0.0105) and

CD4+ (DFS, P=0.0439; OS, P=0.0522) signals for Top3 density.

For patients with stage IIB and III cancer, a significant better

survival was observed with higher CD4+ (DFS, P=0.0155; OS,

P=0.0121) signals in the tumor region, and CD3+ (DFS,

P=0.0110; OS, P=0.0100) and CD8+ (DFS, P=0.0420; OS,

P=0.0809) signals in the IM, which is shown in Table 4. For the

tumor region and IM together, higher CD4+ (DFS, P=0.0156; OS,

P=0.0121) and CD19+ (DFS, P=0.0206; OS, P=0.0309) signals were

significantly correlated with better survival. In the Hotspot analysis,

we found a significantly better survival with CD3+ (DFS, P=0.0026;

OS, P=0.0060) signals for Top1 density; CD3+ (DFS, P=0.0005; OS,

P=0.0004), CD8+ (DFS, P=0.0331; OS, P=0.0728), and CD19+

(DFS, P=0.0027; OS, P=0.0053) signals for Top2 density; and

CD3+ (DFS, P=0.0005; OS, P=0.0004), CD4+ (DFS, P=0.0213;

OS, P=0.0728), CD8+ (DFS, P=0.0331; OS, P=0.0728), and

CD19+ (DFS, P=0.0008; OS, P=0.0020) signals for Top3 density.
TABLE 2 The comparison of each calculated parameters (positive cell density) between the ER-LR groups and DM-non-DM groups.

Parameters ER-LR
p-value

DM-nonDM
p-value Parameters ER-LR

p-value
DM-nonDM
p-value Parameters ER-LR

p-value
DM-nonDM
p-value

TC-CD3 0.002 0.002 Hotspot1-CD3 0.002 0.001 CD3-CD4 0.008 0.019

TC-CD4 0.004 0.014 Hotspot1-CD4 0.016 0.011 CD3-CD8 0.045 0.209

TC-CD8 0.076 0.104 Hotspot1-CD8 0.072 0.047 CD3-CD19 0.452 0.133

TC-CD19 0.021 0.166 Hotspot1-CD19 0.091 0.244 CD3-CD163 0.004 0.003

TC-CD163 0.078 0.052 Hotspot1-CD163 0.116 0.087 CD4-CD8 0.278 0.266

IM-CD3 0.004 0.001 Hotspot2-CD3 0.003 0.001 CD4-CD19 0.452 0.236

IM-CD4 0.004 0.003 Hotspot2-CD4 0.005 0.003 CD4-CD163 0.024 0.088

IM-CD8 0.101 0.056 Hotspot2-CD8 0.101 0.080 CD8-CD19 0.175 0.462

IM-CD19 0.072 0.195 Hotspot2-CD19 0.033 0.101 CD8-CD163 0.060 0.050

IM-CD163 0.050 0.026 Hotspot2-CD163 0.106 0.065 CD19-CD163 0.093 0.300

TC+IM-CD3 0.002 0.002 Hotspot3-CD3 0.002 0.001 CK-CD3 0.001 0.001

TC+IM-CD4 0.004 0.013 Hotspot3-CD4 0.003 0.004 CK-CD4 0.019 0.124

TC+IM-CD8 0.054 0.070 Hotspot3-CD8 0.132 0.111 CK-CD19 0.131 0.208

TC+IM-CD19 0.014 0.126 Hotspot3-CD19 0.026 0.071 CK-CD163 0.255 0.374

TC+IM-CD163 0.084 0.056 Hotspot3-CD163 0.103 0.068 CK-CD8 0.144 0.384

Immunoscore 0.009 0.020
ER: early recurrence; LR: late recurrence; DM: distant metastasis; nonDM: non distant metastasis;
TC-CDx: The positive cell density of each biomarker in tumor core;
IM-CDx: The positive cell density of each biomarker in invasive margin;
TC+IM-CDx: The positive cell density of each biomarker in the region of tumor core and invasive margin together;
Hotspotx-CDx: The positive cell density of first, second and third hotspot for each biomarker;
CDx-CDx: The MH index between each pair of biomarkers; CK-CDx: The MH index between tumor cells and each biomarker.
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3.3 Correlation between spatial parameters
and prognostic survival

The MH index was computed, and survival analysis was

performed to determine the correlation between spatial

parameters and prognostic survival. For all patients, higher MH

indices of CD3-CD4 (DFS, P=0.0266; OS, P=0.0206), CD8-CD163

(DFS, P=0.0193; OS, P=0.0088), and CK-CD3 (DFS, P=0.0122; OS,

P=0.0177) were significantly correlated with better survival

(Table 3; Figure 3C).

For patients with more advanced cancer (stages IIB and III), the

MH index between CD8+ and CD163+ cells were significantly

correlated with survival (DFS, P=0.0161; OS, P=0.0190). Higher

colocalization of tumor cells (CK) and some biomarkers was

significantly correlated with better survival, such as CD3+ (DFS,

P=0.0580; OS, P=0.0465), CD4+ (DFS, P=0.0031; OS, P=0.0037),

and CD8+ (DFS, P=0.0444; OS, P=0.0152, Table 4; Figure 3D).
3.4 Correlation between Immunoscore and
prognostic survival

The Immunoscore was calculated using CD3+ and CD8+

densities in the tumor region and IM, as described previously. For

all patients in our study, we did not find a significant correlation

between the Immunoscore and survival (DFS, P=0.2922; OS,

P=0.4089, Table 3). The relationship between the Immunoscore
Frontiers in Immunology 06
for patients with stage IIB and III disease and survival was also not

significant, but the p-values were very close to 0.05 (DFS, P=0.0634;

OS, P=0.0849, Table 4).
3.5 Multivariate analysis

Since there were only 29 patients in the late-stage group (stage

IIB and III), multivariate analysis was performed for all patient

groups, as shown in Tables 5, 6. Tumor size, age, tumor stage, basal-

like breast cancer, and Ki67 and p53 expression were considered

independent variables that were significantly correlated with patient

survival. For DFS, Ki67 expression was the only parameter that was

significant in the multivariate survival analysis. For OS, the

colocalization of CD8 and CD163 remained significantly

correlated with better survival (P=0.02, Table 6).
4 Discussion

The immune context of TNBC has gained acceptance as an

important clinical correlate, raising the possibility that modulating

immune responses via immunotherapy will constitute an effective

therapeutic strategy. However, only 8–20% of preselected patients

with TNBC benefit from anti-programmed cell death-1 ligand 1

(PD-L1) or anti-programmed death protein-1 (PD-1)

immunotherapy, highlighting the need for a better understanding
TABLE 3 The univariate survival analysis of all parameters based on cell positive density for the group of all patients.

Parameters
DFS OS

Parameters
DFS OS

Parameters
DFS OS

p-value p-value p-value p-value p-value p-value

TC-CD3 0.0014 0.0031 Hotspot1-CD3 0.0072 0.0183 CD3-CD4 0.0266 0.0206

TC-CD4 0.0101 0.0106 Hotspot1-CD4 0.0248 0.032 CD3-CD8 0.1522 0.1319

TC-CD8 0.8665 0.971 Hotspot1-CD8 0.2446 0.3365 CD3-CD19 0.835 0.992

TC-CD19 0.8845 0.9838 Hotspot1-CD19 0.8983 0.9839 CD3-CD163 0.5612 0.6578

TC-CD163 0.6284 0.4373 Hotspot1-CD163 0.8254 0.96 CD4-CD8 0.8326 0.9302

IM-CD3 0.1739 0.236 Hotspot2-CD3 0.0062 0.0105 CD4-CD19 0.4713 0.5612

IM-CD4 0.2137 0.228 Hotspot2-CD4 0.1161 0.1116 CD4-CD163 0.4028 0.3546

IM-CD8 0.2821 0.3729 Hotspot2-CD8 0.0961 0.1228 CD8-CD19 0.9734 0.8915

IM-CD19 0.5702 0.4635 Hotspot2-CD19 0.0834 0.0756 CD8-CD163 0.0193 0.0088

IM-CD163 0.785 0.9922 Hotspot2-CD163 0.8254 0.9496 CD19-CD163 0.4583 0.3515

TC+IM-CD3 0.0014 0.0031 Hotspot3-CD3 0.0062 0.0105 CK-CD3 0.0122 0.0177

TC+IM-CD4 0.0101 0.0106 Hotspot3-CD4 0.0439 0.0522 CK-CD4 0.2204 0.1843

TC+IM-CD8 0.4406 0.4996 Hotspot3-CD8 0.0693 0.0609 CK-CD19 0.4757 0.4015

TC+IM-CD19 0.8845 0.9838 Hotspot3-CD19 0.6974 0.6868 CK-CD163 0.7902 0.7039

TC+IM-CD163 0.6284 0.4373 Hotspot3-CD163 0.4092 0.5092 CK-CD8 0.3494 0.1933

Immunoscore 0.2922 0.4089
fron
DFS: Disease-free survival; OS: Overall survival; TC-CDx: The positive cell density of each biomarker in tumor core; IM-CDx: The positive cell density of each biomarker in invasive margin; TC
+IM-CDx: The positive cell density of each biomarker in the region of tumor core and invasive margin together; Hotspotx-CDx: The positive cell density of first, second and third hotspot for each
biomarker; CDx-CDx: The MH index between each pair of biomarkers; CK-CDx: The MH index between tumor cells and each biomarker.
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of how the TIME architecture influences outcomes in TNBC and

responses to current treatment modalities (16, 17). It is necessary to

establish cohort data and reveal the specific mechanisms and

interactions of the TIME components. IHC is commonly used as

a diagnostic technique in the field of histopathology, but usually

only one biomarker can be detected in each pathology section in

routine pathological examinations, which is a limitation in parsing

the TIME of clinical cases. Several extended testing platforms based

on RNA sequencing, immunofluorescence, and mass spectrometry

have emerged to provide a comprehensive landscape of the TIME

composition and marker distribution to uncover the pathogenesis

of complex disorders (18–20). However, these platforms can

be costly.

In this study, we used computational imaging analysis of

multiple biomarkers based on IHC images commonly used in

routine pathology testing. We investigated the expression of five

different immune markers in different areas of the tumor region,

thus providing a deeper understanding of complex TIMEs by

combining immune cell identification and localization in matched

clinical samples. The specially prepared serial sections were well-

aligned and combined for analysis. Because the same primary

antibody and 3,3′-diaminobenzidine (DAB) systems were used

throughout the experiment, the staining was highly consistent. In
Frontiers in Immunology frontiersin.org07
addition to the reagents and equipment for clinical examination,

only an additional computer server was needed for rapid analysis.

Image registration is a widely used technique in medical

imaging (21), but it is not popular in studies of pathological

images. Scanning image analysis with the help of image

registration and the spatial positions of IHC images with multiple

markers are correlated. Registration algorithms increasingly

support digital pathology research. In a previous study, serial

sections of breast tissue samples were aligned, enabling the user

to scroll through the sections in a single viewer. The entire

computational workflow starts with image processing. We use cell

nucleus segmentation to obtain the location information of labeled

cells in their original slides and perform image registration using a

multimodal protocol to calculate transformation matrices that map

all slides to the reference CK slide. We aligned the images based on

combined serial sections and determined the spatial information of

multiple biomarkers (22). After image scanning and registration,

the expression status of multiple markers, including density and

location, can be integrated into a single virtual image. As a result,

subsequent nano-analysis, such as confocal analysis and hot spot

analysis, can be performed more easily and accurately on the

computer. IHC staring and slide scanners are commonly used in

general pathology, and image registration is a well-established
A B

DC

FIGURE 3

The overall survival curve. (A) CD3 expression in tumor region in all patients; (B) CD8-CD163 colocalization level in all patients; (C) Hotspot 1 CD3
expression in IIB and III stage patients; (D) CK-CD8 colocalization level in IIB and III stage patients.
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technique in medical imaging. Therefore, this multidisciplinary

method is a practical aid for the analysis of a large number

of markers.

The spatial information of biomarkers in the tumor

microenvironment has garnered more attention from researchers.

In 2014, Angelo et al. found that the spatial distribution of immune

and tumor cells influences immune activity and is associated with

patient survival (23). In our study, we focused on the spatial

information of immune cells within the tumor regions and

attempted to determine the colocalization of specific immune cell

types or the colocalization of tumor cells and different immune cell

types using the MH index.

Among all regions, CD163+ macrophages were evenly

distributed in both the IM and TC. Almost twice as many CD3,

CD4, CD8, and CD19 lymphocytes were found in the IM group

than in the TC group. This is consistent with previous findings (24,

25). Of the five markers, we found that CD3 and CD4 had the

greatest influence on patient prognosis, and this influence had little

relationship with spatial distribution of the markers in tumors. This

is consistent with previous results showing that high CD3+ cell

density is associated with a favorable outcome in oropharyngeal

cancer, and a low CD3+ cell count has been shown to predict

shorter DFS in patients with colon and cervical cancer (26, 27).

There have also been reports that CD3 and CD4 are biomarkers that

predict pathologic complete response (pCR) to neoadjuvant

chemotherapy in TNBC (28, 29). Few studies have investigated

the prognostic significance of CD3 and CD4 alone and their
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distribution in TNBC. However, a previous study showed high

heterogeneity in CD3 and CD4 distributions (25). Our spatial

analysis showed that there were significant differences between

the ER and LR groups and between the DM and non-DM groups

in the density of CD3+ or CD4+ immune cells in all tumor regions,

including the TC, IM, combined tumor region, and all three

hotspots. This is supported by previous studies that have reported

that T cells in all tumoral regions are associated with improved

prognosis (30). In more advanced (stage IIB and III) TNBC cases,

CD3+ cells in the IM and hotspots were more suggestive of patient

prognosis than CD3+ cells in the TC and combined tumor regions.

This showed that T-cell accumulation and especially location (in

IM) had more tumor effect than scattered distribution in TC. It is

consistent that the tumor cells in IM were more aggressive than

those in TC (31). To the best of our knowledge, we are the first to

report the prognostic effects of CD3 and CD4 in TNBC and their

spatial relevance.

In general, a high number of CD8+ TILs are associated with

increased DFS and OS in breast cancer (32, 33). Both CD8 mRNA

and protein expression have been evaluated, and both were

predictive of survival in TNBC (34, 35). In our cohort, the CD8+

cells did not show a significant difference between the ER and LR

groups, as well as between the DM and non-DM groups, and

neither showed any significant effect on patient prognosis in all

stages of TNBC. However, we found that in late-stage TNBC, CD8+

cells were significantly associated with patient prognosis. This effect

was related to the localization of the CD8+ cells. Patients with high
TABLE 4 The survival analysis of all parameters based on cell positive density for the group of IIB and III stage patients.

Parameters DFS
p-value

OS
p-value Parameters DFS

p-value
OS

p-value Parameters DFS
p-value

OS
p-value

TC-CD3 0.3303 0.4310 Hotspot1-CD3 0.0026 0.0060 CD3-CD4 0.6576 0.8168

TC-CD4 0.0156 0.0121 Hotspot1-CD4 0.0692 0.1067 CD3-CD8 0.0939 0.0854

TC-CD8 0.1147 0.1781 Hotspot1-CD8 0.6372 0.3687 CD3-CD19 0.3660 0.3705

TC-CD19 0.1426 0.1625 Hotspot1-CD19 0.0843 0.0968 CD3-CD163 0.1017 0.1103

TC-CD163 0.8636 0.6004 Hotspot1-CD163 0.3582 0.6605 CD4-CD8 0.8451 0.7202

IM-CD3 0.0110 0.0100 Hotspot2-CD3 0.0005 0.0004 CD4-CD19 0.8994 0.8959

IM-CD4 0.3308 0.3487 Hotspot2-CD4 0.0692 0.1067 CD4-CD163 0.0635 0.0770

IM-CD8 0.0420 0.0809 Hotspot2-CD8 0.0331 0.0728 CD8-CD19 0.3173 0.3040

IM-CD19 0.1747 0.2119 Hotspot2-CD19 0.0027 0.0053 CD8-CD163 0.0161 0.0190

IM-CD163 0.9659 0.7473 Hotspot2-CD163 0.3582 0.6605 CD19-CD163 0.1180 0.1293

TC+IM-CD3 0.3303 0.4310 Hotspot3-CD3 0.0005 0.0004 CK-CD3 0.0580 0.0465

TC+IM-CD4 0.0156 0.0121 Hotspot3-CD4 0.0213 0.0728 CK-CD4 0.0031 0.0037

TC+IM-CD8 0.2256 0.2946 Hotspot3-CD8 0.0331 0.0728 CK-CD19 0.1861 0.1330

TC+IM-CD19 0.0206 0.0309 Hotspot3-CD19 0.0008 0.0020 CK-CD163 0.5274 0.5851

TC+IM-CD163 0.8636 0.6004 Hotspot3-CD163 0.3582 0.6605 CK-CD8 0.0444 0.0152

Immunoscore 0.0634 0.0849
fron
DFS: Disease-free survival; OS: Overall survival; TC-CDx: The positive cell density of each biomarker in tumor core; IM-CDx: The positive cell density of each biomarker in invasive margin; TC
+IM-CDx: The positive cell density of each biomarker in the region of tumor core and invasive margin together; Hotspotx-CDx: The positive cell density of first, second and third hotspot for each
biomarker; CDx-CDx: The MH index between each pair of biomarkers; CK-CDx: The MH index between tumor cells and each
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CD8+ cell signals in the IM and hotspots had significantly longer

DFS and OS times. Some research with large sample size had proven

that CD8 positive T cell was significantly associated with better

prognosis (34). Our result was consistent with the previous

research, except that no significant p-value was obtained, which

may be due to the limited sample size. Another reason may be that

there were few reports on the relationship between CD8 expression

and tumor TNM stages. From another point of view, our results

reflect that the effect of CD8-positive cells was more obvious in

more advanced stages of TNBC. To the best of our knowledge, we

are also the first to report a relationship between the spatial

localization of CD8+ cells and patient survival.

The effect of B cells on patient prognosis in TNBC has been

brought to the spotlight of cutting-edge of researching recently. The

CD20 score is known to predict pCR independently of age, size,

nuclear grade, nodal status, and expression of estrogen receptor

(ER), progesterone receptor (PR), human epidermal growth factor

receptor 2 (HER2), and Ki67 (28). Some researchers found that

tumor-infiltrating B lymphocytes were significantly associated with

better prognosis in TNBC (36, 37). However, not many other

studies have showed any relationship between B cells and TNBC

prognosis (25). CD19 is a marker of active B cells. Therefore, we

detected CD19 instead of CD20. Through analysis of the spatial

expression of CD19, we found that B cell densities were significantly

different between the ER and LR groups, but not between the DM

and non-DM groups, but there was no association with DFS and
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OS. The differences were more obvious in the TC, TC+IM, and

hotspots than in IM alone.

Colocalization analysis found that some interesting

combinations, such as a high density of CD3+/CD4+ and CD3

+/CK+ cells, were associated with significantly longer DFS and OS

times at all TNBC stages. In late-stage cases, all T cell markers (CD3,

CD4, and CD8) and CK colocalization indicated a better prognosis.

To our knowledge, this is the first study to demonstrate the

importance of CK and T cell colocalization. We also found that

CD8+/CD163+ colocalization significantly extended the DFS and

OS of TNBC cases overall and specifically in more advanced

cases (stage IIB and III). There were significant differences in

CD8+/CD163+ cells between the ER and LR groups, and between

the DM and non-DM groups. Multivariate survival analysis also

showed that CD8+/CD163+ colocalization was an independent

prognostic factor. There have been several studies on CD8 and

CD163 expression in TNBC. Jamiyan et al. reported that the

infiltration of CD163+ tumor-associated macrophages in both the

tumor stroma and tumor nest was associated with poor patient

prognosis in TNBC (38). Foulds et al. showed that high expression

of CD163 in the peripheral blood of patients with TNBC predicted

relapse-free survival (39). Infiltration of CD8+ T lymphocytes into

solid tumors is associated with a good prognosis in various types of

cancer, including TNBC (32, 35, 40). Fortis et al. further found that

the densities of CD8+ and CD163+ cells were different in the TC

and IM, and the combined evaluation of both compartments was

significantly related to breast cancer survival (41). Our experiments
TABLE 5 The multivariate survival analysis with DFS of all parameters
based on cell positive density for the group of all patients.

p-values for parameters P value

Age 0.54

Basal-like 0.83

Stage 0.75

Tumor size 0.02

grade 0.13

ki67% (Threshold = 14) 0.01

P53 0.91

TC-CD3 0.65

TC-CD4 0.89

TC+IM-CD3 0.65

TC+IM-CD4 0.89

Hotspot1-CD3 0.65

Hotspot1-CD4 0.16

Hotspot2-CD3 0.92

Hotspot3-CD3 0.92

Hotspot3-CD4 0.28

CD3-CD4 0.45

CD8-CD163 0.35

CK-CD3 0.84
TABLE 6 The multivariate survival analysis with OS of all parameters
based on cell positive density for the group of all patients.

p-values for parameters P value

Age 0.85

Basal-like 0.46

Stage 0.39

Tumor size 0.03

grade 0.21

ki67% (Threshold = 14) 0.05

P53 0.92

TC-CD3 0.8

TC-CD4 0.97

TC+IM-CD3 0.8

TC+IM-CD4 0.97

Hotspot1-CD3 0.29

Hotspot1-CD4 0.67

Hotspot2-CD3 0.98

Hotspot3-CD3 0.98

CD3-CD4 0.16

CD8-CD163 0.02

CK-CD3 0.74
fron
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also indicated the importance of the spatial distribution of CD8 and

CD68 and showed that colocalization of CD8 and CD68

independently predicted good outcomes.

We also calculated the Immunoscore of each patient. In

colorectal carcinoma, the Immunoscore was shown to be a

marker that surpassed the traditional gold standard of diagnostics

using tumor stage, lymph node swelling, and metastatic invasion

(42). However, we did not find a significant correlation between this

parameter and patient survival. However, it is worth noting that the

p-values of the correlation between the survival and Immunoscore

of patients in stages IIB and III were very close to 0.05 (DFS,

P=0.0634; OS, P=0.0849). We noticed that there were only 29

patients with stage IIB and III disease. If we had collected

samples from more patients in these stages, we could have

probably observed the prognostic value of Immunoscore in this

group of patients. Immunoscore applications in breast cancer

require more research with a larger cohort.

Compared with other techniques related to spatial analysis

(multiplex immunofluorescence images or multiplex IHC

staining), computational imaging analysis has the advantages of

lower costs and higher data accuracy (the entire tissue section is

scanned), and thus has a greater possibility of clinical applications.

We realize that pathological slides cannot be aligned precisely for

each cell, owing to the limitations of existing technology. However,

if we focus on the expression of biomarkers in tissue regions, we can

still analyze the tumor microenvironment. In future studies, more

biomarkers, not only those identifying immune cells will

be analyzed.

In summary, we applied the image registration technique to

pathological image research and attempted to assess multiplex

immunofluorescence images of serial sections and IHC staining at

the level of region alignment. Some biomarkers (such as CD3 and

CD4) and the colocalization of immune cells (such as the

colocalization of CD8 and CD163, or tumor cells and CD3/CD4/

CD8) showed a significant association with patient survival, which

revealed the prognostic value of the tumor microenvironment and

the potential application of image registration to breast cancer

prognostics. In view of the limited sample size of this study,

follow-up investigation are planned to better confirm the

potential prognostic role of tumor infiltrating lymphocytes by

enlarging the sampled population with further clinical validation.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

This study was approved by Peking Union Medical College

Hospital Institutional Review Board (PUMCH IRB). All procedures

performed in this study involving human participants were in
Frontiers in Immunology 10
accordance with the ethical standards of the institutional and

national research committee and with the Declaration of Helsinki

and its later amendments. The patients/participants provided their

written informed consent to participate in this study.
Author contributions

XR: conceptualization, methodology, formal analysis, writing, editing,

and reviewing. YS: conceptualization, methodology, investigation, data

curation, and writing. JP and LC: methodology, investigation, and

resources. ZL: conceptualization, methodology, reviewing, funding

acquisition, and supervision. HW: conceptualization, methodology,

reviewing and project administration. All authors contributed to the

article and approved the submitted version.
Funding

This study was funded by CAMS Innovation Fund for Medical

Sciences (CIFMS) (2021-I2M-1-053). The funding source took no

part in the design or conduct of the study.
Acknowledgments

We thank Linfeng Li, Yajun Zhang, Junjie Zhang, and Hao

Lingtong from Genome Wisdom Inc., Beijing, for their technical

support for this study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online at:

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1137561/

full#supplementary-material
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1137561/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1137561/full#supplementary-material
https://doi.org/10.3389/fimmu.2023.1137561
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ren et al. 10.3389/fimmu.2023.1137561
References
1. Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Heppner BI, Weber
KE, et al. Tumour-infiltrating lymphocytes and prognosis in different subtypes of breast
cancer: A pooled analysis of 3771 patients treated with neoadjuvant therapy. Lancet
Oncol (2018) 19:40–50. doi: 10.1016/S1470-2045(17)30904-X

2. Denkert C, Loibl S, Noske A, Roller M, Müller BM, Komor M, et al. Tumor-
associated lymphocytes as an independent predictor of response to neoadjuvant
chemotherapy in breast cancer. J Clin Oncol (2010) 28:105–13. doi: 10.1200/
JCO.2009.23.7370

3. Savas P, Salgado R, Denkert C, Sotiriou C, Darcy PK, Smyth MJ, et al. Clinical
relevance of host immunity in breast cancer: from TILs to the clinic. Nat Rev Clin Oncol
(2016) 13:228–41. doi: 10.1038/nrclinonc.2015.215

4. Mani NL, Schalper KA, Hatzis C, Saglam O, Tavassoli F, Butler M, et al.
Quantitative assessment of the spatial heterogeneity of tumor-infiltrating
lymphocytes in breast cancer. Breast Cancer Res (2016) 18:78. doi: 10.1186/s13058-
016-0737-x

5. Shi L, Zhang Y, Feng L, Wang L, Rong W, Wu F, et al. Multi-omics study
revealing the complexity and spatial heterogeneity of tumor-infiltrating lymphocytes in
primary liver carcinoma. Oncotarget (2017) 8:34844–57. doi: 10.18632/
oncotarget.16758

6. Feng L, Qian H, Yu X, Liu K, Xiao T, Zhang C, et al. Heterogeneity of tumor-
infiltrating lymphocytes ascribed to local immune status rather than neoantigens by
multi-omics analysis of glioblastoma multiforme. Sci Rep (2017) 7:6968. doi: 10.1038/
s41598-017-05538-z

7. Qi J, Sun H, Zhang Y, Wang Z, Xun Z, Li Z, et al. Single-cell and spatial analysis
reveal interaction of FAP(+) fibroblasts and SPP1(+) macrophages in colorectal cancer.
Nat Commun (2022) 13:1742. doi: 10.1038/s41467-022-29366-6

8. Jiang Y, Zhang Q, Hu Y, Li T, Yu J, Zhao L, et al. ImmunoScore signature: A
prognostic and predictive tool in gastric cancer. Ann Surg (2018) 267:504–13. doi:
10.1097/SLA.0000000000002116

9. Obeid JM, Wages NA, Hu Y, Deacon DH, Slingluff CLJr. Heterogeneity of CD8
(+) tumor-infiltrating lymphocytes in non-small-cell lung cancer: Impact on patient
prognostic assessments and comparison of quantification by different sampling
strategies. Cancer Immunol Immunother (2017) 66:33–43. doi: 10.1007/s00262-016-
1908-4

10. Fehlings M, Simoni Y, Penny HL, Becht E, Loh CY, Gubin MM, et al.
Checkpoint blockade immunotherapy reshapes the high-dimensional phenotypic
heterogeneity of murine intratumoural neoantigen-specific CD8(+) T cells. Nat
Commun (2017) 8:562. doi: 10.1038/s41467-017-00627-z

11. Bense RD, Sotiriou C, Piccart-Gebhart MJ, Haanen J, van Vugt M, de Vries EGE,
et al. Relevance of tumor-infiltrating immune cell composition and functionality for
disease outcome in breast cancer. J Natl Cancer Inst (2017) 109. doi: 10.1093/jnci/
djw192

12. Kirilovsky A, Marliot F, El Sissy C, Haicheur N, Galon J, Pagès F. Rational bases
for the use of the immunoscore in routine clinical settings as a prognostic and
predictive biomarker in cancer patients. Int Immunol (2016) 28:373–82. doi:
10.1093/intimm/dxw021

13. Hendry S, Salgado R, Gevaert T, Russell PA, John T, Thapa B, et al. Assessing
tumor-infiltrating lymphocytes in solid tumors: A practical review for pathologists and
proposal for a standardized method from the international immunooncology
biomarkers working group: Part 1: Assessing the host immune response, TILs in
invasive breast carcinoma and ductal carcinoma in situ, metastatic tumor deposits and
areas for further research. Adv Anat Pathol (2017) 24:235–51. doi: 10.1097/
PAP.0000000000000162

14. Ren X, Yuan L, Shen S, Wu H, Lu J, Liang Z. C-met and ERb expression
differences in basal-like and non-basal-like triple-negative breast cancer. Tumour Biol
(2016) 37:11385–95. doi: 10.1007/s13277-016-5010-5

15. Taube JM, Galon J, Sholl LM, Rodig SJ, Cottrell TR, Giraldo NA, et al.
Implications of the tumor immune microenvironment for staging and therapeutics.
Mod Pathol (2018) 31:214–34. doi: 10.1038/modpathol.2017.156

16. Solinas C, Gombos A, Latifyan S, Piccart-Gebhart M, Kok M, Buisseret L.
Targeting immune checkpoints in breast cancer: An update of early results. ESMO
Open (2017) 2:e000255. doi: 10.1136/esmoopen-2017-000255

17. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell
(2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

18. Mould KJ, Jackson ND, Henson PM, Seibold M and JanssenWJ. Single cell RNA
sequencing identifies unique inflammatory airspace macrophage subsets. JCI Insight
(2019) 4. doi: 10.1172/jci.insight.126556

19. Zou MX, Pan Y, Huang W, Zhang TL, Escobar D, Wang XB, et al. A four-factor
immune risk score signature predicts the clinical outcome of patients with spinal
chordoma. Clin Transl Med (2020) 10:224–37. doi: 10.1002/ctm2.4

20. Asleh K, Negri GL, Spencer Miko SE, Colborne S, Hughes CS, Wang XQ, et al.
Proteomic analysis of archival breast cancer clinical specimens identifies biological
subtypes with distinct survival outcomes. Nat Commun (2022) 13:896. doi: 10.1038/
s41467-022-28524-0
Frontiers in Immunology 11
21. Brown LM. A survey of image registration techniques. ACM Comput Surv
(1992) 24:325–76. doi: 10.1145/146370.146374

22. Yuan Y. Spatial heterogeneity in the tumor microenvironment. Cold Spring
Harb Perspect Med (2016) 6. doi: 10.1101/cshperspect.a026583

23. Angelo M, Bendall SC, Finck R, Hale MB, Hitzman C, Borowsky AD, et al.
Multiplexed ion beam imaging of human breast tumors. Nat Med (2014) 20:436–42.
doi: 10.1038/nm.3488

24. Bindea G, Mlecnik B, Tosolini M, Kirilovsky A, Waldner M, Obenauf AC, et al.
Spatiotemporal dynamics of intratumoral immune cells reveal the immune landscape
in human cancer. Immunity (2013) 39:782–95. doi: 10.1016/j.immuni.2013.10.003

25. Mi H, Gong C, Sulam J, Fertig EJ, Szalay AS, Jaffee EM, et al. Cimino-Mathews
AM and popel AS. digital pathology analysis quantifies spatial heterogeneity of CD3,
CD4, CD8, CD20, and FoxP3 immune markers in triple-negative breast cancer. Front
Physiol (2020) 11:583333. doi: 10.3389/fphys.2020.583333

26. Sinicrope FA, Rego RL, Ansell SM, Knutson KL, Foster NR and Sargent DJ.
Intraepithelial effector (CD3+)/regulatory (FoxP3+) T-cell ratio predicts a clinical
outcome of human colon carcinoma. Gastroenterology (2009) 137:1270–9. doi:
10.1053/j.gastro.2009.06.053

27. Ancuta E, Ancuta̧ C, Zugun-Eloae F, Iordache C, Chirieac R, Carasevici E.
Predictive value of cellular immune response in cervical cancer. Rom J Morphol
Embryol (2009) 50:651–5.

28. Gomez-Macias GS, Molinar-Flores G, Lopez-Garcia CA, Santuario-Facio S,
Decanini-Arcaute H, Valero-Elizondo J, et al. Immunotyping of tumor-infiltrating
lymphocytes in triple-negative breast cancer and genetic characterization. Oncol Lett
(2020) 20:140. doi: 10.3892/ol.2020.12000

29. Oshi M, Asaoka M, Tokumaru Y, Angarita FA, Yan L, Matsuyama R, et al.
Abundance of regulatory T cell (Treg) as a predictive biomarker for neoadjuvant
chemotherapy in triple-negative breast cancer. Cancers (Basel) (2020) 12. doi: 10.3390/
cancers12103038

30. Kuroda H, Jamiyan T, Yamaguchi R, Kakumoto A, Abe A, Harada O, et al. Tumor-
infiltrating b cells and T cells correlate with postoperative prognosis in triple-negative
carcinoma of the breast. BMC Cancer (2021) 21:286. doi: 10.1186/s12885-021-08009-x

31. Alieva M, Leidgens V, Riemenschneider MJ, Klein CA, Hau P, van Rheenen J.
Intravital imaging of glioma border morphology reveals distinctive cellular dynamics
and contribution to tumor cell invasion. Sci Rep (2019) 9:2054. doi: 10.1038/s41598-
019-38625-4

32. Li X, Gruosso T, Zuo D, Omeroglu A, Meterissian S, Guiot MC, et al. Infiltration
of CD8(+) T cells into tumor cell clusters in triple-negative breast cancer. Proc Natl
Acad Sci USA (2019) 116:3678–87. doi: 10.1073/pnas.1817652116

33. Liu S, Lachapelle J, Leung S, Gao D, Foulkes WD, Nielsen TO. CD8+
lymphocyte infiltration is an independent favorable prognostic indicator in basal-like
breast cancer. Breast Cancer Res (2012) 14:R48. doi: 10.1186/bcr3148

34. Oshi M, Asaoka M, Tokumaru Y, Yan L, Matsuyama R, Ishikawa T, et al. CD8 T
cell score as a prognostic biomarker for triple negative breast cancer. Int J Mol Sci
(2020) 21. doi: 10.3390/ijms21186968

35. Vihervuori H, Autere TA, Repo H, Kurki S, Kallio L, Lintunen MM, et al. Tumor-
infiltrating lymphocytes and CD8(+) T cells predict survival of triple-negative breast cancer.
J Cancer Res Clin Oncol (2019) 145:3105–14. doi: 10.1007/s00432-019-03036-5

36. Kuroda H, Jamiyan T, Yamaguchi R, Kakumoto A, Abe A, Harada O, et al.
Prognostic value of tumor-infiltrating b lymphocytes and plasma cells in triple-negative
breast cancer. Breast Cancer (2021) 28:904–14. doi: 10.1007/s12282-021-01227-y

37. Harris RJ, Cheung A, Ng JCF, Laddach R, Chenoweth AM, Crescioli S, et al.
Tumor-infiltrating b lymphocyte profiling identifies IgG-biased, clonally expanded
prognostic phenotypes in triple-negative breast cancer. Cancer Res (2021) 81:4290–304.
doi: 10.1158/0008-5472.CAN-20-3773

38. Jamiyan T, Kuroda H, Yamaguchi R, Abe A, Hayashi M. CD68- and CD163-
positive tumor-associated macrophages in triple negative cancer of the breast. Virchows
Arch (2020) 477:767–75. doi: 10.1007/s00428-020-02855-z

39. Foulds GA, Vadakekolathu J, Abdel-Fatah TMA, Nagarajan D, Reeder S,
Johnson C, et al. Immune-phenotyping and transcriptomic profiling of peripheral
blood mononuclear cells from patients with breast cancer: Identification of a 3 gene
signature which predicts relapse of triple negative breast cancer. Front Immunol (2018)
9:2028. doi: 10.3389/fimmu.2018.02028

40. McIntire PJ, Irshaid L, Liu Y, Chen Z, Menken F, Nowak E, et al. Hot spot and
whole-tumor enumeration of CD8(+) tumor-infiltrating lymphocytes utilizing digital
image analysis is prognostic in triple-negative breast cancer. Clin Breast Cancer (2018)
18:451–458.e1. doi: 10.1016/j.clbc.2018.04.019

41. Fortis SP, Sofopoulos M, Sotiriadou NN, Haritos C, Vaxevanis CK,
Anastasopoulou EA, et al. Differential intratumoral distributions of CD8 and CD163
immune cells as prognostic biomarkers in breast cancer. J Immunother Cancer (2017)
5:39. doi: 10.1186/s40425-017-0240-7

42. Church SE, Galon J. Regulation of CTL infiltration within the tumor
microenvironment. Adv Exp Med Biol (2017) 1036:33–49. doi: 10.1007/978-3-319-67577-0_3
frontiersin.org

https://doi.org/10.1016/S1470-2045(17)30904-X
https://doi.org/10.1200/JCO.2009.23.7370
https://doi.org/10.1200/JCO.2009.23.7370
https://doi.org/10.1038/nrclinonc.2015.215
https://doi.org/10.1186/s13058-016-0737-x
https://doi.org/10.1186/s13058-016-0737-x
https://doi.org/10.18632/oncotarget.16758
https://doi.org/10.18632/oncotarget.16758
https://doi.org/10.1038/s41598-017-05538-z
https://doi.org/10.1038/s41598-017-05538-z
https://doi.org/10.1038/s41467-022-29366-6
https://doi.org/10.1097/SLA.0000000000002116
https://doi.org/10.1007/s00262-016-1908-4
https://doi.org/10.1007/s00262-016-1908-4
https://doi.org/10.1038/s41467-017-00627-z
https://doi.org/10.1093/jnci/djw192
https://doi.org/10.1093/jnci/djw192
https://doi.org/10.1093/intimm/dxw021
https://doi.org/10.1097/PAP.0000000000000162
https://doi.org/10.1097/PAP.0000000000000162
https://doi.org/10.1007/s13277-016-5010-5
https://doi.org/10.1038/modpathol.2017.156
https://doi.org/10.1136/esmoopen-2017-000255
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1172/jci.insight.126556
https://doi.org/10.1002/ctm2.4
https://doi.org/10.1038/s41467-022-28524-0
https://doi.org/10.1038/s41467-022-28524-0
https://doi.org/10.1145/146370.146374
https://doi.org/10.1101/cshperspect.a026583
https://doi.org/10.1038/nm.3488
https://doi.org/10.1016/j.immuni.2013.10.003
https://doi.org/10.3389/fphys.2020.583333
https://doi.org/10.1053/j.gastro.2009.06.053
https://doi.org/10.3892/ol.2020.12000
https://doi.org/10.3390/cancers12103038
https://doi.org/10.3390/cancers12103038
https://doi.org/10.1186/s12885-021-08009-x
https://doi.org/10.1038/s41598-019-38625-4
https://doi.org/10.1038/s41598-019-38625-4
https://doi.org/10.1073/pnas.1817652116
https://doi.org/10.1186/bcr3148
https://doi.org/10.3390/ijms21186968
https://doi.org/10.1007/s00432-019-03036-5
https://doi.org/10.1007/s12282-021-01227-y
https://doi.org/10.1158/0008-5472.CAN-20-3773
https://doi.org/10.1007/s00428-020-02855-z
https://doi.org/10.3389/fimmu.2018.02028
https://doi.org/10.1016/j.clbc.2018.04.019
https://doi.org/10.1186/s40425-017-0240-7
https://doi.org/10.1007/978-3-319-67577-0_3
https://doi.org/10.3389/fimmu.2023.1137561
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Prognostic value of various immune cells and Immunoscore in triple-negative breast cancer
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 Tissue construction
	2.3 Image registration and annotation
	2.4 Quantification
	2.4.1 Quantification of single biomarker
	2.4.2 Hotspot
	2.4.3 Colocalization
	2.4.4 Immunoscore

	2.5 Statistical analysis

	3 Results
	3.1 Comparison of single biomarkers between groups
	3.2 Correlation between single biomarkers and prognostic survival
	3.3 Correlation between spatial parameters and prognostic survival
	3.4 Correlation between Immunoscore and prognostic survival
	3.5 Multivariate analysis

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


