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Triple-negative breast cancer (TNBC) with high tumour-infiltrating lymphocytes (TILs) has been associated with a promising
prognosis. To better understand the prognostic value of immune cell subtypes in TNBC, we characterised TILs and the interaction
between tumour cells and immune cell subtypes. A total of 145 breast cancer tissues were stained by multiplex
immunofluorescence (mIF), including panel 1 (PD-L1, PD-1, CD3, CD8, CD68 and CK) and panel 2 (Foxp3, Granzyme B, CD45RO, CD3,
CD8 and CK). Phenotypes were analysed and quantified by pathologists using InForm software. We found that in the ER-negative
(ER <1% and HER2-negative) group and the ER/PR-low positive (ER 1–9% and HER2-negative) group, 11.2% and 7.1% of patients
were PD-L1+ by the tumour cell score, 29.0% and 28.6% were PD-L1+ by the modified immune cell score and 30.8% and 32.1%
were PD-L1+ by the combined positive score. We combined ER-negative and ER/PR-low positive cases for the survival analysis since
a 10% cut-off is often used in clinical practice for therapeutic purposes. The densities of PD-L1+ tumour cells (HR: 0.366, 95% CI:
0.138–0.970; p= 0.043) within the tumour compartment and CD3+ immune cells in the total area (tumour and stromal
compartments combined) (HR: 0.213, 95% CI: 0.070–0.642; p= 0.006) were favourable prognostic biomarkers for overall survival
(OS) in TNBC. The density of effector/memory cytotoxic T cells (CD3+CD8+CD45RO+) in the tumour compartment was an
independent prognostic biomarker for OS (HR: 0.232, 95% CI: 0.086–0.628; p= 0.004) and DFS (HR: 0.183, 95% CI: 0.1301–0.744; p=
0.009) in TNBC. Interestingly, spatial data suggested that patients with a higher density of PD-L1+ tumour cells had shorter cell-cell
distances from tumour cells to cytotoxic T cells (p < 0.01). In conclusion, we found that phenotyping tumour immune cells by mIF is
highly informative in understanding the immune microenvironment in TNBC. PD-L1+ tumour cells, total T cells and effector/
memory cytotoxic T cells are promising prognostic biomarkers in TNBC.
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INTRODUCTION
Triple-negative breast cancer (TNBC) is defined by its lack of
oestrogen receptor (ER), progesterone receptor (PR) and human
epidermal growth factor receptor 2 (HER2) expression. TNBC
accounts for 15–20% of all breast cancers worldwide1,2. TNBC is
diagnosed more frequently in younger women and is more
aggressive than other breast cancer subtypes3,4. In the past several
years, treatment strategies for breast cancer have developed
rapidly, and mature systemic therapy, including surgery, che-
motherapy, endocrine therapy, radiotherapy and targeted ther-
apy, have substantially improved patient survival5. TNBC patients,
however, do not benefit from either endocrine therapy or HER2-
targeted therapy and have the poorest prognosis4.
Immunotherapy, including immune checkpoint inhibitor (ICI)

therapy, is an innovative growing area of cancer treatment and
has been shown to improve prognosis in melanoma, lung cancer,

head and neck squamous cell carcinoma, urothelial cancer, renal
cell cancer and Hodgkin disease6,7. In the past 10 years, ICIs and
tumour-infiltrating lymphocytes (TILs) have been widely studied,
and antibodies against immune checkpoint receptors have been
gradually applied to clinical cancer treatment. Therefore, under-
standing the distribution and prognostic value of TILs in the
tumour microenvironment (TME) should expand treatment
options for TNBC patients. The TME comprises tumour cells,
stromal cells, infiltrating inflammatory cells and vasculature and
extracellular matrices, as well as the complex interplay between
these cells8,9. Successful treatment with ICIs requires the expan-
sion and infiltration of activated lymphocytes into the TME10.
Therefore, interactions between tumour cells and TILs, along with
interactions among TILs, play key roles in cancer immunotherapy.
Immune checkpoints, such as programmed cell death protein 1

(PD-1) and programmed cell death ligand 1 (PD-L1), expressed on
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the surface of cancer cells or TILs inhibit T-cell responses by
promoting T-cell apoptosis. Therefore, blockade of immune
checkpoints could reactivate T-cell responses to kill tumour cells
directly. Several ICIs, such as atezolizumab and durvalumab, are
being tested in TNBC patients in multiple clinical trials. In the
IMpassion130 trial, patients with advanced TNBC with PD-L1+ TILs
in tumour tissue who received atezolizumab plus nab-paclitaxel
had better progression-free survival than those who received nab-
paclitaxel only11,12.
Currently, PD-L1 positivity in both tumour cells and TILs in the

TME is determined by immunohistochemical analysis, which makes
the simultaneous study of the subpopulation of TILs and PD-L1
difficult. To better understand the impact of PD-L1 expression and
TILs on TNBC prognosis, we investigated PD-L1-expressing cells
and subtypes of TILs by multiplex immunofluorescence (mIF). mIF
can be used to determine the characteristics of the TME by
revealing the presence of distinct biomarkers and immunologic
phenotypes with less tissue. Chromogenic immunohistochemistry
protocols usually only detect one or a small number of markers per
slide, and mIF overcomes this limitation by allowing the detection
of multiple markers on a single tissue section13. In addition, mIF
could preserve the spatial context and allow the simultaneous
evaluation of multiple immune biomarkers14,15. The purpose of our
study was to determine the effect of PD-L1 expression and TIL
composition on TNBC prognosis.

MATERIALS AND METHODS
Tissue samples
We obtained archival formalin-fixed and paraffin-embedded (FFPE)
material from breast cancer specimens that had been surgically resected
between 2001 and 2013 from the Breast Tumour Bank at The University of
Texas MD Anderson Cancer Center (Houston, Texas). The American Society
of Clinical Oncology/College of American Pathologists guidelines16 were
used to determine ER, PR and HER2 statuses as part of the routine
pathologic evaluation.

Tumour tissue specimens that had been obtained from 145 patients
with breast cancer were histologically classified according to the World
Health Organization classification of breast tumours and were selected for
tissue microarray (TMA) construction. The TMA consisted of 107 breast
cancer samples defined as ER-negative (ER/PR <1% and HER2-negative),
28 samples defined as ER/PR-low positive (ER/PR expression in 1–9% of
tumour cells and HER2 negativity in all tumour cells)17 and 10 luminal
subtype samples with ER/PR ≥10%. After histologic examination, tumour
TMAs were prepared by using triplicate 1-mm-diameter cores per tumour.
All cores were taken from the centre of the tumour. Then, 4-µm-thick TMA
sections were prepared for mIF staining.

mIF staining
mIF staining was performed using previously reported validated and
optimised methods18. In brief, FFPE sections were stained on an
automated staining system (BOND-MAX; Leica Microsystems, Buffalo
Grove, IL, USA) by using the Opal™ 7-colour Kit (PerkinElmer, Waltham,
MA, USA). Normal human tonsil FFPE tissues were also used with and
without primary antibodies as positive and negative (autofluorescence)
controls, respectively. The markers used for mIF staining were grouped into
two panels. Panel 1 consisted of cytokeratin AE1/AE3 (dilution 1:100, Dako,
Santa Clara, CA), CD3 (T-cell lymphocytes; polyclonal, dilution 1:200; Dako),
CD8 (cytotoxic T cells; clone C8/144B, dilution 1:25; Thermo Fisher
Scientific, Waltham, MA, USA), PD-1 (clone EPR4877-2, dilution 1:3000;
Abcam, Cambridge, MA, USA), PD-L1 (clone E1L3N, dilution 1:1500; Cell
Signaling Technology, Danvers, MA, USA) and CD68 (macrophages; clone
PG-M1, dilution 1:50; Dako). Panel 2 consisted of cytokeratin AE1/AE3
(dilution 1:100, Dako), CD3 (T-cell lymphocytes; polyclonal, dilution 1:200;
Dako), CD8 (cytotoxic T cells; clone C8/144B, dilution 1:25; Thermo Fisher
Scientific), granzyme B (cytotoxic lymphocytes; clone F1, ready to use;
Leica Biosystems), Foxp3 (regulatory T cells; clone 206D, dilution 1:50;
BioLegend, San Diego, CA, USA) and CD45RO (memory T cells; clone
UCHL1, ready to use; Leica Biosystems). The stained slides were scanned by
a Vectra multispectral microscope (Vectra 3.0, PerkinElmer). Cell pheno-
types (Fig. 1) were identified and counted by trained pathologists using
image analysis software (InForm 2.4.8, Akoya Biosciences/PerkinElmer).
InForm software offers a user-trainable algorithm for tissue analysis based
on morphology and specific markers. To begin the tissue image analysis,
the tissue was divided into tumour, stromal and glass compartments using

Fig. 1 Representative mIF images of TNBC cores on FFPE TMA slides. Spectral composite image of TNBC samples stained with A panel 1 and
C panel 2. Individual marker expression in TNBC indicated by immunofluorescence staining with DAPI (blue), cytokeratins (cyan), CD3 (red)
and CD8 (pink) in both panels (B, D); PD-1 (green), PD-L1 (brown) and CD68 (yellow) in panel 1 (B); and CD45RO (yellow), granzyme B (GB,
brown) and Foxp3 (green) in panel 2 (D).
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the tissue segmentation setting by drawing different areas as different
categories to train the algorithm. Then, each image was identified as a
different tissue compartment. After tissue segmentation, cell segmentation
was performed using DAPI for counterstaining to obtain the phenotype of
individual cells. We performed cell segmentation using the adaptive cell
segmentation setting in InForm software. The splitting parameter was
adjusted to segment the crowded and overlapping cells. Membrane or
cytoplasmic staining was selected to assist in nuclear segmentation, which
is useful for cell identification, especially for multinuclear cells.
After cell segmentation, the algorithm was ready to be trained for cell

phenotype identification using a phenotyping setting. When the algorithm
training was finished, it was applied in a set of cases to carefully verify that
it was working properly on our samples. With the use of these approaches,
the optical signal from each phenotype in the spectral unmixing image
was isolated and quantified. The data were consolidated with the phenoptr
package (Akoya Biosciences/PerkinElmer) for R software (Version 3.6.2).
Each cell phenotype was evaluated as the average number of cell densities
(cells/mm2) and/or percentage for analysis in the tumour compartment,
stromal compartment and total area (tumour and stromal compartments
combined). The markers included CK, CD3 and CD8 and are contained in
panels 1 and 2. By assessing the correlation of CK, CD3 and CD8 staining
between panels 1 and 2, we found a very high concordance of the three
markers with r values all over 0.81 (Supplementary Fig. S1). The results
used in this study from these three repeated markers are all from panel 1.

PD-L1 evaluation criteria
The PD-L1 positivity of tumour cells (tumour cell (TC) score) was evaluated
as the percentage of malignant cells expressing PD-L1 out of the total
number of tumour cells. Immune cell density has been recently used as an
alternative immune cell score (IC score) for PD-L1 staining19,20. In this
study, PD-L1 immune cell positivity was defined as a modified immune cell
(mIC) score for mIF. The mIC score was evaluated as the percentage of
immune cells (lymphocytes and macrophages) expressing PD-L1 out of the
total number of immune cells. The combined positive score (CPS) was
obtained by dividing the number of PD-L1+ tumour cells and immune cells
by the total number of tumour cells and multiplying by 100. One per cent
was used as the cut-off for PD-L1 positivity.

Spatial analysis
The spatstat R package was used to create a spatial point for both the
tumour and stromal portions of each patient core. The patients were
grouped according to whether they had high or low levels of two
phenotypes: PD-L1+ and CD3+CD45RO+. Spatial metrics were computed
only for the tumour portions of each patient core by using spatstat
methods. Metric values from multiple cores of the same patient were
averaged to obtain one value for each patient. A two-sample two-tailed t
test was used to determine whether differences between two groups were
statistically significant. Differences between the PD-L1+-high and PD-L1+-
low groups were tested for panel 1 markers. Differences between the
CD3+CD45RO+-high and CD3+CD45RO+-low groups were tested for panel
2 markers. Nearest neighbour distances between two groups of cells were
determined with use of the nncross function in R. The nncross method in
spatstat was used to conduct spatial analyses between cells of two
different markers in each tumour core. This method computes the distance
from a cell with marker X to the nearest neighbouring cell with a different
marker Y. The average distance is then computed among all cells of the
desired marker combination in that core. For each cross analysis between
two markers, a t test between PD-L1+-high and -low or CD3+CD45RO+-
high and -low groups was performed. The nearest neighbour distribution
function, also known as the G-function, was performed with the spatstat R
package. Typically, the G-function is used to quantify the infiltration of cells
of one type into another21. In our study, G-function was computed for each
tumour core for a single cell phenotype. The G-function was cut off at 50
microns. Then, the area under the curve (AUC) for the G-function of each
core was computed. The AUC of the G-function was represented as a
measure of clustering: a larger AUC value corresponded to greater
clustering.

Statistical analysis
Categorical variables were compared by the Pearson χ2 test, whereas
continuous variables were compared by the independent-samples t test.
Survival analysis was evaluated by the log-rank test and Cox proportional
hazards regression. Correlations between different immune cell

populations were assessed using Pearson correlations. An alpha level of
0.05 was used to test for statistical significance. All analyses were
performed with SPSS Statistics 24 software (IBM, Armonk, NY).

RESULTS
Clinicopathologic features
In the present study, we assessed 145 HER2-negative breast
cancer samples, including 107 ER-negative samples (73.8%), 28 ER/
PR-low positive samples (19.3%) and 10 luminal subtype samples
(6.9%). The clinicopathologic features of this cohort are shown in
Table 1. The median age at diagnosis was 53, 50 and 59 years for
the ER-negative, ER/PR-low positive and luminal groups, respec-
tively. The most common race for each group was white, followed
by black, Hispanic and Asian. Histologic grade III was diagnosed in
81.3% of patients in the ER-negative group and in 92.9% of
patients in the ER/PR-low positive group but in only 10% of
patients in the luminal subtype group. According to the eighth
edition of the American Joint Committee on Cancer staging
system, most patients in the ER-negative and ER/PR-low positive
groups were categorised as TNM stage II (45.8% and 50%,
respectively), followed by stage I (39.2% and 42.9%), stage III
(13.1% and 7.1%) and stage IV (1.9% and 0%). In contrast, 50% of
patients in the luminal group were categorised as stage I, followed
by stage III (30%), stage II (10%) and stage IV (10%).
There were 25.2%, 25% and 20% of patients in the ER-negative,

ER/PR-low positive and luminal groups, respectively, who received

Table 1. Clinicopathologic features of patients in this cohort.

ER-negative ER/PR-low
positive

Luminal

Parameters (n= 107) (n= 28) (n= 10)

Median age (range)
(years)

53 (26–80) 50 (34–83) 59 (36–83)

Race, n (%)

White 70 (65.4%) 17 (60.7%) 8 (80.0%)

Black 19 (17.8%) 5 (17.9%) 1 (10.0%)

Asian 6 (5.6%) 1 (3.6%) 1 (10.0%)

Hispanic 10 (9.4%) 4 (14.3%) 0 (0%)

Unknown 2 (1.9%) 1 (3.6%) 0 (0%)

Grade, n (%)

I–II 20 (18.7%) 2 (7.1%) 9 (90.0%)

III 87 (81.3%) 26 (92.9%) 1 (10.0%)

TNM stage, n (%)

I 42 (39.2%) 12 (42.9%) 5 (50.0%)

II 49 (45.8%) 14 (50.0%) 1 (10.0%)

III 14 (13.1%) 2 (7.1%) 3 (30.0%)

IV 2 (1.9%) 0 (0%) 1 (10.0%)

Neoadjuvant, n (%)

Yes 27 (25.2%) 7 (25.0%) 2 (20.0%)

No 80 (74.8%) 21 (75.0%) 8 (80.0%)

Adjuvant, n (%)

Yes 97 (90.7%) 25 (89.3%) 9 (90.0%)

No 10 (9.4%) 3 (10.7%) 1 (10.0%)

Recurrence status, n (%)

Yes 21 (19.6%) 6 (21.4%) 1 (10.0%)

No 86 (80.4%) 22 (78.6%) 9 (90.0%)

ER/PR oestrogen receptor/progesterone receptor, TNM tumour, node,
metastasis.
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neoadjuvant therapy; 90.7%, 89.3% and 90.0% of patients in these
three groups were treated with adjuvant therapy after surgery.
None of the patients received immunotherapy. Strategies of
adjuvant therapy included chemotherapy, radiotherapy and
endocrine therapy, or their combination, according to molecular
subtypes and individual treatment.
After a median follow-up period of 58.2 months, 19.6%, 21.4%

and 10% of patients in the ER-negative, ER/PR-low positive
and luminal groups, respectively, experienced recurrence or
metastasis.

mIF analysis
Based on cell marker colocalization, the phenotypes shown in panels
1 and 2 include malignant cells expressing PD-L1 (CK+PD-L1+),
cytotoxic T lymphocytes (CD3+CD8+), antigen-experienced T
lymphocytes (CD3+PD-1+), antigen-experienced cytotoxic T lym-
phocytes (CD3+CD8+PD-1+), cytotoxic T lymphocytes expressing
PD-L1+ (CD3+CD8+PD-L1+), macrophages expressing PD-L1+

(CD68+PD-L1+), activated cytotoxic T lymphocytes (CD3+CD8+Gran-
zymeB+), memory T lymphocytes (CD3+CD45RO+), effector/memory
cytotoxic T lymphocytes (CD3+CD8+CD45RO+), regulatory T lym-
phocytes (CD3+Foxp3+) and memory/regulatory T lymphocytes
(CD3+CD45RO+Foxp3+) (Fig. 1). Among all of the quantified cell
types, we did not find a significant correlation between the densities
of any cell subtypes and clinicopathologic parameters. The median
number of CK+ malignant cells was 1696 cells/mm2 in the total area
and 3452.6 cells/mm2 in the tumour compartment. The number of
total CD3+ T cells was the highest of all immune cells. The number
of PD-1+-positive or PD-L1+-positive cells or both positive immune
cells was very small. The tumour compartment cell density of
CD3+PD-L1+ cells was significantly higher in ER/PR-low positive
patients than in ER-negative patients (p < 0.05). In addition, the total
area cell density of CD3+CD8+CD45RO+ cells was significantly
higher in ER/PR-low positive patients than in ER-negative patients
(p < 0.05). Of note, the sample size of the ER/PR-low positive patients
was relatively small (n= 28); further studies with more ER/PR-low
positive patient samples are needed to validate these findings. No
significant differences in other cell densities were found among the
three groups (Supplementary Fig. S2).

PD-L1 evaluation
Cell subtypes expressing PD-L1, including PD-L1+ tumour cells,
PD-L1+ macrophages and PD-L1+ lymphocytes, were identified by
colocalizing PD-L1 with CK, CD68, CD3 and other markers. Defined
as above, 11.2% of patients in the ER-negative group and 7.1% of
patients in the ER/PR-low positive group were PD-L1+ by the TC
score, 29.0% and 28.6% by the mIC score, and nearly 30.8% and
32.1% by the CPS, respectively. Patients in the luminal group
showed no PD-L1 positivity (Table 2). No significant difference in
the PD-L1 positivity rate was detected between ER-negative and
ER/PR-low positive patients. Moreover, treatment for ER/PR-low
positive patients is similar to treatment for ER-negative patients22.
Hereafter, we excluded luminal samples and combined ER-
negative and ER/PR-low positive patients, referred to as the
TNBC group. CK+PD-L1+ cell densities ranged from 0 to 132.32
cells/mm2, with a median density of 0 cells/mm2. The density of
PD-L1+ macrophages ranged from 0 to 91.43 cells/mm2, with a
median density of 0 cells/mm2. Furthermore, the median
percentage of PD-L1+ macrophages accounting for the total
macrophages was 0 (range, 0–58.96%). The densities of CD3+PD-
L1+ lymphocytes were low, ranging from 0 to 15.63 cells/mm2. A
total of 23.36% of all CD3+ lymphocytes were PD-L1+.

Univariate survival analysis
The median cell density was used as the cut-off value to divide the
groups. TNBC patients with a higher density of CK+PD-L1+ cells in the
total area had better overall survival (OS) (p= 0.03). The same trends
were shown for the total CD3+ immune cells. Patients with a higher

density of CD3+ immune cells also had better OS (p= 0.0003) than
those with a lower density of CD3+ immune cells (Fig. 2). Moreover,
data from the total area showed that patients with higher densities of
CD3+CD8+, CD3+CD8+PD-L1+, CD3+PD1+PD-L1+, CD3+CD8+PD-
1+PD-L1+, CD3+CD45RO+, CD3+CD8+GB+, CD3+CD8+CD45RO+

and CD3+CD45RO+Foxp3+ immune cells had better OS (Supplemen-
tary Table S1).
For PD-L1 evaluation in the total areas of TNBC samples, we

found that 14 patient samples were considered PD-L1+ by the TC
score; however, the number of PD-L1+ cases increased to 39 when
the mIC score was used, and this number was 42 when the CPS
was used (Table 2).
Similar univariate survival analysis results were found in the tumour

compartment and stromal compartment separately. TNBC patients
with a higher density of four types of immune cells (CD3+CD45RO+,
CD3+CD8+GB+, CD3+CD8+CD45RO+ and CD3+CD45RO+Foxp3+) in
any compartment showed significantly better OS. In addition, TNBC
patients with a higher density of specific types of cells, including
CD3+PD-1+, CD3+CD8+PD-L1+, CD3+PD-1+PD-L1+, CD3+CD8+PD-
1+PD-L1+ and CD3+CD8+Foxp3+ cells, in the tumour compartment
showed significantly better OS. Furthermore, patients with higher
densities of CD3+CD8+ and CD3+Foxp3+ immune cells in the stromal
compartment also had significantly better OS (Supplementary
Table S1).

Multivariate survival analysis
In the total area, the densities of PD-L1+ tumour cells and total
CD3+, CD3+CD45RO+ and CD3+CD8+CD45RO+ immune cells
were independent prognostic biomarkers for OS in TNBC after
adjusting for clinicopathologic parameters. In the tumour
compartment, the densities of PD-L1+ tumour cells and
CD3+CD8+CD45RO+ immune cells were independent prognostic
biomarkers for OS. In the stromal compartment, the density of
total CD3+ immune cells was the only independent prognostic
biomarker for OS (Table 3). The density of CD3+CD8+CD45RO+

immune cells in the tumour compartment can also independently
predict prognosis in terms of disease-free survival (DFS) (HR: 0.183,
95% CI: 0.131–0.744; p= 0.009).

Spatial analysis
The boxplot in Fig. 3 shows that the distances from CK+ cells to
CD3+CD8+ cells were significantly shorter in the PD-L1-high group
than in the PD-L1-low group (p= 4.77e–05); these distances were also
significantly shorter in the CD3+CD45RO+-high group than in the
CD3+CD45RO+-low group (p= 2e–07). In addition, the results
showed that the distances from CK+ cells to CD3+Foxp3+ cells were
significantly shorter in the CD3+CD45RO+-high group than in the
CD3+CD45RO+-low group (p= 0.00819) (Fig. 3). Finally, we found that
CK+ cells were clustered less closely together in the CD3+CD45RO+-
high group (p= 0.00994); this finding was supported by the

Table 2. PD-L1 evaluation of TC score, mIC score, and CPS.

ER-negative ER/PR-low
positive

Luminal

(n= 107) (n= 28) (n= 10)

PD-L1+ (≥1%)

Tumour cells score 12 (11.2%) 2 (7.1%) 0 (0%)

Modified immune
cells score

31 (29.0%) 8 (28.6%) 0 (0%)

CPS 33 (30.8%) 9 (32.1%) 0 (0%)

Tumour cells (TC) score: PD-L1+ tumour cells/total tumour cells.
Modified immune cells (mIC) score: PD-L1+ immune cells/total
immune cells.
Combined positive score (CPS): PD-L1+ tumour cells and immune cells/
total tumour cells.
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G-function AUC analysis. The CK+ marker yielded significant
differences in the AUC between the CD3+CD45RO+-high and
CD3+CD45RO+-low groups (p= 0.00265). The mean AUC was smaller
for the CD3+CD45RO+-high group than for the CD3+CD45RO+-low
group, suggesting that CK+ cell clustering was sparser in the high
group (Fig. 4).

DISCUSSION
In the present study, we first evaluated the characteristics of PD-
L1+ cells. We then analysed the association between clinical
characteristics and prognosis and studied the relationship
between TILs and prognosis, as well as the correlations of various
TIL phenotypes in the TME of TNBC samples, by using mIF
techniques with TMA sections. In addition, we performed spatial
analyses of the distance between PD-L1+ tumour cells and TILs
and among various T-cell subtypes, which, to the best of our
knowledge, was an innovative exploration.
TILs are generally considered to be the immune cells present

in the TME and include cytotoxic T cells, Th cells, dendritic cells,
NK cells and macrophages23,24. The distribution of TILs in
tumour tissues, including TNBC (ER-negative and ER/PR-low
positive) tissues25,26, is critical for their antitumour or protu-
mour activities. The total area of the tumour tissue includes the
tumour compartment and the stromal compartment. We first
analysed the phenotypes of TILs in the total area and then

analysed the tumour and stromal compartments separately. In
this study, patients with high densities of PD-L1+ tumour
cells had better OS and DFS. Moreover, higher densities of
total CD3+ T cells, CD3+CD45RO+ memory T cells and
CD3+CD8+CD45RO+ effector/memory cytotoxic T cells pre-
dicted better prognosis.
Immune evasion and tolerance are major causes of tumour

progression27. Recent studies have focused on PD-L1, which plays
an important role in maintaining immunosuppression. The most

Table 3. Multivariate analysis of overall survival (OS).

Cell types HR 95% CI p value

Total area CK+PD-L1+ 0.366 0.138–0.970 0.043

CD3+ 0.213 0.071–0.642 0.006

CD3+
CD45RO+

0.304 0.109–0.848 0.023

CD3+CD8+
CD45RO+

0.311 0.112–0.867 0.026

Tumour
compartment

CK+PD-L1+ 0.366 0.138–0.970 0.043

CD3+CD8+
CD45RO+

0.232 0.086–0.628 0.004

Stroma
compartment

CD3+ 0.256 0.092–0.709 0.009

Fig. 2 Association of PD-L1 expression and effector/memory cytotoxic T cells with survival in TNBC patients. A Kaplan–Meier curves of OS
between patients with high and low PD-L1 expression in tumour cells by density in TNBC (p= 0.03). B Kaplan–Meier curves of OS between
patients with high and low densities of T cells in TNBC (p= 0.0003). C Kaplan–Meier curves of OS between patients with high and low
densities of memory T cells in TNBC (p= 0.0004). D Kaplan–Meier curves of OS between patients with high and low densities of effector/
memory cytotoxic T cells in TNBC (p= 0.002). E, number of patients affected; N, number of patients at risk.
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immunogenic subtype of breast cancer is TNBC, which has more
TILs in the TME. We also focused on PD-L1 expression in our TNBC
samples. Many studies have shown that high PD-L1 expression
predicts better survival in TNBC patients28–31. The results from
these studies, most of which were obtained through immunohis-
tochemical techniques, were consistent with our results. mIF
enables the estimation of IC counts at high resolution across
numerous high-powered magnification fields and therefore has
the potential to produce more accurate and precise estimates of
TILs and PD-L1 expression than clinical assays32.
Our finding that large quantities of total T cells indicated longer

OS in TNBC was consistent with findings from previous studies33.
No correlation between total T cells and DFS was detected in this
study. It is noteworthy that in our results, a high level of total
T cells in the total area and the stromal compartment predicted
better OS, and no association was found between total T cells in
the tumour compartment and prognosis. Based on this finding, we
hypothesised that total T cells in the stromal compartment play
the main role in antitumour activity. Studies of early-stage TNBC
showed that the TIL level in the stromal compartment of TNBC
tumours was higher than that in lower-grade tumours and could
improve the outcome, which supported our results34,35.
Notably, an important finding was that the large numbers of

memory T cells in the total area and of effector/memory cytotoxic
T cells in both the total area and the tumour compartment were
associated with better OS; moreover, the large numbers of
effector/memory T cells in the tumour compartment were
associated with better DFS in TNBC patients. These findings are
consistent with those of previous studies of TNBC and CD8+

memory T cells36,37. In addition, CD8+ memory T cells expressing
GB substantially contributed to TNBC immunosurveillance and are
predicted targets for immune checkpoint inhibition36. However,
no significant correlation was found between CD8+-activated
memory T cells and prognosis in our results.

In addition to the abundance of lymphocytes, spatial variation has
been found to be important for clinical implications38. Spatial analysis
not only provides additional layers of tumour spatial heterogeneity
information but also improves our understanding of the mechanisms
behind the formation of the patterns observed in the TME14,15. TILs
that are close to tumour cells may have a more biologically relevant
function than those that are far from the tumour foci39. We sought to
determine whether various spatial metrics would indicate differences
between the PD-L1-high and PD-L1-low groups or between the
CD3+CD45RO+-high and CD3+CD45RO+-low groups. The nearest
neighbour distances between two groups of cells comparing tumour
tissue in PD-L1 high versus low patients showed that CK+ tumour
cells are closer to CD3+CD8+ cytotoxic T cells in the PD-L1-high group
and the CD3+CD45RO+-high group. In addition, CK+ tumour cells
were closer to CD3+Foxp3+ regulatory T cells in the CD3+CD45RO+-
high group. The high density of intratumour CD3+Foxp3+ regulatory
T cells has been shown to be associated with longer survival in TNBC
patients40. Further study is needed to better characterise the role of
CD3+Foxp3+ regulatory T cells in the treatment of TNBC patients.
Moreover, CK+ tumour cell clustering in CD3+CD45RO+-high samples
was sparser than that in CD3+CD45RO+-low samples. We also
found that CK+ tumour cells had a negative relationship with
CD3+CD45RO+ cells in terms of cell density. It has been reported that
high tumour cell density promotes cell migration and metastasis in
several tumour models, including TNBC41. It remains to be
determined whether CD3+CD45RO+ cell density has any correlation
with tumour cell migration and metastasis in TNBC.
There are several limitations in the study. First, a limited number

of ER/PR-low positive and luminal subtype breast cancer samples
were included. Therefore, the comparison of TIL characteristics
among different subtypes was not adequate. Second, for the PD-
L1 antibody, we chose clone E1L3N based on the previous mIF
optimisation rather than one of the currently used clones in the
clinic, e.g., SP142, SP263 or 22C342. The variations in the PD-L1

Fig. 3 Nearest neighbour (NN) distance of tumour cells to TILs in TNBC samples. A NN distance of CK+ cells to cytotoxic T cells in TNBC with
high and low PD-L1+ cell density (p= 4.77e–05). B NN distance of CK+ cells to cytotoxic T cells in TNBC with high and low CD3+CD45RO+ cell
density (p= 2.00e–07). C NN distance of CK+ cells to regulatory T cells in TNBC with high and low CD3+CD45RO+ cell density (p= 0.0082).

Fig. 4 Spatial analysis of CK+ cells. A Nearest neighbour (NN) distance of CK+ cells to CK+ cells in TNBC samples with high and low
CD3+CD45RO+ cell density (p= 0.00994). B G-function average for CK+ cells of CD3+CD45RO+-high and -low samples. C G-function AUC
distribution corresponding to CK+ cells between CD3+CD45RO+-high and -low samples (p= 0.00265).
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assay by antibody epitope, staining platform and detection system
potentially led to different staining sensitivities. Further study may
help to answer these concerns about whether the assessments
can be used interchangeably.
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