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Abstract: Inducible costimulator ligand (ICOSL) expressed on cancer cells has immunoregulatory functions in vari-
ous malignancies. However, the role of ICOSL in triple-negative breast cancer (TNBC) remains unclear. In this study, 
the role and expression of ICOSL in TNBC were analyzed using the cBioPortal and GEPIA databases. Then the role 
of ICOSL in Foxp3+ Treg cell differentiation, reversal of p38 pathway activation and cell proliferation, migration and 
apoptosis was determined in vitro. Finally, the effect of ICOSL expression on TNBC progression was verified in a 
nude mouse model of TNBC. We here observed that ICOSL expression in TNBC was found to be related to relapse-
free survival, and Treg abundance was positively correlated with ICOSL expression, as demonstrated by database 
analyses. In vitro experiments showed that ICOSL overexpression (OE) in MDA-MB-231 cells induced cocultured T 
cells to differentiate into Foxp3+ Treg cells and promoted secretion of the tumor-promoting factors IL-10 and IL-4. 
Furthermore, in vitro experiments showed that ICOSL reversed p38 phosphorylation and promoted the proliferation, 
invasion, and metastasis of MDA-MB-231 ICOSL-OE cells. Finally, tumor progression was found to be promoted by 
ICOSL expression in a TNBC nude mouse model. Together, ICOSL expression can enhance tumor cell growth by 
inducing Foxp3+ Treg cell differentiation and reversing p38 pathway activation in TNBC.
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Introduction

The incidence of female breast cancer ranks 
first in the incidence of malignant tumors in 
women in China [1, 2]. Triple-negative breast 
cancer (TNBC) is one of the breast cancer types 
with the worst prognosis [3-5]. It occurs earlier 
and metastasizes more easily than other types 
of breast cancer [6]. Once breast cancer me- 
tastasizes, the median overall survival is only 
2-3 years [6]. In recent years, significant prog-
ress has been made in immunotherapy for 
breast cancer treatment. An increasing num- 
ber of studies have focused on TNBC, which 
has a high number of tumor-infiltrating lympho-
cytes (TILs) [7-10]. Therefore, it is important to 
explore how TNBC cells evade immune surveil-
lance by regulating immune reactivity.

T-cell receptor (TCR) recognition antigen (Ag) 
and major histocompatibility complex (MHC) 
are necessary prerequisites for T-cell activation 
signal 1 [11]. However, Ag-independent signal-
ing through costimulatory receptors is also nec-
essary as signal 2 to complete the activation of 
naive T cells. The second step requires CD28 to 
interact with one of its ligands (B7-1 or B7-2) on 
antigen-presenting cells (APCs) [12]. Inducible 
costimulator (ICOS) is a member of the B7 fam-
ily and is expressed only on activated T cells. 
ICOS ligand (ICOSL) may be found in APCs, such 
as B lymphocytes, dendritic cells, and some 
cancer cells (e.g., gastric carcinoma cells) [13]. 
ICOSL is a positive costimulatory molecule that 
stimulates type 2 T helper (Th2) and regulatory 
T (Treg) cell responses but not Th1 cell respons-
es [14].

http://www.ajcr.us
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Currently, it is not clear how ICOSL expressed 
on tumor cells mediates the immune response 
and participates in the occurrence and devel-
opment of tumors. Some experiments have 
shown that ICOSL is associated with a poor 
prognosis in acute myeloid leukemia cells, and 
other studies have suggested that ICOSL con-
tributes to tumor regression in solid tumors 
[15]. Our group collected 562 invasive breast 
cancer tumor specimens to explore the role of 
ICOSL in breast cancer. We found that upregu-
lation of ICOSL was associated with worse 
prognosis in Chinese patients with breast can-
cer [16]. Our colleagues, Tang et al., found that 
ICOSIg and ICOSL interaction on mouse bone 
marrow-derived dendritic cells (DCs) not only 
induces a p38-MAPK-dependent elevation of 
interleukin 6 (IL-6) but also enhances phagocy-
tosis and the antigen-presentation function of 
DCs in vitro, indicating that ICOS can deliver 
reverse signals to ICOSL-expressing cells th- 
rough the ICOSIg-ICOSL interaction [17].

To date, neither the role of T-cell induction and 
activation by ICOSL expressed on TNBC tumor 
cells nor the effect on the reverse signals on 
tumor cells have been reported. Based on our 
previous studies, our research further demon-
strated the important role of ICOSL in inducing 
Treg cell differentiation and reversing p38 pa- 
thway activation in TNBC.

Materials and methods

Database analysis

Dataset collection and preprocessing

Gene expression profiles and the correspond-
ing clinical information were downloaded from 
cBioPortal (www.cbioportal.org). Patients with 
breast invasive lobular carcinoma of no special 
type and patients with breast invasive ductal 
carcinoma were selected to build the breast 
cancer dataset. We divided the TNBC dataset 
from the breast cancer dataset, where estro-
gen receptor (ER), human epidermal growth 
factor receptor 2 (HER2), and progesterone 
receptor (PR) statuses were labeled negative. 
The remainder was grouped into the non-TNBC 
dataset. Patients in the TNBC and non-TNBC 
datasets were classified into high and low 
ICOSL expression groups.

Analysis of clinical characteristics

Fisher’s exact test and logistic regression were 
applied to evaluate the distribution of clinical 
characteristics in the TNBC and non-TNBC gr- 
oups. To reveal the roles of clinical features in 
patient overall survival and tumor relapse, uni-
variate Cox analysis and prognostic nomogram 
models were constructed based on selected 
clinical features. Kaplan-Meier survival analy-
sis was performed to illustrate the influence of 
triple-negative status or ICOSL expression on 
patient survival or tumor relapse.

GEPIA and protein atlas database analysis

The GEPIA database (http://gepia.cancer-pku.
cn/) was used to explore the ICOSL expression 
levels in normal and breast cancer samples 
[18]. We retrieved the ICOSL immunohisto-
chemistry (IHC) data of normal breast tissue 
and breast cancer tissue from the Human 
Protein Atlas database (http://www.proteinat-
las.org/).

Identification of differentially expressed genes 
(DEGs)

The “limma” package in R was used to screen 
DEGs, with parameters of |log2-fold change| 
>0.3 and P<0.05 [19].

Enrichment analysis and functional annotation

The “ClusterProfiler” package in R was used to 
conduct functional annotations, KEGG pathway 
enrichment, and gene set enrichment analysis 
(GSEA) [20].

Evaluation of immune cell infiltration

Immune cell abundance was estimated using 
“CIBERSORT” in R. The CIBERSORT algorithm 
calculates the proportion of cells from the bulk 
tissue gene expression profiles [21].

Protein-protein interaction network analysis 
and identification of hub genes

The DEGs were submitted to STRING online 
tools (https://string-db.org/) to establish a pro-
tein-protein interaction (PPI) network [22]. The 
molecular complex detection (MCODE) [23]  
plugin in Cytoscape [24] was used to explore 
the densely connected regions, and genes in 
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densely connected regions were regarded as 
hub genes.

Experiments

Cell lines

MDA-MB-231 (human breast cancer cell line), 
WM35 (human melanoma cell line) and H9 
(human T lymphocyte line) cells were obtained 
from the Cell Bank of Type Culture Collection, 
Shanghai Institute of Cell Biology, Chinese 
Academy of Sciences (Shanghai, China). The 
tumor cell lines were grown in culture dishes  
in RPMI 1640 medium plus 10% fetal bovine 
serum (FBS) (Life Technologies, Carlsbad, Cali- 
fornia, USA), 100 U/mL penicillin, and 100 μg/
mL streptomycin at 37°C in a humidified atmo-
sphere with 5% CO2.

Animals

Adult female nude mice were obtained from 
Changzhou Cavins Experimental Animal Co., 
Ltd. (Changzhou, China). The mice used in this 
study were 6-8 weeks of age. The mice were 
housed in sterilized microisolator cages and 
received normal chow and autoclaved drinking 
water. They were maintained under standard 
conditions and cared for according to the Se- 
cond Military Medical University guidelines for 
animal care. All animal experiments were app- 
roved by the Committee on the Use of Live 
Animals in Teaching and Research.

ICOSL/ICOS overexpression in MDA-MB-231/
H9 cells

Sequence fragments were synthesized accord-
ing to the gene and vector sequences in the 
NCBI database. The ICOSL (Gene ID: 50723) 
and ICOS (Gene ID: 29851) genes were recom-
bined and cloned into the pEZ-Lv201 lentivirus 
vector using the Gateway system.

Overexpression vectors were constructed and 
sequenced to identify successful construction. 
MDA-MB-231 and H9 cells were inoculated  
into 6-well plates at 1×105/well and infected 
with ICOSL/ICOS overexpression lentivirus (te- 
rmed ICOSL-OE/ICOS-OE) or negative control 
lentivirus for 72 h. The RPMI 1640 medium 
plus 10% FBS was replaced, and fluorescence 
was observed to screen and obtain cell lines 
stably expressing ICOSL/ICOS. The specificity 

and efficiency were validated by western blot-
ting and quantitative reverse transcription poly-
merase chain reaction (qRT-PCR). ICOSL-ne- 
gative MDA-MB-231 cells were further sorted 
from ICOSL-control lentivirus-infected MDA-
MB-231 cells and used as MDA-MB-231 
controls in all the subsequent experiments.

Western blot analysis

Total cell lysates were prepared and analyzed 
via SDS-PAGE, as previously described [25]. For 
quantification, the bands were measured using 
the AlphaImager 2200 system (Alpha Innotech, 
San Leandro, CA) and normalized to β-actin  
levels. The expression levels of ICOS, ICOSL, 
p38, and p-p38 were quantified and are ex- 
pressed as a ratio to GAPDH expression. The 
experiments were repeated three times using 
independent batches of cell clones or cell 
lysates. Quantitative data are presented as val-
ues relative to those of the control cells.

Cocultivation of MDA-MB-231 cells with CD4+ 
T cells

CD4+ T cells were collected from HLA-A0201 
volunteers. Peripheral blood mononuclear cells 
(PBMCs) were isolated from 10 mL human 
blood in heparin sodium anticoagulant using 
the Ficoll-Hypaque method. Cells were sus-
pended in 800 μL PBS with 200 μL anti-CD4-
labeled magnetic microspheres (BD Bioscien- 
ces, New Jersey, USA) and incubated at 4°C  
for 2 h. The proportion of CD4+ T cells was con-
firmed by flow cytometry. MDA-MB-231 cells in 
the logarithmic growth phase were treated with 
1 mg/mL mitomycin for 1 h to inhibit growth. 
MDA-MB-231 cells (9×106 cells/mL) were cul-
tured in 6-well plates with RPMI 1640 medium 
plus 10% fetal bovine serum. ICOSL antibody 
(10 μg/mL) was added to Group D. Four groups 
were prepared as follows: A. CD4+ T cells; B. 
CD4+ T cells + MDA-MB-231-control cells; C. 
CD4+ T cells + MDA-MB-231-ICOSL-OE cells; 
and D. CD4+ T cells + MDA-MB-231-ICOSL-OE 
cells + anti-ICOSL antibody. After 30 minutes of 
incubation, rIL-2 was added to each group at  
a concentration of 100 U/mL. Finally, CD4+ T 
cells were added. The final concentrations of 
MDA-MB-231 and CD4+ T cells were 3×106/mL 
and 1×106/mL, respectively. The total volume 
was 3 mL (MDA-MB-231:CD4+ T cells = 3:1). 
Groups A and B were used as negative con- 
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MB-231 ICOSL-OE cells + CD4+ T cells; 3. MDA-
MB-231 ICOSL-OE cells + CD4+ T cells + 
anti-ICOSL antibody; 4. WM35 cells; 5. WM35 
cells + CD4+ T cells; 6. WM35 cells + CD4+ T 
cells + anti-ICOSL antibody.

Cell apoptosis assays

Tumor cells were obtained after coculture with 
CD4+ T cells as described in Section 2.2.8. 
MDA-MB-231-ICOSL-OE cells were inoculated 
into 6-well plates at a concentration of 1×105/
mL with 2 mL/well and incubated at 37°C in a 
5% CO2 incubator for 24 h. Six groups were 
included as described in Section 2.2.8. The 
cells were harvested and rinsed twice with pre-
cooled PBS. The samples were diluted with 150 
μL of 1× annexin-binding buffer, and 5 μL of 
APC-labeled enhanced annexin V and 5 μL (20 
μg/mL) of propidium iodide (PI) were added. 
The cells were then incubated in the dark for  
15 min at room temperature. Flow cytometry 
was conducted using a FACSCalibur instrument 
(Becton Dickinson, CA, USA).

Phosphokinase array experiments

According to the above method, MDA-MB-231-
ICOSL-OE cells (3×106/mL) were cocultured 
with CD4+ T cells (1×106/mL) for 7 days to 
induce FOXP3+ Treg cells. The CD4+ T cells 
were collected and cocultured with MDA-MB-
231-control or MDA-MB-231 ICOSL-OE cells. 
After incubation at 37°C for 48 h, the MDA- 
MB-231-control and MDA-MB-231-ICOSL-OE 
cells were collected and treated with fisetin  
and quercetin at a concentration of 200 μM for 
6 h, respectively. A human phospho-kinase dot 
blot array (ARY003B; R&D Systems) was used 
to simultaneously detect the relative phosphor-
ylation levels of 43 human kinases and the 
total amounts of 2 related proteins. An equal 
amount of cell lysate (300 μg) from each TNBC 
cell line was used for these experiments, as 
previously described [28].

Analysis of the role of ICOSL in p38 phosphory-
lation, which can affect proliferation, apopto-
sis, migration, invasion, and cell cycle progres-
sion in MDA-MB-231 cells

To determine the role of ICOSL expression in 
p38 phosphorylation, MDA-MB-231-ICOSL-OE 
cells were inoculated into 6-well plates at a 
concentration of 1×105/mL with 2 mL/well; rhI-

trols. The medium was changed every 12 h for 
7 days. The cytokine levels were measured, 
and the rate of FOXP3+/ICOS+ T cells among 
CD4+ T cells was analyzed via flow cytometry.

ELISA

After 7 days of cultivation, the supernatant was 
collected, and an ELISA kit (QuantiCyto, China) 
was used to detect the levels of TNF-α, IFN-γ, 
IL-10, and IL-4 (QuantiCyto, China). Detection 
buffer (50 μL) and prediluted samples (50 μL) 
were added to sample wells. Two-fold diluted 
standard samples (100 μL) were added to 
duplicate wells. Each well with the diluted de- 
tection antibody was incubated at room tem-
perature for 1.5 h. After addition of the color-
developing substrate, the results were read at 
OD 450 nm.

Flow cytometry for analysis of ICOS/FOXP3+ T 
cells

Approximately 1×106 cells were counted and 
stained with the following monoclonal anti- 
bodies: FITC-anti-CD4, PE-anti-ICOS, APC-anti-
ICOSL (BioLegend, USA), and human FoxP3 
APC-conjugated antibody (R&D Systems, USA). 
Subsequently, the cells were washed, fixed, 
permeabilized with CvtofiX/Cytoperm buffer 
(BD Bioscience, USA) and then analyzed via 
flow cytometry as previously described [26].

Cell counting kit-8 (CCK8) analysis

Martin-Orozco N et al. showed [27] that WM35 
melanoma cells express high levels of ICOS-L. 
ICOS-L expression by melanoma tumor cells 
can directly drive Treg activation and expansion 
in the tumor microenvironment as another 
mechanism of immune evasion. Here, WM35 
cells were also used in our study as a control  
to clarify the effect of ICOSL expressed on 
tumor cells when cultured with CD4+ T cells. 
According to the above method, MDA-MB-231 
ICOSL-OE cells or WM35 cells (3×106/mL) were 
cultured with CD4+ T cells (1×106/mL) collect-
ed from volunteers. On Day 7, the tumor cells 
were isolated and cultured in 96-well plates. At 
24, 48, and 72 h, the absorbance was mea-
sured at 450 nm to analyze the effect of ICOSL 
expression on tumor cell proliferation in TNBC 
using CCK8 assays (Beyotime, China) accord- 
ing to the protocol. The 6 groups were as fol-
lows: 1. MDA-MB-231 ICOSL-OE cells; 2. MDA-
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COS-Fc and SB202190 were added at final 
concentrations of 5 µg/mL and 10 µmol/L, 
respectively. Sb202190 is a specific inhibitor  
of p38 α and p38 β through competition with 
ATP for the same binding site on p38. The pro-
tein expression levels of p38 and p-p38 were 
detected by western blotting. The groups were 
as follows: 1. MDA-MB-231-ICOSL-OH; 2. MDA-
MB-231-Con + rhICOS-Fc; 3. MDA-MB-231-
ICOSL-OH + rhICOS-Fc + SB202190.

After that, the tumor cells were incubated and 
cultured as described above. The groups were 
as follows: 1. MDA-MB-231-Con; 2. MDA-MB-
231-Con + rhICOS-Fc; 3. MDA-MB-231-ICOSL-
OE; 4. MDA-MB-231-ICOSL-OE + rhICOS-Fc; 5. 
MDA-MB-231-ICOSL-OE + rhICOS-Fc + SB202- 
190. Rh-COS-Fc and SB202190 were added at 
final concentrations of 5 µg/mL and 10 µmol/L, 
respectively.

CCK8 assays and apoptosis analysis were per-
formed according to the protocol mentioned 
above. The transwell migration assay and cell 
cycle analysis protocols were as follows.

Transwell migration assay: Cell migration was 
assayed using Transwells (BD Biosciences, 
USA) with PET track-etched membranes. Tu- 
mor cells were collected, adjusted to 3×105/mL 
and incubated in the upper chambers, and 
extra Matrigel was added for the migration 
assays. Medium containing 10% serum (800 
μL) was added to the lower chambers, and the 
cells were incubated for 24 hours. The upper 
chamber was moved into a well with 800 μL 
methanol and 800 μL 0.2% crystal violet dye 
for 30 min. The migrated cells located on the 
lower surface of the upper chambers were 
counted three times in three random fields 
using a microscope.

Cell cycle analysis via flow cytometry: Breast 
cancer cells were seeded in 6-well culture 
plates and treated with decursin for 24 h. For 
cell cycle analysis, cells were harvested and 
fixed in 70% ice-cold ethanol overnight at 
-20°C. Cells were washed with PBS, and the 
samples were incubated with FxCycle™ propi- 
dium iodide/RNase Staining Solution (Invitro- 
gen) for 30 min at room temperature. Cell cy- 
cle analysis was conducted according to the 
protocol for a CycleTESTTM PLUS DNA Reagent 
Kit, and data acquisition and analysis were  

performed using a FACSCalibur flow cytometer 
(Becton Dickinson, CA).

MDA-MB-231 breast cancer mouse model

Here, H9 cells (a human T lymphocyte line) 
were used as a tool cell to provide the receptor 
ICOS to activate the ligand ICOSL on tumor 
cells after overexpression of ICOS in H9 cells. 
H9 cells were inoculated into 6-well plates at 
1×105/well and infected with ICOS overexpres-
sion lentivirus (termed ICOS-OE) or negative 
control lentivirus for 72 h as described above. 
Cells negative for ICOS-control lentivirus were 
sorted and used as an H9 control cell in a 
mouse model.

Adult female nude mice (6-8 weeks of age) 
were housed in sterilized microisolator cages 
and received normal chow and autoclaved 
hyperchlorinated drinking water. Briefly, 1×105 
MDA-MB-231 cells were inoculated into the 
right armpit of nude mice to construct a tumor 
model of TNBC. The mice were divided into 4 
groups as follows: 1. MDA-MB-231-Con + H9- 
Con; 2. MDA-MB-231-Con + H9-ICOS-OE; 3. 
MDA-MB-231-ICOSL-OE + H9-Con; and 4. MDA-
MB-231-ICOSL-OE + H9-ICOS-OE. The nude 
mice in Groups 1 and 3 were injected with 
1.0×106 H9-Con cells, and the nude mice in 
Groups 2 and 4 were injected with 1.0×106 
H9-ICOS-OE cells. Furthermore, the H9 cells in 
each group were treated with 40 μg/mL mito-
mycin for 30 min before injection. From Day 7 
after the injection of MDA-MB-231 cells, the 
mice were closely monitored every 3 days and 
weighed, and the tumor volume was measured. 
The tumor volume was calculated as follows: 
volume = (length × width2)/2. Five weeks after 
tumor cell inoculation, in vivo imaging analysis 
was performed. The mice were sacrificed, and 
the tumors were excised. Each tumor was 
weighed, and the tumor volume was mea- 
sured.

Statistical analysis

SPSS (version 13.0, IBM, USA) was used for 
statistical analyses. The results are expressed 
as the mean ± standard deviation. The mean 
between two groups was compared using a 
grouped t test. Each experiment was repeated 
three times. Differences were considered sta-
tistically significant when the two-sided P value 
was less than 0.05.
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Table 1. Breast cancer dataset characteristics

Characteristics Level Low ICOSL 
expression

High ICOSL 
expression P Test

Age ≤60 323 (40.5%) 387 (48.5%) 0.001 Exact
>60 475 (59.5%) 411 (51.5%)

Neoplasm histological grade 1 74 (9.6%) 34 (4.4%) 0.000 Exact
2 354 (45.9%) 245 (31.9%) 0.000 Exact
3 343 (44.5%) 488 (63.6%) 0.000 Exact

Chemotherapy Yes 136 (17%) 223 (27.9%) 0.000 Exact
No 662 (83%) 575 (72.1%)

Hormone therapy Yes 554 (69.4%) 436 (54.6%) 0.000 Exact
No 244 (30.6%) 362 (45.4%)

Breast surgery type MASTECTOMY 474 (59.8%) 475 (60.6%) 0.797 Exact
BREAST-CONSERVING 318 (40.2%) 309 (39.4%)

Cellularity High 401 (51.7%) 403 (51.8%) 1.000 Exact
Moderate 295 (38.1%) 287 (36.9%) 0.637 Exact

Low 79 (10.2%) 88 (11.3%) 0.513 Exact
Histologic subtype Ductal/NST 721 (90.4%) 733 (91.9%) 0.333 Exact

Lobular 77 (9.6%) 65 (8.1%)
Inferred menopausal state Pre 151 (18.9%) 204 (25.6%) 0.002 Exact

Post 647 (81.1%) 594 (74.4%)
Lymph nodes examined positive 0 423 (53%) 387 (48.5%) 0.080 Exact

≥1 375 (47%) 411 (51.5%)
Nottingham prognostic index ≤4 285 (35.7%) 199 (24.9%) 0.000 Exact

>4 513 (64.3%) 599 (75.1%)
TNBC Yes 56 (7%) 212 (26.6%) 0.000 Exact

No 742 (93%) 586 (73.4%)

Results

TNBC was significantly associated with ICOSL 
expression, as demonstrated by database 
analysis

Gene expression profiles and corresponding 
clinical information were downloaded from 
cBioPortal (www.cbioportal.org). As shown in 
Table 1, in the breast cancer dataset, ICOSL 
expression was correlated with many clinical 
features, including age, neoplasm histological 
grade, chemotherapy, hormone therapy, infe- 
rred menopausal state, Nottingham prognostic 
index, and TNBC.

ICOSL expression was analyzed in breast can-
cer (TCGA) and healthy individuals (GTEx) using 
the GEPIA database and evaluated in breast 
cancer (Figure 1A). Furthermore, among pa- 
tients with breast cancer, TNBC patients tend-
ed to have higher expression levels than non-
TNBC patients (Figure 1B). Furthermore, ICOSL 

expression in all breast cancer cases in TCGA 
was significantly correlated with overall survival 
(OS, HR = 1.22, 95% CI = 1.03-1.45) (Figure 
1C); ICOSL expression in TNBC was related to 
relapse-free survival (RFS, HR = 1.47, 95% CI = 
1.01-2.12) (Figure 1D) but not overall survival 
(data not shown).

Regulatory T cells (Tregs) were positively corre-
lated with ICOSL expression, as demonstrated 
by TNBC database analyses

The abundance of only 3 out of 22 immune cell 
types was significantly altered in the ICOSL 
expression groups (Figure 2A), including Tregs, 
and the abundance of 10 out of 22 immune  
cell types was positively correlated with ICOSL 
expression, including Tregs (Figure 2B). Activat- 
ed mast cells, resting myeloid dendritic cells, 
and resting CD4+ T memory cells showed the 
highest negative Spearman correlation with 
ICOSL expression (Figure 2C-E). Moreover, Tr- 
egs and follicular helper T cells (Figure 2F, 2G) 
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Figure 1. ICOSL expression and survival curves in breast cancer and TNBC datasets. A. ICOSL mRNA expression in 
patients with breast cancer and healthy individuals. B. ICOSL mRNA expression in patients with TNBC and patients 
with non-TNBC. C. Overall survival curve for the high and low ICOSL expression groups among all breast cancer types 
in TCGA. D. Relapse-free survival curve for the high and low ICOSL expression groups in TNBC in TCGA.

were positively correlated with ICOSL expre- 
ssion.

ICOSL expressed on the TNBC cell line en-
hanced tumor cell growth through induction of 
Foxp3+ Treg differentiation in vitro

Overexpression lentiviruses were successfully 
constructed, and ICOSL protein expression in 
MDA-MB-231 cells infected with ICOSL-OE len-
tiviruses was significantly higher than that in 
the control group (PCR, western blotting and 

flow cytometry in Figure 3A-C). MDA-MB-231 
cells infected with ICOSL-control lentivirus were 
sorted for ICOSL negativity and used as MDA-
MB-231-control cells in all the following experi-
ments (Figure 3C). The flow chart is shown in 
Figure 3D. PBMCs were collected from a volun-
teer, the MHC type was determined by HLA-
A0201 antibody, and the CD4+ T cells were 
sorted. Furthermore, MDA-MB-231 cells were 
cocultured with CD4+ T cells obtained from the 
volunteer mentioned above. After 7 days of cul-



ICOSL enhances tumor progression in TNBC

4184	 Am J Cancer Res 2022;12(9):4177-4195

Figure 2. Immune infiltration analysis of the TNBC dataset. A. Estimated immune cell abundance distribution for 
the high and low ICOSL expression groups (*p<0.01). B. Lollipop plot of the Spearman correlation between ICOSL 
expression and estimated immune cell abundance. C-E. Scatter plot of the top three negative correlations between 
ICOSL expression and estimated immune cell abundance. F, G. Scatter plot of the top three positive correlations 
between ICOSL expression and estimated immune cell abundance.
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Figure 3. ICOSL expressed on TNBC cells can induce the differentiation of Foxp3+ Treg cells, enhancing tumor cell 
growth and suppressing apoptosis in vitro. MDA-MB-231 cells were infected with ICOSL overexpression lentivirus 
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and negative control lentivirus. The specificity and efficiency were validated by (A) quantitative reverse transcription 
polymerase chain reaction (qRT-PCR), (B) western blotting and (C) flow cytometry analysis. ※, MDA-MB-231 cells 
were sorted for ICOSL-negative MDA-MB-231 cells to be used as MDA-MB-231-control cells, which were used in 
all the following experiments. (D) Flow charts of our in vitro experiment. (E, F) After 7 days of cultivation with MDA-
MB-231 cells, the rate of FOXP3+/ICOS+ T cells among CD4+ T cells was analyzed via flow cytometry. **P<0.05. 
(G) The levels of TNF-α, IFN-γ, IL-10, and IL-4 in cell culture supernatants measured with an ELISA kit (**P<0.05). 
Each experiment was repeated three times. (H-J) MDA-MB-231 ICOSL-OE cells and WM35 melanoma cells (3×106/
mL) were cocultured with CD4+ T cells (1×106/mL). After 7 days, cell proliferation (H) and apoptosis assays (I, J) of 
tumor cells were conducted. Each experiment was repeated three times (**, P<0.05).

tivation, the rate of FOXP3+/ICOS+ T cells 
among CD4+ T cells was analyzed by flow 
cytometry. We found that the proportion of 
FOXP3+ICOS+ T cells among CD4+ T cells 
increased significantly after coculture of MDA-
MB-231-ICOSL-OE cells with CD4+ T cells com-
pared with coculture of MDA-MB-231-control 
cells with CD4+ T cells. The proportion of 
FOXP3+ICOS+ T cells decreased significantly 
after treatment with ICOSL antibody (Figure 3E, 
3F, P<0.05). These results show that TNBC 
cells expressing ICOSL can promote the ac- 
tivation and expansion of Treg cells and that 
blocking the ICOS-ICOSL pathway can inhibit 
this process.

The levels of the cytokines TNF-α, IFN-γ, IL-10, 
and IL-4 in the supernatant were also mea-
sured. We found that the levels of the TNF-α, 
IFN-γ, IL-10, and IL-4 cytokines were signifi- 
cantly elevated when CD4+ T cells were cocul-
tured with MDA-MB-231-OE cells compared 
with CD4+ T cells cocultured with MDA-MB-
231-control cells, especially IL-10 (from 0.81± 
0.04 pg/mL to 12.31±0.29 pg/mL) and IL-4 
(from 22.61±0.4 pg/mL to 41.76±0.22 pg/ 
mL) (Figure 3G, P<0.05). Additionally, blocking 
ICOSL with a monoclonal antibody significant- 
ly inhibited the secretion of those cytokines, 
especially IL-10 (from 12.31±0.29 pg/mL to 
3.42±0.14 pg/mL) and IL-4 (from 41.76±0.22 
pg/mL to 14.44±0.40 pg/mL) (Figure 3G, 
P<0.05). It is worth noting that both IL-10 and 
IL-4 are Th2-type cytokines. Th2 immune res- 
ponses form a favorable environment for tumor 
cell growth, and IL-10 is a potent inhibitor of 
antitumor immune responses. The results indi-
cate that ICOSL overexpression in MDA-MB- 
231 cells promoted T cells to secrete Th2-type 
cytokines, including IL-10 and IL-4.

To confirm the contribution of the CD4+ T cells 
to the proliferation and apoptosis of ICOSL-
positive MDA-MB-231 cells, CD4+ T cells we- 
re collected from HLA-A0201 volunteers and 

cocultured with MDA-MB-231-ICOSL-OE cells. 
Cell proliferation and apoptosis assays were 
conducted. Martin-Orozco N [29] showed that 
WM35 melanoma cells express high levels of 
ICOS-L. ICOS-L expression by melanoma tu- 
mor cells can directly drive Treg activation and 
expansion in the tumor microenvironment as 
another mechanism of immune evasion. Here, 
WM35 cells were used in our study as a con- 
trol. The groups were as follows: 1. MDA-
MB-231 ICOSL-OE cells; 2. MDA-MB-231 ICOSL-
OE cells + CD4+ T cells; 3. MDA-MB-231 ICOSL-
OE cells + CD4+ T cells + anti-ICOSL antibody; 
4. WM35 cells; 5. WM35 cells + CD4+ T cells; 
6. WM35 cells + CD4+ T cells + anti-ICOSL anti-
body (Figure 3H-J). We found that ICOSL pro-
moted tumor cell proliferation when CD4+ T 
cells were cocultured with MDA-MB-231-ICOSL-
OE or WM35 cells compared with MDA-MB-
231-ICOSL-OE or WM35 cells only. This effect 
was inhibited by the ICOSL antibody (Figure  
3H, P<0.05). ICOSL inhibited tumor cell MDA-
MB-231-ICOSL-OE/WM35 cell apoptosis when 
CD4+ T cells were cocultured with tumor cells 
compared with tumor cells only. Apoptosis was 
enhanced when the ICOSL antibody was used 
(Figure 3I, 3J, P<0.05). The results show that 
ICOSL expression by both MDA-MB-231-ICOSL-
OE TNBC cells and WM35 melanoma tumor 
cells can enhance proliferation and suppress 
apoptosis when cocultured with CD4+ T cells.

ICOSL expressed on the TNBC cell line was 
correlated with the extracellular matrix (ECM) 
and p38 pathway

We identified 600 DEGs associated with ICOSL 
expression (Supplementary Figure 1A, 1B). 
Functional annotation indicated that the DEGs 
were closely related to the ECM and cell cycle 
(Supplementary Figure 1C, 1D). We confirmed 
the functional annotation pathway using 
Reactome GSEA (Supplementary Figure 1E-J). 
The PPI network of the DEGs is shown in 
Supplementary Figure 2A. Moreover, we used 
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the MCODE algorithm to obtain a significant 
module from the PPI network (Supplementary 
Figure 2B). Thirty-three genes in the signifi- 
cant module were identified as hub genes. We 
noticed that the module comprised two sub-
clusters, which were characterized by up- or 
downregulated genes. Therefore, we further 
divided the significant modules into two clus-
ters and performed KEGG enrichment analysis. 
One cluster (15 downregulated and 2 upregu-
lated genes) was associated with ECM-rece- 
ptor interactions and focal adhesions. The oth- 
er cluster (16 upregulated genes) was associ-
ated with the cell cycle, DNA replication, and 
ubiquitin-mediated proteolysis (Supplementary 
Figure 2C).

Many studies have shown that the p38 MAPK 
signaling pathway in many tumors, such as 
breast cancer, may contribute to excessive 
ECM production, which is correlated with the 
growth and progression of tumor cells [29-31]. 
Our previous research also showed that P-p38 
MAPK expression was significantly associated 
with clinicopathological factors and that PR/
HER2 might be associated with the phosphory-
lation of p38 MAPK in different types of breast 
cancer [32].

To further determine the correlation between 
ICOSL and the p38 pathway, we analyzed the 
expression of the 4 subtypes of p38-MAPK 
genes, MAPK11, MAPK12, MAPK13, and MA- 
PK14, and 33 upstream and downstream 
genes in the p38 pathway. We found that only 
MAPK12, MAP2K3, and MAPKAPK2 were sig-
nificantly upregulated in the high ICOSL expres-
sion group and were significantly correlated 
with ICOSL expression (Figure 4A-H, P<0.05), 
indicating that p38 pathway activation might 
be associated with ICOSL expression. The data 
of other genes that were not significantly cor-
related with ICOSL expression are not shown 
here. We also downloaded TNBC data from 
TCGA and found that, among the 4 subtypes  
of p38-MAPK, MAPK13 and MAPK14 were sig- 
nificantly upregulated in the high ICOSL expres-
sion group, with correlation coefficients R of 
0.26 and 0.36, respectively, while MAPK11 and 
MAPK12 were not significantly upregulated 
(Figure 4I-P, P<0.05). Furthermore, we exam-
ined the phosphorylation status of p38 pro-
teins (MAPK11, MAPK12, MAPK13, and MA- 
PK14) with respect to breast cancer in the 

qPTM database and found that MAPK13 (posi-
tion 182) and MAPK14 (position 182) have  
significantly higher phosphorylation status in 
breast cancer [33, 34]. However, MAPK13 
(position 350) has a lower phosphorylation sta-
tus in breast cancer [34, 35].

All of these results indicate that ICOSL expres-
sion might be associated with p38-MAPK path-
way activation. However, which p38 subtype 
might be activated needs further study.

ICOSL promotes p38 phosphorylation in vitro

Next, we analyzed the effect of ICOSL overex-
pression on protein kinase phosphorylation in 
tumor cells using a proteome profiler human 
phospho kinase array kit. This is a membrane-
based antibody array for parallel determination 
of the relative levels of human protein kinase 
phosphorylation that can simultaneously de- 
tect the phosphorylation of 43 human kinases 
and the total amounts of 2 related proteins.

MDA-MB-231 ICOSL-OE cells were cocultured 
with CD4+ T cells for 7 days to induce FOXP3+ 
Treg cells. CD4+ T cells were collected and 
cocultured with MDA-MB-231-control and MDA-
MB-231 ICOSL-OE cells. After incubation at 
37°C for 48 h, MDA-MB-231-control and MDA-
MB-231-ICOSL-OE cells were collected, and the 
levels of human protein kinase phosphorylation 
in tumor cells were analyzed using the phos-
phorylated tissue microarray (Figure 5A, 5B). 
The results showed that 12 protein kinase 
phosphorylation levels, especially factors in  
the p38-MAPK pathway, such as p38 (T180/
Y182), p53 (S392), p53 (S46), and CREB 
(S133) were obviously upregulated.

Then, to further determine whether ICOSL pro-
motes p38 phosphorylation in vitro, we engag- 
ed MDA-MB-231 rhICOS-Fc cells to activate 
ICOSL instead of CD4+ T cells. MDA-MB-231-
Con and MDA-MB-231-ICOSL-OE cells were 
inoculated into 6-well plates, and rhICOS-Fc 
was added. After incubation for 48 h, the pro-
tein expression levels of p38 and p-p38 were 
detected via western blotting. The results sh- 
owed that the intracellular p38 phosphoryla-
tion level in MDA-MB-231 ICOSL-OE cells was 
increased significantly when rhICOS-Fc was 
used. The intracellular p38 phosphorylation 
level decreased when SB202190 was added 
(Figure 5C, P<0.05).
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Figure 4. Analysis of DEGs related to p38 MAP kinase. A-D. Boxplots of p38 MAP kinase, MAP2K3 and MAPKAPK2 
expression in the high and low ICOSL expression groups were generated, with the median value determined accord-
ing to the method mentioned in 2.1.4 serving as the cutoff value. E-H. Scatter plot of p38 MAP kinase, MAP2K3, and 
MAPKAPK2 expression and ICOSL expression (*P<0.05). I-L. Boxplots of p38 MAP kinase expression in the high and 
low ICOSL expression groups were generated using the median value according to TCGA data as the cutoff value. 
M-P. Scatter plot of p38 MAP kinase and ICOSL expression.

ICOSL promotes tumor progression by phos-
phorylating p38 in vitro

Next, we engaged MDA-MB-231 rhICOS-Fc ce- 
lls to activate ICOSL to further determine the 
role of ICOSL in tumor proliferation, apoptosis 
migration, and the proliferation cycle and whe- 

ther p38 phosphorylation is related to these 
processes. As a result, the proliferation (Figure 
5D), proportion of tumor cells in the prolifera-
tion cycle (Figure 5G, 5H) and migration (Figure 
5I, 5J) were significantly promoted (P<0.05). In 
contrast, tumor cell apoptosis (Figure 5E, 5F) 
decreased significantly when the ICOS receptor 
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Figure 5. ICOSL promoted tumor progression by phosphorylating p38 in vitro. (A, B) Phosphokinase array experi-
ments. The results showed that CD4+ T cells cocultured with MDA-MB-231 ICOSL-OE cells could change 12 protein 
kinase phosphorylation levels, especially p38 (T180/Y182), p53 (S392), p53 (S46), and CREB (S133), which are all 
in the p38-MAPK pathway. (C) The protein expression levels of p38 and p-p38 were detected by western blotting. The 
intracellular p38 phosphorylation level in MDA-MB-231 ICOSL-OE cells was increased significantly when rhICOS-Fc 
was used. The intracellular p38 phosphorylation level decreased when SB202190 was added (**, P<0.05). (D-J) 
The proliferation (D), proportion of tumor cells in the proliferation cycle (G, H) and migration (I, J) were significantly 
promoted (**, P<0.05). In contrast, tumor cell apoptosis (E, F) decreased significantly when ICOS was provided via 
ICOS fusion protein (**, P<0.05). The above processes were significantly inhibited by the addition of the p38 inhibi-
tor SB202190 (D-J, **, P<0.05). All of the above experiments were repeated three times. 

was provided by rhICOS-Fc. The above process-
es were significantly inhibited by addition of the 
p38 inhibitor SB202190 (P<0.05).

In vivo experiments in a nude mouse model 
showed that TNBC growth was enhanced by 
ICOSL and activated by ICOS

H9 cells were used to provide ICOS receptors  
in the following MDA-MB-231 breast cancer 
mouse model. The ICOS-OE lentivirus and neg-
ative control lentivirus were constructed and 
used to infect H9 cells for 72 h. Both western 
blotting and flow cytometry showed that ICOS 
protein expression increased significantly (Fi- 
gure 6A-C). ICOS-negative ICOS-control lentivi-
rus cells were sorted and used as H9-control 
cells in the mouse model (Figure 6C).

In addition, to study the role of ICOSL on tumor 
cells in vitro before in vivo experiments, ICOS-
overexpressing H9 cells were used to provide 
ICOS receptors to activate ICOSL. H9 cells in- 
fected with control lentivirus or ICOSL-OE lenti-
virus were treated with 40 μg/mL mitomycin for 
2 h and were cocultured with MDA-MB-231 
cells for 72 h. Tumor cell proliferation, apopto-
sis, migration, and invasion experiments were 
conducted in vitro. When ICOS was provided by 
H9-ICOS cells, the proliferation, migration, and 
proportion of tumor cells in the proliferation 
cycle were significantly increased and tumor 
cell apoptosis significantly decreased (data not 
shown).

Then, in vivo experiments were conducted. A 
nude mouse model of TNBC was established 
with MDA-MB-231 cells as the tumor cells, as 
mentioned in 2.2.12. The mice were divided 
into 4 groups as follows: 1. MDA-MB-231-Con + 
H9-Con; 2. MDA-MB-231-Con + H9-ICOS-OE; 3. 
MDA-MB-231-ICOSL-OE + H9-Con; and 4. MDA-
MB-231-ICOSL-OE + H9-ICOS-OE. 

From Day 7 after the injection of MDA-MB-231 
cells, the mice were closely monitored every 3 
days, and the tumor volume was measured. 
The tumor volume of group 4 is significantly 
higher than the other 3 group and tumor vol-
ume of group 3 is significantly higher than the 
group 1 and 2 thereafter day 22 (Figure 6D, 
*P<0.05).

Five weeks after tumor cell inoculation, in vivo 
imaging analysis was performed, and the tumor 
load in Group 4 (H9-ICOS-OE cells engaged 
with MDA-MB-231-ICOSL-OE cells) was the larg-
est among all four groups (Figure 6E). The mice 
were sacrificed on Day 35, and the tumors were 
excised. Both tumor volume and weight were 
the largest in Group 4 among all 4 groups 
(Figure 6F, 6G). These results indicate that 
tumor progression was promoted by the expr- 
ession of ICOSL in a TNBC nude mouse model.

Discussion

To date, there has been little research on IC- 
OSL expression in TNBC, its mechanism, and 
its effect on proliferation. Costimulatory mole-
cules are expressed on T cells. Costimulatory 
molecular ligands are expressed in APC cells. 
At present, most studies mainly focus on the 
effects of costimulatory molecules on T cells, 
but there are few studies on the effects of 
costimulatory molecular ligands on the intra- 
cellular signaling pathways in APC cells. The 
effect of ICOSL expression on the intracellular 
signaling pathway in TNBC cells has not been 
reported. Our results are the first to show that 
ICOSL overexpression in TNBC cells can stimu-
late the ICOS+ Treg cell differentiation of CD4+ 
T cells. We also found that ICOSL overexpres-
sion in TNBC cells could reverse the p38 path-
way to promote tumor progression.

ICOSL was discovered mostly in APCs and can-
cer cells, such as gastric carcinoma, melano-
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ma, and hematologic neoplasm cells [14, 15, 
36]. In a sense, tumor cells can be used as 
APCs to directly drive Treg activation as a  
method of immune evasion. The expression of 
ICOSL on TNBC MDA-MB-231 cells was detect-
ed first, and MDA-MB-231 cells had very low 
expression of ICOSL (Figure 3C). Therefore, we 
induced ICOSL overexpression in TNBC MDA-
MB-231 cells and conducted ICOSL-negative 
sorting of cells transfected with control plasmid 
to mimic ICOSL-positive and ICOSL-negative 
TNBC cells, respectively, instead of using differ-
ent ICOSL-positive TNBC cell lines. The mela-
noma cell line WM35 was also used in our 
study as a control to confirm the contribution of 
CD4+ T cells to the proliferation and apoptosis 
of ICOSL-positive MDA-MB-231 cells.

In our previous investigation, we found that 
ICOSL overexpression is associated with poor 
prognosis and may be a novel prognostic factor 
in breast cancer [37]. Published studies have 
also shown that ICOS is associated with poor 
prognosis in breast cancer because it promotes 
the amplification of CD4+ T cells [38]. Our study 
further explored the effect of ICOSL overex-
pression on TNBC cell proliferation. Our results 
suggested that the proliferation ability of MDA-
MB-231 ICOSL-OE cells increased even more 
than that of MDA-MB-231 ICOSL-negative cells 
after the addition of CD4+ T cells.

This study also revealed that ICOSL overexpr- 
ession in breast cancer cells stimulated the 
ICOS+ Treg cell differentiation of CD4+ T cells 
obtained from PBMCs of HLA-A2-type volun-
teers. Our group previously found that blocking 
the ICOS/ICOSL pathway in mouse hematolo- 
gical tumor cells led to downregulation of the 
anti-inflammatory factors IL-4 and IL-10 [37]. 
IL-10 is a potent inhibitor of antitumor immune 
responses, and Th2 immune responses form a 
favorable environment for the growth of tu- 
mors. In our study, we found that ICOSL pro- 

moted T cells to secrete inflammatory factors, 
especially the anti-inflammatory factors IL-10 
and IL-4. It was supposed that both Th1 and 
Th2 responses in breast cancer are activated 
by ICOS/ICOSL signaling to regulate immune 
cell responses against tumors, especially Th2 
responses.

In addition, our study showed that the applica-
tion of an ICOSL antibody inhibited Treg cell dif-
ferentiation, the secretion of tumor-promoting 
factors, and tumor cell proliferation. Similar to 
our research, a previous study on tumor vac-
cines found that ICOS blockade induces better 
antitumor activity than vaccination alone in a 
mouse prostate cancer model [39]. The tumor 
size in the group treated with ICOS blockade 
was much smaller than that in the vaccine with 
IgG mAb group. In addition, more immune-sup-
pressing Tregs infiltrated the tumor after treat-
ment with the tumor vaccine. It is known that 
the ICOS-ICOSL pathway is blocked not only on 
Treg cells that are associated with Th2-type 
cytokines but also on CD8+ CTLs that have an 
antitumor effect associated with Th1-type cyto-
kines. Therefore, ICOSL may play distinct roles 
in different cell types. Our results confirmed the 
immunosuppressive effect caused by ICOSL 
overexpression in patients with TNBC, which 
provides a theoretical basis for the treatment 
of ICOSL-overexpressing TNBC.

To further identify the pathway that affects 
ICOSL expression, we found that p38 pathway 
activation is highly correlated with ICOSL ex- 
pression by analyzing a database dataset. 
However, the specific correlation between IC- 
OSL and p38 phosphorylation is not yet fully 
understood. Han et al. noted that ICOSL expr- 
ession in acute myeloid leukemia (AML) cells 
promotes Treg expansion and that IL-10 pro-
motes AML cell proliferation through the p38 
pathway [40]. P38 MAPK includes four sub-
types, p38 α (MAPK14), p38 β (MAPK11), p38 

Figure 6. In vivo experiments in nude mouse models showed that TNBC growth was enhanced by ICOSL activated by 
the ICOS receptor. (A-C) H9 cells were inoculated into 6-well plates at 1×105/well and infected with ICOS overexpres-
sion lentivirus or negative control lentivirus for 72 h. The specificity and efficiency were validated by western blotting 
and quantitative reverse transcription polymerase chain reaction (qRT-PCR). (**, P<0.05). ※, H9-ICOS-negative 
cells were sorted and used as H9-control cells in the experiment. (D-G) In vivo experiments in a nude mouse model. 
(D) The tumor volume of group 4 of MDA-MB-231-ICOSL-OE + H9-ICOS-OE is significantly higher than the other 3 
group and tumor volume of group 3 of MDA-MB-231-ICOSL-OE + H9-Con is significantly higher than the group 1 and 
2 thereafter day 22 (*, P<0.05). (E) Five weeks after tumor cell inoculation, in vivo imaging analysis was performed, 
and the tumor load in Group 4 (H9-ICOS-OE cells treated with MDA-MB-231-ICOSL-OE cells) was the largest among 
all four groups. (F, G) The mice were sacrificed on Day 35, and the tumors were excised (**, P<0.05). 
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γ (MAPK12), and p38 δ (MAPK13). Our phos-
phokinase array andin vitro experimental re- 
sults showed that ICOSL activation in TNBC  
promoted tumor proliferation and invasion th- 
rough p38 phosphorylation. After application  
of the p38 inhibitor SB202190, these biologi-
cal behaviors were reversed. Our study showed 
that ICOSL overexpression promoted p38 α 
phosphorylation levels. However, the specific 
signaling pathways activated by ICOSL need to 
be further studied.

In this study, we used only one breast can- 
cer cell line that weakly expressed ICOSL. To 
explain the role of ICOSL as much as possible, 
ICOSL-overexpressing MDA-MB-231 cells were 
constructed, and we sorted ICOSL-negative 
MDA-MB-231 cells for use as control cells. 
Moreover, to explain the effect of ICOSL on 
Tregs to the greatest extent, we used melano-
ma cells as a control. However, the specific sig-
naling pathways activated by ICOSL need to be 
further studied.

Overall, our study demonstrated that ICOSL 
expressed in TNBC enhances tumor cell growth 
by inducing Foxp3+ Treg cell differentiation and 
reversing p38 activation. Our results provide a 
theoretical basis for future TNBC therapy tar-
geting ICOSL.
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Supplementary Figure 1. DEGs, GO and KEGG analyses, and GSEA for ICOSL expression in the TNBC dataset. A. Volcano plot of differentially expressed genes. Red 
circles represent significantly upregulated genes, and blue circles represent significantly downregulated genes. B. Heatmap of differentially expressed genes. C. 
Gene ontology annotation of differentially expressed genes. D. KEGG pathway enrichment for differentially expressed genes. E-J. Reactome pathway enrichment via 
GSEA with REACTOME gene sets in msigdb.
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Supplementary Figure 2. PPI network analysis of DEGs based on ICOSL expression in the TNBC dataset. A. PPI 
network for DEGs obtained from STRING online tools. B. MCODE cluster in the PPI network with the highest MCODE 
score. Red nodes indicate upregulated genes, and green nodes indicate downregulated genes. C. KEGG pathway 
enrichment for subclusters of the MOCDE cluster.


