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Abstract: Breast cancer (BC) is the most common malignancy in females with an increasing incidence in the last 
decade. The previously observed decline in BC mortality rates has also slowed down recently with an increase in 
the incidence of invasive BC. BC has various molecular subtypes. Among these subtypes, triple-negative breast 
cancer (TNBC) represents the most aggressive BC, with a poor prognosis. Because lack of the hormonal or human 
epidermal growth factor receptor 2 (HER2) receptors, TNBC is resistant to hormonal and HER2 targeted therapy 
effective for other BC subtypes. The good news is that TNBC has recently been considered an immunologically 
‘hot’ tumor. Therefore, immunotherapy, particularly immune checkpoint inhibitor therapy, represents a promising 
therapeutic approach TNBC. However, a considerable percentage of patients with TNBC do not respond well to im-
munotherapy, indicating that TNBC seems to adopt several mechanisms to evade immune surveillance. Thus, it is 
crucial to investigate the mechanisms underlying TNBC immune evasion and resistance to immunotherapy. In this 
review, we examine and discuss the most recently discovered mechanisms for BC, with a particular focus on TNBC, 
to evade the immune surveillance via kidnapping the immune checkpoints, suppressing the immune responses in 
tumor microenvironment and inhibiting the tumor antigen presentation. Evaluation of these mechanisms in BC will 
hopefully guide future immunotherapeutic research and clinical trials.
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Introduction

Breast cancer (BC) remains a painful clinical 
challenge. It is estimated that 1 in every 8 
women will be diagnosed with BC. BC currently 
ranks as the most common cancer in females 
constituting 31% of all reported malignancies 
in women. Furthermore, BC is the second most 
common cause of cancer deaths among wo- 
men, surpassed only by lung cancer; with an 
estimated 43,170 BC deaths among females  
in the United States alone [1]. In recent de- 
cades, advancements in treatment modalities 
and screening programs have dramatically 
improved BC management, and resulted in a 
decline in its mortality rates, with an overall 
43% reduction by 2020. Despite these ad- 
vancements, however, the reduction in breast 
cancer mortality has shown a recent downward 
trend [1].

BC can be classified into various subtypes 
based on certain molecular characteristics. 
These subtypes provide insights into the be- 

havior of the tumor and hence the suitable 
treatment modality for each specific subtype 
[2]. First, estrogen receptor (ER) and/or proges-
terone receptor (PR) positive (also known as 
Luminal A) BC, exhibits a low proliferation rate 
and a favorable prognosis [2]. The second sub-
type, known as luminal B, is also ER and/or PR 
positive but often exhibits higher proliferation 
rates and may have a less favorable prognosis 
[3]. The third subtype is the human epidermal 
growth factor receptor 2 positive (HER2+), char-
acteristic of overexpression of the HER2 recep-
tor that contributes to the aggressive growth of 
the tumor [3]. Targeted therapies such as HER2 
inhibitors have greatly improved outcomes for 
patients with this subtype [3]. However, the 
most aggressive subtype, the triple-negative 
breast cancer (TNBC), lacks expression of ER, 
PR, and HER2 receptors, and accounts for as 
many as 15% of invasive BC cases [4]. Thus, 
TNBC is resistant to the otherwise effective 
endocrine or hormonal therapy targeting the 
hormone receptors and HER2 targeted therapy 
that benefit patients with the other BC sub-

http://www.ajcr.us
https://doi.org/10.62347/PNGT6996



Breast cancer immunoevasion

1518 Am J Cancer Res 2025;15(4):1517-1539

types. The limited treatment options make 
TNBC to be more aggressive and poorly prog-
nostic, highlighting the need for novel thera-
peutic approaches [5].

Immune evasion was first described on discov-
ery of immune privilege. Immune privilege is a 
phenomenon that some critical tissues such as 
the brain and testis allow only very low immu-
nity in them, or evade immune surveillance, to 
avoid accidental autoimmune destruction of 
the very important cells in them [6]. The con-
cept of immune privilege originally referred to 
“immune privileged sites” that are specific ana-
tomic sites with structural barriers that restrict 
immune surveillance by mainly excluding T 
cells, such as the blood-brain barrier and the 
trophoblast layer in the placenta [7]. However, 
it now extends to other tissues and broader bio-
logical contexts, such as the tumor microenvi-
ronment (TME). Tumors, such as TNBC, are able 
to establish immune privileged TME by several 
mechanisms. This allows the tumors to evade 
immune detection and destruction, and is also 
referred to as “acquired immune privilege” [8]. 
Acquired immune privilege involves mecha-
nisms that modulate immune responses that 
create a protective niche to shield tumors from 
immune surveillance and attack [9, 10]. Simply 
speaking, immune privilege takes place by min-
imizing the activity of patrolling immune cells 
such as cytotoxic T lymphocytes (CTLs) by pre-
venting the cell recruitment such as T cell exclu-
sion and/or by suppressing the cells already 
recruited using immunosuppressive cells and 
factors including the immune checkpoint mole-
cules [11]. In this regard, immune privilege con-
cept is now considered a relative rather than  
an absolute state of tissues [12]. This might 
explain the differences in immune responses of 
different tumors, or different phenotypes of the 
same tumor (e.g., TNBC patients respond dif-
ferently to ICI). It has been widely accepted that 
the anatomic barriers are an important contrib-
utor to immune privilege although immune priv-
ilege can also happen to certain tissues that 
lack such structural barriers [6].

Immunotherapy in general works by enhanc- 
ing immune response in tumor. Many types of 
tumors kidnap the immune privilege mecha-
nisms to evade immune surveillance. Therefore, 
immunotherapy typically supplies more tumor 
killing cells to the tumor, such as the cancer/
chimeric antigen receptor T (CAR-T) cell thera-

py, or activates tumor killing cells that are sup-
pressed albeit already present inside tumor, 
such as the immune checkpoint inhibitor (ICI) 
therapy [11]. Some types of cancer such as 
melanoma respond incredibly well to immuno-
therapy, and thus are defined to be immuno-
logically “hot”. However, other types of cancer 
do not respond well to immunotherapy and 
thus are called immunologically “cold”, immune 
privileged or immune resistant.

BC is among a few types of cancer that are 
immunologically “cold” and thus do not respond 
well to immunotherapy [13]. Unlike all the other 
BC subtypes, however, TNBC shows a relatively 
increased immunogenic properties and thus 
represents immunologically “hot” cancer, a 
hopeful target of immunotherapy [14]. Indeed, 
excitingly, the Food and Drug Administration 
(FDA) has recently approved pembrolizumab 
(an ICI antibody) to treat certain patients with 
the 16 different cancer types including TNBC 
[15]. Unfortunately, however, only a small sub-
set of patients with TNBC show a good response 
to immunotherapy [16]. Some TNBC tumors 
resist to ICI therapy due to genetic and molecu-
lar mutations resulting in “cold” TME [17]. For 
example, a subset of TNBC tumors was found 
to have less programmed death-ligand 1 (PD-
L1) expression. These patients showed poor 
response to an ICI therapy targeting PD-L1 [18]. 
A multi-omics study suggests that TNBC tumors 
might adopt several mechanisms for transform-
ing the TME into a privileged site to evade 
immune surveillance and attack [19].

Mechanisms underlying immune evasion and 
resistance in BC, including TNBC remain largely 
unclear. Identifying molecular and cellular tar-
gets is thus imperative to enhance patient 
response to immunotherapy. Thus, in this re- 
view, we highlight the potential mechanisms by 
which BC is transformed into an immune-privi-
leged site, evades immune surveillance, and 
becomes resistant to immune therapy, with 
particular focus on immune checkpoints, TME, 
and tumor antigen presentation in TNBC [17, 
20, 21] as outlined in Figure 1 and Tables 1, 2 
and detailed below.

Upregulation of inhibitory immune check-
points

Immune checkpoints are a mechanism of regu-
lating immune responses and immune toler-
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Figure 1. BC immune evasion mechanisms. Tumor can evade immune surveillance through various mechanisms 
including (A) kidnapping immune checkpoints such as PD-1 thereby inhibiting cytotoxic CD8+ T cells, (B) creating 
immunosuppressive TME, and (C) decreasing tumor antigen presentation to tumor killing cells such as CD8+ T 
cells. Abbreviations: APC, Antigen presenting cell; ECM, Extracellular matrix; CHI3L1, chitinase-3-like protein 1; CTL, 
Cytotoxic T lymphocytes; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; GMAP, galanin message-associated 
peptide; IDO, Indoleamine-pyrrole 2,3-dioxygenase; MIF, macrophage migration inhibitory factor; NK, Natural killer 
cells; PD-1, Programmed death-1; PD-L1, Programmed death-Ligand 1; pGITRL, platelet-derived glucocorticoid-In-
duced TNFR-Related protein ligand; Treg, regulatory T cells; MDSC, myeloid-derived suppressor cells; MHC, Major 
histocompatibility complex; TIM-3, T cell immunoglobulin and mucin-domain containing-3; TME, Tumor microenvi-
ronment; VISTA, V-domain Ig suppressor of T cell activation; LAG-3, Lymphocyte-activation gene 3.

ance, either by interaction of immune stimula-
tory or inhibitory receptor on immune cells with 
ligand presented from antigen-presenting cells 
(APCs). Known inhibitory immune checkpoints 
include receptor/ligand pairs which normally in 
physiological conditions function to maintain 
homeostasis, regulate immune response and 
prevent the immune system from attacking nor-
mal tissues by sending inhibitory signals to the 
effector immune cells. Cancer cells can kidnap 
this function of APCs by expressing and pre-
senting the checkpoint ligands to suppress the 
tumor killing effector immune cells, particularly 
the CD8+ T lymphocytes expressing the check-
point receptors. Importantly, this kidnapping 
often involves changes in expression of both 
the checkpoint ligands on the cancer cells as 
well as the checkpoint receptors on the im- 
mune cells with the TME. Among the most wide-
ly studied inhibitory immune checkpoints are 
the programmed cell death protein 1 (PD-1, 
also known as CD279, receptor)/programmed 
death-ligand 1 (PD-L1, also known as CD274, 

ligand) and cytotoxic T lymphocyte-associated 
antigen 4 (CTLA-4, also known as CD152, 
receptor)/CD80/86 (also known as B7-1/2, 
ligand) (Figure 1A; Table 1).

PD-1/PD-L1 immune checkpoint. PD-1 recep-
tor is expressed on the T cell surface, binds to 
PD-L1 ligand on APCs surface. This binding  
represents a mechanism of both central and 
peripheral immune tolerance that suppresses 
the T cell activity and prevents autoimmune 
damage of the APCs by the T cell. However, 
tumor cells can kidnap this mechanism to sup-
press the T cell immune response to antigen-
presenting tumor cell leading to immune eva-
sion [22, 23]. Indeed, TNBC cells express higher 
levels of PD-L1 than other BC subtypes do [24].

BC cells use several molecular mechanisms 
involving many factors to upregulate expres-
sion of PD-L1 and other immune checkpoint 
genes to evade immune surveillance (Figure 
1A; Table 1). For instance, annexin A1 (AN- 
XA1), an anti-inflammatory factor, shows higher 
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Table 1. Factor affecting the expression of immune checkpoints in BC
CP Effector Effect Reference CP Effector Effect Reference
PD-L1  
Expression

ANXA1 + [26] PD-L1 
Stability

HuR + [28]

Crk + [46] TF-VIIa + [30]

CDK8 + [53] GATA3-AS1 + [37]

MYC + [48, 60] A11 peptide - [27]

- [47]

ICAM1 + [50] PD-1 ICAM1 + [50, 51]

GBP5 + [156] Crk - [46]

TNFR2 + [54] SLC27A2 + [36]

TF-VIIa + [30] KLRB1

RBMS3 + [31] IGHV1-12

AKT/mTOR/BTK + [33] IGKV1OR2-108

ASPH + [34] Lgals2 + [77]

PXDNL + [36]

SLC27A2 - [36] CTLA-4 LINC02038

KLRB1 MYC + [48]

IGHV1-12 ICAM1 + [50, 51]

IGKV1OR2-108

Doxorubicin, Abemaciclib, and Dactolisib + [42] GAL - [52]

Anthracycline and taxane + [43] TNFR2 + [54]

MDR1 + [44] SLC27A2 + [36]

BRD4 + [45] KLRB1

MUC1 + [49] IGHV1-12

NLRP3 + [123] IGKV1OR2-108

Chi3l1 + [60]

GAL - [52] PXDNL + [36]

ZNF652 - [29] LINC02038

DMAS - [32] TIM-3 Neoadjuvant chemotherapy + [75]

Lgals2 + [77]

GPR81 - [35] TIGIT MYC + [48]

PXDNL - [36] BIRC2 + [81]

LINC02038 TNFR2 + [54]

miR-195
miR-497

- [38] GAL - [52]

GAL-9 Anthracycline and taxane + [43]

miR-4759 - [39] LAG-3 MYC + [48]

p53- miR-34a - [40] BIRC2 + [81]

Estrogen - [41] TNFR2 + [54]

Corticosteroids Neoadjuvant chemotherapy - [75]

JAK1/2 inhibitors
(+) indicates a positive association/effect, (-) indicates a negative association. Akt, serine/threonine kinase; ANXA1, annexin A1; ASPH, aspartate β-hydroxylase; BIRC2, 
Baculoviral IAP Repeat Containing 2; BRD4, bromodomain-containing protein 4; CDK8, cyclin-dependent kinase 8; CP, Checkpoint; DMAS, β, β-Dimethylacrylshikonin; 
GAL, Galanin And GMAP Prepropeptide gene; GBP5, guanylate binding protein 5; GPR81, G protein-coupled receptor 81; ICAM1, intercellular adhesion molecule 1; IDO-1, 
indoleamine 2,3-dioxygenase 1; KLRB1, killer cell lectin like receptor B1; MDR1, multidrug resistance 1; mTOR, mammalian target of rapamycin; MUC1, mucin 1; MYC, 
myelocytomatosis oncogene; RBMS3, RNA binding motif, single-stranded interacting protein 3; TNRF, tumor necrosis factor receptor 2; TF, tissue factor.

expression in TNBC compared to luminal sub-
types [25]. ANXA1 was found to upregulate 
PD-L1 expression via the signal transducer  
and activator of transcription 3 (STAT3) [26].  
On the other hand, the ANXA1-derived peptide 
A11 was found to decrease PD-L1 stability by 
competing with the de-ubiquitinase of PD-L1, 
USP7, thereby exhibiting anti-tumor effects 
[27]. The human antigen R (HuR) was found to 
be overexpressed in BC [28]. This RNA-binding 

protein directly binds to 3’-UTR of PD-L1 mRNA 
and stabilizes the PD-L1 protein by regulating 
its glycosylation. A study shows that the FDA-
approved HuR inhibitor drug niclosamide can 
potentially improve TNBC response to ICIs [28]. 
Another study indicated that the zinc-finger  
protein 652 (ZNF652) downregulates PD-L1 
expression. Loss of ZNF652 observed in TNBC 
enhances PD-L1 mediated immune evasion 
[29]. Tissue factor VIIa (TF-VIIa) activates prote-
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Table 2. Factors affecting the tumor microenvironment and antigen presenting machinery in BC
Cell type Effector Effect Reference Cell type Effector Effect Reference
CD8+ T cells Crk ↓ (infiltration + toxicity) [46] B cells KLRB1 ↑ [36, 105]

IGKV1OR2-108

IGHV1-12

SLC27A2 ↓

PXDNL

LINCO2038

Chi3l1 ↓ (infiltration + toxicity) [99] MUC1 ↓ infiltration and function [97]

CypA-Crk ↓ [104] PI3K ↓ [108]

KLRB1 ↑ [36, 105] MYC ↓ [47]

IGKV1OR2-108

IGHV1-12

SLC27A2 ↓

PXDNL

MUC1 ↓ (infiltration + toxicity) [49, 97] ICAM1 ↑ [50]

MYC ↓ [47, 96, 147] JMJD8 ↓ [112]

PI3K ↓ [109] GAL ↓ [52]

↓ [108] NK cells CDK8 ↓ [53]

ICAM1 ↑ toxicity [51] KLRB1 ↑ [36]

IGKV1OR2-108

IGHV1-12

LINC02038 ↓

↑ [50] MYC ↓ [47, 147]

JMJD8 ↓ [112] ICAM1 ↑ [51]

RGS1 ↓ [113] BTF3 ↓ [139]

MIF ↓ [117] BIRC2 ↓ [81]

GAL ↓ [52] IDO-1 ↓ cytotoxicity [140]

BIRC2 ↓ (infiltration + toxicity) [81] NLRP3 ↓ [123]

Lgals2-CSF1 ↓ (infiltration + toxicity) [77] Mertk ↓ [102]

TF ↓ (infiltration + toxicity) [121] Lgals2-CSF1 ↓ toxicity [77]

LXR ↓ Toxicity [122] Macrophages Crk ↓ [46, 104]

NLRP3 ↓ [123] KLRB1 ↑ M1, ↓ M2 [36, 105]

IGKV1OR2-108

IGHV1-12

SLC27A2 ↓

LINCO2038

FGFR ↓ [124] MUC1 ↓ [97]

Axl/Mertk ↓ [102] PI3K ↓ [108]

LOx ↓ [106] MYC ↓ [47, 147]

Jagged1 ↓ (infiltration + toxicity) [125] ICAM1 ↑ M1 [50, 51]

MAL2 ↓ toxicity [127]

SOX4 ↓ toxicity [128] JMJD8 ↓ [112]

ZNF652 ↑ [29] MIF ↓ M1 [117]

miR-4759 ↑ [39] MP ↓ functionality [143]

CD4+ T cells Chi3l1 ↓ [99] Cop1 ↓ [144]

KLRB1 ↑ [36, 105] Chi3l1 ↓ M1, ↑ M2 [99]

IGKV1OR2-108

IGHV1-12

SLC27A2 ↓

PXDNL

LINCO2038

MUC1 ↓ [97] CD24-Siglec-10 ↑ M2 [142]

MYC ↓ [47] Lgals2-CSF1 ↑ M2 [77]

PI3K ↓ [108] LXR ↑ M2 [122]

PI3Kβ ↓ [110] FGFR1 ↓ M1, ↑M2 [124]
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ICAM ↑ [50] Mertk ↓ [102]

JMJD8 ↓ [112] Jagged1 ↑ TAM [125]

RGS1 ↓ [113]

MIF ↓ [117] Neutrophils Crk ↓ [46]

KLRB1 ↑ [36, 105]

IGKV1OR2-108

IGHV1-12

Chi3l1 ↓ [99] MYC ↓ [47, 147]

DDR1 ↓ [119, 120] ICAM ↑ [50]

FGFR ↓ [124] JMJD8 ↓ [112]

TF ↓ infiltration and activity [121] MIF ↑ [117]

LXR ↓ differentiation [122] Chi3l1 ↑ infiltration and NETosis [99]

Regulatory 
T cells

KLRB1 ↑ [36] Mertk ↓ [102]

IGKV1OR2-108

IGHV1-12

SLC27A2 ↓

PXDNL

LINCO2038

PI3Kδ ↑ [135] Dendritic 
cells

CypA-Crk ↓ [104]

ICAM ↑ [51] KLRB1 ↓ [105]

MIF ↑ [117] ↑ [36]

IGKV1OR2-108 ↑

IGHV1-12

SLC27A2 ↓

LINCO2038

Lgals2-CSF1 ↑ [77] MYC ↓ [47]

LXR ↑ [122] ICAM ↑ [50]

Acidity ↑ [106] JMJD8 ↓ [112]

ANXA1 ↑ [25] GAL ↓ [52]

SRC3 ↑ [134] BIRC2 ↓ [81]

CAFs FGFR ↑ [124] MDSC PIK3CAmut ↑ [109]

MRC2 ↑ [126] NLRP3 ↑ [123]

FGFR ↑ [124]

Antigen presenting machinery (MHC-I)

SOX4 ↓ [128] CDK8 ↑ expression [53]

MYC ↓ expression [47] MAL2 ↓ [127]
(↑) indicates increased and (↓) indicates decreased TME infiltration. A11, ANXA1 derived peptide; ASPH, aspartate β-hydroxylase; BIRC2, Baculoviral IAP Repeat Contain-
ing 2; BRD4, bromodomain-containing protein 4; CAF, cancer associated fibroblast; CDK8, cyclin-dependent kinase 8; Chi3l1, chitinase-3-like1; COP1, constitutive photo-
morphogenesis 1; CSF1, colony Stimulating Factor 1; DDR1, discoidin domain receptor 1; FGFR, Fibroblast growth factor receptor; GAL, Galanin And GMAP Prepropeptide 
gene; ICAM1, intercellular adhesion molecule 1; JMJD3, jumonji domain-containing protein-3; KLRB1, killer cell lectin like receptor B1; LXR, liver X receptor; MAL2, myelin 
and lymphocyte protein 2; MDR1, multidrug resistance protein 1; MerTK, Mer tyrosine kinase; MHC-I, major histocompatibility complex; MIF, macrophage migration inhibi-
tory factor; MP, microparticles; Mrc2, mannose receptor, C type 2; MUC1, mucin 1; MYC, myelocytomatosis oncogene; NK, natural killer; NLRP3, NLR family pyrin domain 
containing 3; PI3K, phosphoinositide 3-kinases; RBMS3, RNA binding motif, single-stranded interacting protein 3; RGS1, regulator of G-protein signaling 1; Siglec-10, 
sialic Acid Binding Ig Like Lectin 10; SOX4, SRY-related HMG-box-4; SRC3, steroid receptor coactovator-3; TAM, tumor associated macrophages; TAN, tumor associated 
neutrophils; TF, tissue factor.

ase-activated receptor 2 (PAR2). PAR2 signal-
ing mediates tumor immune evasion by both 
enhancing PD-L1 expression and stabilizing 
PD-L1 protein via glycosylation in BC cells [30]. 
Similarly, the RNA binding motif, single-strand-
ed interacting protein 3 (RBMS3) was also 
found to enhance PD-L1 expression in TNBC  
by binding to the 3’UTR of PD-L1 mRNA and  
stabilizing it [31]. Some natural compounds 
might exhibit therapeutic potential in BC by 
modulating PD-L1 expression. For instance,  
β, β-Dimethylacrylshikonin (DMAS), an active 

compound extracted from Comfrey root, exhib-
its antitumor activity by inhibiting the Y705 
phosphorylation and thus activity of STAT3 and 
subsequent downregulation of PD-L1 in TNBC 
[32]. Similarly, activation of STAT3 appears to 
mediate PD-L1 upregulation by the protein 
kinase B (Akt), mammalian target of rapamycin 
(mTOR), and Bruton’s tyrosine kinase (BTK) sig-
naling pathways [33].

Additionally, overexpression of aspartate β-hy- 
droxylase (ASPH) found in many tumors includ-



Breast cancer immunoevasion

1523 Am J Cancer Res 2025;15(4):1517-1539

py resistance and the benefit of chemo-ICI 
combined therapy.

Some protooncogenes are also upregulated in 
TNBC and play a role for immune evasion. For 
example, the bromodomain-containing protein 
4 (BRD4), Crk and Myc protooncogenes were  
all reported to be elevated and associated with 
the upregulated PD-L1 expression in TNBC  
and blocking their signaling were shown to suc-
cessfully decrease PD-L1 expression [45-48]. 
Indeed, the mucin 1 protein signaling through 
Myc and NF-κB was linked to the increased 
PD-L1 expression [49]. Additionally, several 
other molecular factors including the intercel-
lular adhesion molecule-1 (ICAM1) [50, 51], 
galanin and galanin message-associated pep-
tide (GMAP) [52], cyclin-dependent kinase 8 
(CDK8) [53], and tumor necrosis factor recep-
tor 2 (TNFR2) [54] were found to upregulate the 
expression of PD-L1 and PD-1 as well as other 
checkpoint molecules such as CTLA-4, lympho-
cyte activation gene 3 (LAG3), and the T-cell 
immunoreceptor with immunoglobulin and im- 
munoreceptor tyrosine-based inhibition motif 
domain (TIGIT) in TNBC.

ICI therapy targeting the PD-1/PD-L1 pathway 
using PD-1 or PD-L1 blocking antibody drugs 
enhances T cell’s cytotoxicity and anti-tumor 
immune surveillance [55]. The FDA has app- 
roved the anti-PD-1 antibody, pembrolizumab 
(KEYTRUDA, Merck & Co), in combination with 
chemotherapy for the treatment of patients 
with locally recurrent unresectable or metastat-
ic TNBC tumors with high PD-L1 expression as 
determined by an FDA-approved test (when a 
combined positive score is 10 or higher). The 
de-glycosylated PD-L1 level is considered a bio-
marker for predicting the patient response to 
the anti-PD-L1 (or anti-PD-1) therapy [56].

CTLA-4/CD80/86 immune checkpoint. CTLA-4 
is another important immune checkpoint recep-
tor expressed on T cells and negatively regu-
lates their activation (Figure 1A). CTLA-4 binds 
to its ligand CD80 (also known as B7-1) or CD86 
(also known as B7-2) on APCs. This interaction 
results in blockage of the stimulatory binding of 
CD28 to the same ligands, which eventually 
leads to T cell suppression and dampened 
immune response [57].

CTLA-4 was also found to be most highly 
expressed in TNBC compared to other BC sub-

ing BC, has been found to affect tumor immune 
response mainly by upregulating PD-L1 expres-
sion and thus mediating immune evasion [34]. 
The lactate receptor GPR81, a PD-L1 downreg-
ulator, is found less expressed in BC which con-
tributes to immune evasion [35]. A TME-related 
prognostic signature recently identified in 
immunosuppressive BC TME indicates that the 
upregulation of the peroxidasin like (PXDNL) 
gene and downregulation of the solute carrier 
family 27 member 2 (SLC27A2), killer cell lec- 
tin like receptor B1 (KLRB1), immunoglobulin 
heavy variable 1-12 (IGHV1-12), and immuno-
globulin kappa variable 1/OR2-108 (IGKV1OR2- 
108) genes contributed to immune evasion via 
modulating the expression of several immune 
checkpoints including PD-1, PD-L1, and CTLA-4 
[36]. This study also identified the long non-
coding RNA (lncRNA) 2038 (LINC02038) upreg-
ulation to be a contributor to the immunosup-
pressive TME [36]. In addition, other lncRNAs 
and microRNAs (miRNAs) also play a signifi- 
cant role in BC immune evasion. In TNBC, the 
lncRNA, GATA3-AS1, is upregulated and medi-
ates immune evasion through deubiquitinating 
and stabilizing PD-L1 protein [37]. Several miR-
NAs including miR-195/miR-497 [38], miR-
4759 [39], and miR-34a [40] have been shown 
to be a negative regulator of PD-L1 expression 
and their downregulation in TNBC contributes 
to immune evasion.

Some non-immunological anticancer therapeu-
tics were also found to affect response to 
immunotherapy. For example, estrogen was 
found to negatively regulate PD-L1 expression 
by its effect on JAK/STAT and nuclear factor κB 
(NF-κB) signaling pathways. Estrogen depriva-
tion, thus, resulted in an immunosuppressive 
phenotype in ER+ BC cells [41]. Similarly, corti-
costeroids and JAK inhibitors also downregu-
late PD-L1 expression. Several chemothera-
peutic agents and steroid receptor coactivator 
(SRC) inhibitors were also found to upregulate 
PD-L1 expression in ER+ and TNBC cell lines. 
Specifically, treatment with anthracycline, tax-
ane, doxorubicin, abemaciclib, and dactolisib 
resulted in substantial increase in PD-L1 ex- 
pression in human TNBC cell line [42, 43]. 
PD-L1 upregulation in BC was found to be posi-
tively associated with the expression of multi-
drug resistance protein 1 (MDR1) in TNBC 
patients [44]. These results suggest an im- 
munosuppressive mechanism of chemothera-
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types [58], suggesting availability of cytotoxic T 
cells for a promising anti-CTLA-4 therapy for 
TNBC patients. Indeed, anti-CTLA-4 therapy 
using therapeutic monoclonal antibodies (e.g., 
ipilimumab) has been used to enhance antitu-
mor immune responses and improve BC patient 
response as a monotherapy or in combination 
with anti-PD-1/PD-L1 therapy [59]. Like PD-1, 
CTLA-4 expression on T cells is also upregulat-
ed in the context of TNBC by an array of mole- 
cular regulators (Table 1). Interestingly, most  
of the known regulators of CTLA-4, including 
ICAM1, Myc, TNRF2, GAL, SLC27A2, KLRB1, 
IGHV1-12, IGKV1OR2-108, PXDNL, and LIN- 
C02038, also regulate PD-1 expression in 
TNBC in a similar manner as described above 
[36, 48, 52, 54, 60]. A recent study has demon-
strated that the cytokine chitinase-3-like 1 
(Chi3l1) derived from TNBC cancer stem cells 
activates the CTLA-4 signaling in CD8+ T cells 
via the protooncogene MAF for immune escape 
[60].

Other immune checkpoints that are emerging 
include B7-H3 (also known as CD276) and 
B7-H4 (ligands; receptors unknown), T-cell 
immunoglobulin and mucin domain 3 (TIM-3, 
receptor)/galectin-9 (GAL-9, ligand), T-cell im- 
munoreceptor with immunoglobulin and im- 
munoreceptor tyrosine-based inhibition motif 
domain (TIGIT, ligand)/nectins (CD155, CD112, 
CD113 or Nectin-4, receptor), V-domain im- 
munoglobulin suppressor of T cell activation 
(VISTA, ligand and receptor), and Lymphocyte-
activation gene 3 (LAG-3, ligand)/major histo-
compatibility complex II (MHC II, receptor). 
These molecules were also found to be modu-
lated in TNBC and are associated with altered 
prognosis and survival (Figure 1A; Table 1).

B7-H3 and B7-H4 are emerging immune check-
point ligands although their receptors remain 
unidentified. B7-H3 is expressed on APCs, 
CTLs, natural killer cells (NKs), and tumor cells 
and is considered an orphan ligand. B7-H3 is 
enriched in the tumor associated macrophages 
(TAMs) in TNBC and highly associated with 
metastasis rate and poor prognosis [61]. B7-H3 
upregulation contributes to immunosuppres-
sive TME [62, 63]. B7-H3 blockade treatment 
with an anti-B7-H3 antibody results in improved 
patient response to other ICI therapy such as 
anti-PD-L1 therapy [62]. B7-H4 is another mem-
ber of the co-inhibitory B7 family ligands. Its 

upregulation contributes to the epithelial to 
mesenchymal transition associated with the 
immunosuppressive TME in TNBC [64-66].

TIM-3/GAL-9 interaction is also thought to play 
a role as an immune checkpoint. TIM-3 is a 
type I transmembrane protein that is known to 
trigger inhibitory signals in immune cells and is 
known to be involved in immune tolerance and 
T cell exhaustion. TIM-3 is expressed on CTLs, 
monocytes, macrophages, NKs, and dendritic 
cells (DCs). Despite being considered an orphan 
ligand, the carcinoembryonic antigen cell adhe-
sion molecule 1 (CEACAM1) was discovered  
to be a potential receptor for TIM-3 [67]. 
CEACAM1 is expressed on the surface of active 
T cells and its activation induces inhibitory sig-
nals [67]. GAL-9 is another potential signaling 
pathway by which TIM-3 acts. TIM-3/GAL9 neg-
atively regulate CD4+ T helper cells and their 
expression is upregulated in response to anti-
PD-1/PD-L1 therapy in TNBC [68-70]. While co-
positivity of both PD-L1 and TIM-3 indicates 
bad prognosis [71], several studies indicate 
that expression of TIM-3 and Gal-9 is associat-
ed with more favorable prognosis in TNBC 
patients with increased number of tumor infil-
trating lymphocytes [43, 72-76]. Galectin 2 
encoding gene Lgals2 was found associated 
with the increase in the TIM3+ CTL cells in the 
TME [77].

TIGIT is another inhibitory checkpoint expressed 
on T cells and NK cells [78, 79], In melanoma, 
TIGIT blockage showed beneficial therapeutic 
outcomes, particularly when combined with ICI 
targeting other checkpoints (such as PD-L1  
and CTLA-4) [80]. It is thus plausible that TIGIT 
could represent a potential therapeutic target 
in TNBC. It was found that overexpression of 
Myc, TNRF2 or the baculoviral IAP repeat-con-
taining 2 (BIRC2) is associated with TIGIT 
upregulation [48, 54, 81], and GAL expression 
is associated with TIGIT downregulation [52].

VISTA expressed on tumor cells as well as sev-
eral immune cells, has also been identified as  
a checkpoint molecule that inhibits CTLs acti-
vation and induces immunosuppressive TME 
[82]. However, VISTA might act as a ligand on 
APCs and a receptor on T cells. Hence, its role 
in immunoregulation in cancer is still controver-
sial. In TNBC, VISTA is downregulated, and its 
expression is positively correlated with good 
prognosis [83, 84]. On the other hand, other 
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reports suggest its inhibitory effect on tumor 
immune surveillance in BC [85, 86]. Similarly, 
blocking aldehyde dehydrogenase 2 (ALDH-2) 
results in enhanced CD8+ T cell cytotoxicity via 
inhibition of tumor VISTA expression [87].

LAG-3 is another negative immune checkpoint 
protein that is expressed on immune cells [88]. 
The mechanism of LAG-3 inhibitory function on 
cancer immune surveillance is still poorly 
understood. In TNBC, LAG-3 is highly expressed 
[89], co-expressed with PD-L1, and is associ-
ated with a better prognosis [90, 91], MYC 
oncogene, BIRC2, and TNFR2 are factors that 
are known to contribute to upregulation of 
LAG-3 in TNBC [48, 54, 81]. LAG-3 expression 
in TNBC is reduced following neoadjuvant che-
motherapy [75].

Ongoing clinical trials are evaluating the effica-
cy of simultaneous targeting of multiple immune 
checkpoints, such as the combination of anti-
CTLA-4 [58, 59] or anti-B7-H3 monoclonal anti-
bodies with PD-1/PD-L1 blockade [61, 62], to 
tackle immune resistance and enhance BC 
patients’ response.

Immune suppressive tumor microenviron-
ment (TME)

The TME is a complex entity that encompasses 
different components. TME includes the extra-
cellular matrix (ECM) and signaling molecules 
secreted, immune cells, and other types of  
stromal cells surrounding the tumor cells such 
as T lymphocytes, B lymphocytes, NK cells, 
myeloid cells, TAMs, DCs, and myeloid dendritic 
suppressor cells (MDSCs), cancer associated 
fibroblasts (CAFs), and tumor vascular endothe-
lial cells [92]. The complex interaction bet- 
ween TME components contributes to cancer 
immune response and immune evasion (Figure 
1B; Table 2) [93]. In fact, the limited response 
to ICI therapy is attributed to immunosuppres-
sive TME in which there are more number/activ-
ity of immune suppressive cells such as MDSC, 
regulatory T lymphocytes (Treg) and CAF, and/or 
less number/activity of tumor clearing cells 
including cytotoxic T lymphocytes (CTLs), NK 
cells, and TAMs. Notably, TME is highly depen-
dent upon cancer type and stage that man-
dates context-specific therapeutic intervention. 
For example, molecules under CD8+ T cells may 
not primarily suppress CTLs. Below, we update 
on the cellular and molecular details in TNBC 

TME that contribute to immune evasion and 
resistance. Nonetheless, it is important to rec-
ognize that due to the complexity and interde-
pendence of the TME, it is challenging to sepa-
rate the distinct role of individual components. 
Factors that affect one component will likely 
have a broader impact on the entire TME and/
or affect all components simultaneously. There- 
fore, herein, we focus on the factors that affect 
specific TME components and are predicted to 
contribute to TNBC immune evasion.

CD8+ cytotoxic T lymphocytes (CTLs) are by far 
the most important contributors to immune 
response to pathogens and tumors. They medi-
ate target cell death from apoptosis. CTLs are 
activated when T cell receptors (TCR) recognize 
the target cell antigens presented by class I 
major histocompatibility complex (MHC-1) on 
APCs. Interestingly, CTL infiltration into the TME 
signals highly positive prognosis in TNBC com-
pared to other BC subtypes [94]. Many factors 
play a role in CTL infiltration into and activity 
inside TNBC TME as detailed below.

Myc is the most frequently mutated oncogene 
in TNBC [95]. Reduction of several immune cell 
populations in Myc-driven immunosuppressive 
TME was reported [47, 95]. Myc plays a critical 
role for immunosuppressive TME by regulating 
important inflammatory factors such as IFN 
and JAK/STAT [95], STING and chemoattrac-
tants such as Ccl5, CXCL10, and CXCL11 [96]. 
This makes TNBC with Myc mutations, highly 
resistant to ICI therapy. A combinatory therapy 
of cytosine-phosphate-guanine oligodeoxynu-
cleotide, CpG with anti-OX40 was found to 
reverse this immunosuppressive TME in TNBC 
with Myc mutations and increase CD8+ T cell 
infiltration and cytotoxicity [47]. Targeting mu- 
cin 1 (MUC1)/Myc axis has been shown to 
enhance the cytotoxicity of CTLs against TNBC 
cells [49]. MUC1 activated IFN-γ signaling has 
also been associated with reduced number of 
tumor infiltrating leukocytes (TILs) [97] support-
ing a notion that IFN-γ signaling can be either 
immune activating or suppressive dependent 
upon TME context which deserves further in- 
vestigation [98].

Chi3l1 expression was found to contribute to T 
cell exclusion from the TME and is upregulated 
in TNBC tumors [99]. Mechanistically, the cyto-
kine Chi3l1 induces T cell exclusion by inducing 
neutrophils recruitment and the formation of 
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neutrophil extracellular trap (referred to as 
NETosis) that prevents CTL infiltration [99]. 
Chi3l1 secreted by TNBC stem cells can also 
interact with the transcription factor “MAF” to 
upregulate CTLA-4 expression and consequent-
ly suppress CTL functions in TME [60].

The Tyro-3, Axl, and Mertk belong to a family of 
receptor protein kinases that play an important 
role in immune tolerance and maintains the 
immune suppressive state in the immune privi-
leged sites such as the brain and testis [100]. 
One of their functions is to mediate the cell 
clearance by efferocytosis to avoid undesired 
inflammatory reaction [101]. TNBC can kidnap 
this immune privilege mechanism to evade 
immune response. Targeting inactivation of 
MerTK or Axl in the TME has been shown to 
enhance tumor immune response with incre- 
ased tumor infiltration of the tumor clearing 
immune cells, particularly CTLs [102]. It is 
important to recognize that these TAM recep-
tors involved may predominantly target macro-
phages’ efferocytosis, resulting in dampened 
T-cell infiltration.

The Crk proto-oncogene is overexpressed in 
many tumors including TNBC, and is associated 
with tumor aggressiveness [103]. In addition  
to inducing PD-L1 upregulation [46], Crk was 
found to contribute to TNBC immune evasion by 
inhibiting tumor infiltration of effector immune 
cells including CTLs. Crk knockout leads to 
increased CTL tumor infiltration and toxicity. 
Disruption of Crk/CypA interaction using CypA 
inhibitors results in reduced tumor growth and 
metastasis and improved response to anti-PD-
L1 therapy in TNBC patients through increased 
tumor infiltration of the effector immune cells 
including the CD8+ CTLs, macrophages, and 
DCs [104].

Killer cell lectin receptor B1 (KLRB1, also 
known as CD161) is downregulated in TNBC. Its 
expression decreases progressively with tumor 
advancement and is positively associated with 
an anti-tumor TME phenotype and active filtra-
tion of TILs and thus favorable outcomes [36, 
105].

The intercellular adhesion molecule-1 (ICAM1) 
expression decreases with TNBC progression 
and is associated with a favorable tumor im- 
mune response with increased number of TILs 
[50] and higher cytotoxicity of CTLs [51].

The lactate oxidase (Lox) catalyzes oxidation of 
lactate and thus reduces acidity inside TME. Its 
expression was found to enhance the activity of 
CTLs, decrease the activity of the immunosup-
pressive Tregs cells and enhance tumor response 
to anti-PD1/PD-L1 therapy [106].

The phosphatidylinositol 3-kinase (PI3K) sig-
naling plays a crucial role in tumorigenesis and 
tumor progression in TNBC [107, 108]. Its 
p110α subunit protein shows immunosuppres-
sive. Inhibition of this subunit increases TILs, 
and synergizes this effect when combined with 
anti-PD-L1 therapy [108]. In line with this evi-
dence, a recent report showed that a mutation 
of this subunit contributed to CTL exclusion 
[109]. Consistently, loss of PTEN that counter-
acts against PI3K is associated with immune 
evasion [110]. Not surprisingly, mutational acti-
vation of PI3k signaling in TNBC plays a critical 
role for the resistance to immune therapy [111], 
making the PIK3 pathway a therapeutic target 
in combination with immune therapy.

The Jumonji domain containing 8 (JMJD8) pro-
tein is localized endoplasmic reticulum. Up- 
regulation of JMJD8 was found to promote 
immune evasion in TNBC by inhibiting the 
STING signaling to the interferon (IFN)-stimu- 
lated gene (ISG), resulting in decreased type I 
IFN responses and thereby inhibition of the 
infiltration and activation of CD8+ CTLs as well 
as multiple other immune cell types including 
CD4+ T cells [112].

Regulator of G-protein signaling 1 (RGS1) 
expression in T cells is negatively associated 
with their infiltration to the TME and was found 
to be upregulated by IFN-STAT1 signaling. RGS1 
expression reduced CTL chemotaxis and sur-
vival in BC TME [113]. However, its specific role 
in TNBC TME has not been investigated yet.

The macrophage migration inhibitory factor 
(MIF) plays an inflammatory role by binding to 
its CD74 receptor and other chemokine recep-
tors such as CXCR2, CXCR4 and CXCR7 involv- 
ed in leukocyte migration [114]. MIF is reported 
to contribute to immunosuppressive TME in 
melanoma, bladder cancer and TNBC [115, 
116]. The inhibition of MIF gives rise to 
increased infiltration of cytotoxic CD8+ T cells 
and M1 macrophages and decreased number 
of Tregs and tumor-associated neutrophils within 
the TNBC TME [117].
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GMAP, encoded by galanin and GMAP prepro-
peptide (GAL) gene, is overexpressed in TNBC 
and is well associated with decreased CTL infil-
tration into the TME of TNBC rather than other 
BC subtypes [118].

CXCL9 is a cytokine, and its secretion is inhib-
ited in TNBC. This inhibition is mediated by the 
NF-κB signaling involving the BIRC2, an E3 
ubiquitin-protein ligase. BIRC2 expression is 
found high in TNBC that comes along with 
decreased secretion of CXCL9 and reduced 
infiltration of CTLs and NK cells that express 
CXCR3, the receptor for CXCL9 [81]. BIRC2 
knockdown improves TNBC response to ICI 
therapy [81].

Discoidin domain receptor 1 (DDR1), a colla- 
gen tyrosine kinase receptor, is upregulated in 
TNBC and is associated with immunosuppres-
sive TME. DDR1 contributes to BC immune eva-
sion by modulating the ECM collagen fibers in 
the TME, resulting in physical immune exclu-
sion of TILs in TNBC [119, 120].

Lectin galactoside-binding soluble 2 (Lgals2) 
gene encoding for galectin-2 protein was found 
to promote tumor immune evasion in TNBC 
through colony stimulating factor 1 (CSF1) sig-
naling-mediated recruitment of TAMs. Its in- 
hibition using a neutralizing antibody causes 
immune activation and tumor arrest. This study 
suggests that Lgals2 plays an immunosuppres-
sive role in TNBC and is a potential immuno-
therapeutic target [77].

Tissue factor has been demonstrated to con-
tribute to immunosuppressive TME in TNBC.  
In addition to what is mentioned earlier that 
TFVIIa overexpression in TNBC patients pro-
motes immune evasion by modulation PD-L1 
expression, another recent study has shown 
that tissue factor is upregulated in TNBC, inhib-
its tumor infiltration of TILs including CD8+ and 
CD4+ T cells and promotes recruitment of TAMs 
[121].

The liver X receptor (LXR) on the CTL surface 
seems to play a role like an inhibitory immune 
checkpoint protein. Indeed, LXR is highly acti-
vated in TNBC tumors where it interacts with 
ligands secreted from the cancer cells, result-
ing in the suppression of CTL activation, expan-
sion, and cytotoxicity [122]. The inhibition of 
LXR leads to activation of CD8+ CTLs, reduction 

of both immune suppressive cell populations 
including myeloid-derived suppressor cells 
(MDSCs) and Treg cells, and inhibition of tumor 
growth [122].

The nucleotide-binding domain, leucine-rich 
containing family, pyrin domain-containing 3 
(NLRP3) inflammasomal protein is found to be 
activated in the immune suppressive TME of 
TNBC [123]. One particular impact of NLRP3 
activation in TNBC is decreasing CTL infiltra- 
tion by affecting MDSCs [123]. In addition to 
MDSCs, other tumor stromal cells can also be 
utilized to form immune suppressive TME. For 
example, the upregulation of the fibroblast 
growth factor receptor (FGFR) in CAFs contrib-
utes much to the immune suppressive TME in 
TNBC, and FGFR blockade enhances CTL infil-
tration and tumor immune response [124]. 
Similarly, upregulation of Jagged1/Notch sig-
naling boosts TAM recruitment and eventually 
leads to CTL exclusion and inactivation in TNBC 
TME [125, 126].

Myelin and lymphocyte protein 2 (MAL2), a pro-
tein involved in membrane trafficking and sort-
ing is highly overexpressed in TBNC tumors and 
associated with decreased CTL cytotoxicity and 
poor survival [127]. The transcription factor 
SRY-related HMG-box-4 (SOX4) also contrib-
utes to immunosuppressive TME and thus to 
TNBC immune evasion. SOX4 inhibition increas-
es CTL infiltration and enhances TNBC response 
to anti-PD-L1 therapy [128]. 

The zink finger protein 652 (ZNF652) loses its 
expression in TNBC. This progressive loss is 
associated with reduced CTL infiltration into 
the TME as well as poor prognosis and survival. 
In fact, ZNF652 acts as a transcriptional repres-
sor of PD-L1 [29]. By similar mechanism, miR-
4759 promotes immune surveillance. Notably, 
miR-4759 expression is much lower in TNBC 
than in other BC subtypes, suggesting a selec-
tive mechanism of PD-L1 upregulation in TNBC 
[39].

CD4+ helper T lymphocytes are another subset 
of T cells that are important in maintaining 
activity and function of CTLs and other immune 
cells. In fact, many factors that affect CTLs in 
the TNBC TME modulate CD4+ helper T cell infil-
tration and/or function. As shown in Table 2, 
most of the factors studied in the context of 
TME reduce CD4+ helper T cells infiltration, and 
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thus contribute to immunosuppressive TME. 
However, as in CTLs, ICAM and KLRB1 play an 
immune protective role and increase CD4+ 
helper T cell presence in the TNBC TME [50, 
105]. It is important to note that the T helper 2 
(Th2) subset of CD4+ helper T cells may play an 
immunosuppressive role in the TME that is 
worth of more investigation [129, 130].

Regulatory T lymphocytes (Tregs) are a key small 
subset of CD4+ (or even smaller subpopulation 
of CD8+) T cells that are immunosuppressive 
against the CD4+ T helper cells or CD8+ CTLs 
and play a vital role in maintaining physiological 
immune self-tolerance mechanisms. Tregs can 
be hijacked to TME where they play a critical 
role in cancer immune evasion. Tregs are specifi-
cally abundant in TNBC TME compared to other 
BC subtypes [25]. Tregs were found to activate 
TGF-β1 secretion by BC cells, which result in 
repression of the cytotoxicity of CD8+ CTLs  
and subsequent immune escape [131]. TGF-β 
secreted by cancer cells is known to modulate 
both innate and adaptive tumor immune 
response [132]. Additionally, Tregs also secrete 
TGF-β into the TME and work together with can-
cer cells for TGF-β mediated repression of CD8+ 
CTLs [131]. In TNBC, Treg infiltration into the 
TME is a major prognostic factor and is associ-
ated with poor ICI response [133]. Steroid 
receptor coactivator 3 (SRC3) is highly ex- 
pressed in Tregs and plays a role for the immuno-
suppressive effects of Tregs. Treating tumors in 
mouse models with Tregs lacking SRC3 induces 
CD8+ CTLs and NK cells mediated immune sur-
veillance [134]. BC cells also modulate Treg pro-
liferation, infiltration and activity in the TME 
using other molecular mechanisms. For exam-
ple, the upregulation of ANXA1 protein in BC 
and especially TNBC, results in boosting Treg-
mediated immune suppression [25]. Modula- 
tion of TME acidity using nanoparticles result- 
ed in the reduction of the Treg population in 
TNBC TME [106]. As described above, MIF 
secretion contributes to immunosuppressive 
TME by reducing CTL infiltration. MIF also  
was found to increase Treg infiltration [117]. 
Surprisingly, KLRB1 and ICAM1-induced anti-
tumoral immune response by increasing CTL 
infiltration was found to be accompanied by 
increased Tregs in the TME [36, 51]. PI3Kδ, 
Lgals2/CSF1, and LXR also play a role in Treg 
infiltration into TNBC TME [77, 122, 135].

B lymphocytes (B cells) can also play both  
an immunosuppressive and immune-activating 
role in the TME [129]. TNBC TME is rich in B 
cells compared to other cell subtypes [136]. 
Anti-tumoral immune-activating role of B cells 
is mediated by antibody production, comple-
ment activation, and antigen presentation. 
However, a small subset of B cells, named Bregs 
play an immunosuppressive role in TNBC TME 
[129], an interesting new area under investiga-
tion. Several factors were found to reduce B 
cell infiltration into TME, including MUC1, PI3K, 
MYC, JMJD8, and GAL [47, 52, 97, 108, 112]. 
KLB1 and ICAM1, however, help B cell infiltra-
tion into BC TME [36, 105].

Natural killer (NK) cells are part of the innate 
immune response and are the first responders 
to stressed cells. NK cells play an important 
role in immune surveillance and their number 
in the TME has a prognostic value. Tumors 
adopt several mechanisms to evade NK- 
mediated immune surveillance by reducing 
their infiltration and cytotoxicity [129]. In TNBC, 
NK cell infiltration is correlated with favorable 
immune response and improved outcomes 
[137]. Interestingly, however, a recent study 
showed that while TNBC exhibits high infiltra-
tion of NK cells into the TME, their tumor infil-
tration is associated with poor survival and 
immunosuppressive phenotype. This study fur-
ther demonstrated that the NK cells enriched in 
TNBC are in fact immature and can induce 
immune evasion by upregulating PD-L1 [138]. 
CDK8, an activator of the JAK-STAT pathway, 
plays an important role in regulating NK cell 
cytotoxicity. In TNBC, CDK8 was found to con-
tribute to immune evasion by inducing epitheli-
al-to-mesenchymal transition (EMT) and pre-
venting NK cell immune surveillance [53]. 
KLRB1 was reported to inhibits the cytotoxicity 
of NK cells by promoting the IFNγ [36]. The 
basic transcription factor 3 (BTF3) was found to 
induce immune evasion by down-regulating the 
interferon regulatory factor 7 (IRF7) and thus 
decreasing NK cell infiltration into TNBC TME 
[139]. BIRC2 decreases CXCR3+ NK cell recruit-
ment into TNBC TME by inhibiting the secretion 
of the chemokine CXCR9 [81]. Upregulation of 
the tryptophan-kynurenine metabolic pathway 
enzyme, indoleamine 2,3 dioxygenase-1 (IDO-
1) in TNBC contributes immune evasion. IDO-1 
induces HLA-G resulting in inhibition of NK cell 
cytotoxicity [140]. IDO-1 is normally expressed 
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by placental trophoblast cells and is a mecha-
nism of immune suppression in such immune 
privileged site. Like what they impact CTLs, 
MertK, CSF1 and NLRP3 also inhibit NK cell 
infiltration into the TME [77, 102, 123].

Myeloid cells are components of the innate 
immune system, and macrophages, neutro-
phils, dendritic cells (DCs), and MDSCs are all 
examples of myeloid cells. These cells seem  
to play a major role in cancer immunity and 
immune evasion mechanisms (Table 2). TAMs 
in the TME might play a dual immune role 
(either pro- or anti-tumoral role). Several factors 
impact the phenotype (immunosuppressive vs. 
anti-tumoral) of the TAMs [141]. Interestingly, 
the origin of the TAM seems to be a major fac-
tor. For example, yolk-sac derived TAMs tend  
to be immunosuppressive whereas monocyte 
derived TAMs tend to be immune supportive 
[141]. Furthermore, macrophages can be divid-
ed into two subsets based on the role they play 
in the TME. M1 macrophages are considered 
inflammatory and play an anti-tumoral role 
whereas M2 macrophages are immunosup-
pressive and pro-tumoral [141].

In BC TME, several factors affect the predomi-
nance of the macrophage types and thus re- 
present a therapeutic target to enhance ICI 
response. KLRB1 exhibits an immune protec-
tive role by increasing the inflammatory M1 and 
reducing M2 macrophages [36, 105]. ICAM1 
also favors the M1 microphages in TNBC TME 
[50, 51]. Mertk supports the immunosuppres-
sive role of M2 macrophages [102], and inhibi-
tion of macrophages’ efferocytosis by MerTK 
blockade, in TNBC resulted in more favorable 
TME marked by increased T cell infiltration and 
cytotoxicity [102]. Lgals2 mainly affects the 
TME via enhancing the colony stimulating fac-
tor 1 on TAMs inducing M2 polarization and pro-
liferation [77]. Other factors that were found to 
induce M2 polarization and thereby contribute 
to TNBC immune evasion include MIF, Chi3l1, 
CD24-Siglec10, LXR, and FGFR1 [99, 117, 122, 
124, 142]. Drug resistant BC cells secrete mic-
roparticles (MPs) that disrupt macrophage’s 
chemotactic function resulting in immune eva-
sion [143]. Cop1, an E3 ligase, interferes with 
macrophage infiltration by inhibiting the secre-
tion of Ccl2 and Ccl7 chemokines [144]. TNBC 
shows increased activation of Jagged1-Notch 
pathway, increased TAM infiltration and inhibit-

ed T cell proliferation and cytotoxicity [125]. 
Heparan sulfate proteoglycan 2 (HSPG2) is an 
important component of the tumor ECM. It 
plays a role in T cell exclusion and EMT. TNBC 
TAMs were found to express high levels of 
HSPG2, which was associated with T cell exclu-
sion, reduced tumor immunity, aggressive me- 
tastasis and poor prognosis. At the molecular 
level, HSPG2 was found to be a target of the 
NF-kB signaling in TAMs, and thus its expres-
sion can be manipulated by inhibiting the NF-kB 
signaling in TAMs [145].

Neutrophils in the TME are diverse and can be 
either pro- or anti-tumoral [129]. In TNBC, neu-
trophils exhibit pro-tumoral role and induce 
tumor metastasis [146] mainly via the forma-
tion of extracellular traps. Chi3l1, overexpre- 
ssed in TNBC increases neutrophil infiltration 
into the TME, thereby inducing the NETosis pro-
cess [99]. MIF overexpression is another mech-
anism that TNBC uses to enhance neutrophil 
infiltration to evade the immune surveillance 
[117]. Interestingly however, KLRB1 and ICAM 
can also promote neutrophil infiltration into the 
TME [50, 105]. MYC oncogene induces immu-
nosuppressive TME phenotype, but it is not 
known why it seems to reduce neutrophil infil-
tration [47, 147].

Dendritic cells (DCs) are APCs that play an 
important role in regulating immune responses 
by affecting other immune cells, specifically T 
lymphocytes [129]. Dendritic cells exert antitu-
mor effects, and some tumors alter their 
recruitment into the TME, fostering immune 
privilege [129]. Molecular factors that modu-
late DCs recruitment and activity in TNBC [36, 
47, 50, 52, 81, 104, 105, 112] are outlined in 
Table 2. A subtype of myeloid dendritic cells is 
found to have tolerogenic properties and thus 
induce tumor growth and suppress the immune 
response, these are the MDSCs. Studies pre-
dict that targeting these cells represent a 
potential therapeutic approach to enhance 
anti-tumor immunity in TNBC [148]. CD84 is a 
surface marker of MDSCs in TNBC [149]. TNBC 
TME was found to be enriched with MDSCs 
[150]. TNBC cells can induce the activation of 
NLRP3 inflammasome in MDSC [123] which 
induces the secretion of IL-1β thereby trigger- 
ing the expansion of MDSCs [151] and decreas-
ing CD8+ CTLs and NK cells [123]. Furthermore, 
in luminal BC subtypes, PIK3CA mutations that 
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results in PI3K hyperactivation also cause 
immunosuppressive TME by recruiting MDSCs 
and reducing cytotoxicity of CTLs [109] through 
STAT3 signaling [109].

Cancer associated fibroblasts (CAFs) belong to 
stromal cells and participate in ECM remodel-
ing to affect other components of TME and play 
an important role in TNBC immune evasion. 
CAF infiltration into the TME is associated with 
poor response to ICI therapy (anti-PD-L1 and 
anti-CTLA-4) independently of tumor intrinsic 
genetic differences [126]. Interestingly, CAFs 
do not affect proliferation or cytotoxicity of 
CD8+ CTLs within the TME, but rather promote 
T cell exclusion [126]. Mechanistically, the 
expression of mannose receptor C type 2 
(MRC2), a protein that play an important role in 
ECM remodeling, on CAFs was associated with 
immunosuppressive TME and is specifically 
upregulated in TNBC but not in luminal BC sub-
types [126]. Hence, CAFs seem to play an 
important role in immune evasion and poor 
response to immunotherapy in TNBC. CAFs 
induce CD8+ CTL exhaustion and exclusion by 
physically excluding T cell access to the tumor 
cells through producing extracellular matrix 
components and expressing CXCL12, the li- 
gand for CXCR4. CAFs also induce tumor sup-
pressive TME by recruiting MDSCs and pro-
tumoral neutrophils and macrophages [20]. 
Fibroblast growth factor receptor (FGFR) on 
CAFs also contributes to T cell exclusion and 
immune evasion by modulating vascular cell 
adhesion protein 1 (VCAM-1) expression, which 
plays a role in leukocyte infiltration to the TME. 
Furthermore, FGFR inhibitors have been proven 
to be effective in enhancing ICI response. FGFR-
1 was found to be upregulated in immune-
excluded (immunologically cold) TNBC tumors, 
which is associated with poor prognosis [124].

Downregulation of antigen-presenting machin-
ery

An important part of immune surveillance is the 
recognition of foreign antigens. Hence antigen 
presentation by tumor cells either directly or 
through APCs represents the most crucial step 
in tumor immune activation. BC, like other 
types of cancer, can evade the immune surveil-
lance by downregulating the antigen-present- 
ing machinery molecules such as MHC-I [152] 
(Figure 1C; Table 2). Myelin and Lymphocyte 2 

(MAL2) protein, a protein involved in membrane 
trafficking and sorting, was found to be highly 
expressed in TNBC and was associated with 
decreased CD8+ cytotoxicity via disrupting 
MHC-I on cancer cells [127]. Inhibition of SOX4 
was shown to enhance cancer antigen presen-
tation and reduce PD-L1 expression [128]. 
Epigenetic inhibitors such as GSK-LSD1, CUDC-
101 and BML-210 have shown to enhance 
MHC-I expression and augment ICI therapy in 
BC [153]. TRAF3 and SMAC mimics downregu-
lated MHC-1 expression on cancer cells, but 
their role in TNBC has not been investigated yet 
[154]. Blockade of NK2GA, an inhibitory re- 
ceptor expressed on NK cells and CD8+ CTLs, 
has been shown to markedly enhance tumor 
immune response when combined with anti-
PD-L1 therapy [155].

Conclusions

ICI therapy has shown some effect on TNBC. 
However, TNBC adopts several mechanisms to 
evade the immune system which likely results 
in poor patient response to ICI therapy. Further 
understanding of the mechanisms of immune 
evasion and resistance at signaling and molec-
ular levels will help identify ideal therapeutic 
targets and strategies for designing effective 
immunotherapy including ICI therapy and facili-
tate clinical trials for TNBC patients.
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