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This review focuses on the immune checkpoint inhibitors (ICIs) in the context of breast cancer (BC) management.
These innovative treatments, by targeting proteins expressed on both tumor and immune cells, aim to overcome
tumor-induced immune suppression and reactivate the immune system. The potential of this approach is the
subject of numerous clinical studies. Here, we explore the key studies and emerging therapies related to ICIs
providing a detailed analysis of their specific and combined use in BC treatment.

Introduction

Currently, BC is the most prevalent cancer worldwide, with
approximately 2.3 million new cases in 2020, representing 12 % of all
global cancer cases [1].

BC is a heterogeneous neoplasm with distinct subtypes. Based on the
presence or absence of estrogen receptors (ER) and progesterone re-
ceptors (PR), and the expression of human epidermal growth factor re-
ceptor 2 (HER2), BC subtypes are classified as: hormone-receptor (HR)-
positive (HR+; ER+, PR+), HER2-positive (HER2+) and triple-negative
BC (TNBC; ER-, PR- and HER2-) [1], with different prognosis and

treatment options. Certain types of immune cells, primarily Natural
Killer (NK) cells and cytotoxic T cells, can suppress cancer growth [2].
However, cancer cells have developed various mechanisms to evade
immune surveillance, managing to escape the control of the immune
system cells [3].

A groundbreaking milestone in the field of oncology has been the
advent of immunotherapy, aimed at enhancing natural defenses to
counteract cancer cells [4]. Initially BC was considered not very
responsive to immunotherapies, but technological advancements in
immune system studies have led to the application of these treatments in
this cancer type as well [5]. There are several categories of
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immunotherapeutic drugs, among which immune checkpoint inhibitors
(ICIs) are one of the most studied approaches. The immune checkpoints
(ICs) are regulatory inhibitory molecules crucial for ensuring immune
tolerance, often exploited by tumors to evade immune surveillance by
our immune system [6]. ICIs drugs block inhibitory signals allowing
immune cells to attack tumor cells more effectively. The most actively
targeted molecules include cytotoxic T lymphocyte-associated molecule-
4 (CTLA-4), programmed cell death receptor-1 (PD-1), and programmed
cell death ligand-1 (PD-L1) [7-9]. In this review, we explore the efficacy
of novel immunotherapeutic strategies for BC, with a particular
emphasis on ICIs.

Breast cancer therapy

Breast cancer (BC) treatment is highly complex (Fig. 1), involving
surgery, radiotherapy, chemotherapy, targeted therapy, gene therapy,
and immunotherapy [1,10,11].

Conventional therapies

Conventional therapies are fundamental in the management of BC,
with the aim of eliminating the tumor, preventing its return, and
enhancing overall survival [12] (Fig. 1A). Surgery, including lumpec-
tomy or partial mastectomy, and total mastectomy, is typically the pri-
mary method for removing tumors, particularly those that are localized
and solid [13]. Surgery remains a critical aspect of BC treatment, of-
fering options such as breast-conserving surgery (lumpectomy) or
mastectomy, chosen based on factors such as tumor characteristics,
patient preferences, and oncological considerations [14]. Lumpectomy
involves removing the tumor along with a margin of healthy tissue,
preserving the breast, while mastectomy involves complete removal of
the breast tissue [15].

Radiotherapy is essential in BC treatment, utilizing high-energy ra-
diation to target and eliminate cancer cells in the breast or surrounding
areas. It is used at various stages of BC management, including after
surgery (adjuvant radiotherapy) to reduce the risk of local recurrence
and as part of definitive therapy for locally advanced or metastatic
disease. Adjuvant radiotherapy is typically recommended after
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lumpectomy to lower the risk of cancer recurrence in the breast, while
post-mastectomy radiotherapy is often advised to eradicate any residual
cancer cells in the chest wall and regional lymph nodes [16,17].

Chemotherapy plays a crucial role in BC treatment, especially in
cases where cancer has spread or is considered high risk. Commonly
used chemotherapy agents include anthracyclines like doxorubicin and
epirubicin, taxanes such as paclitaxel and docetaxel, methotrexate and
fluorouracil in various regimens [18]. Chemotherapy may be given
before surgery (neoadjuvant chemotherapy) to reduce tumors, after
surgery (adjuvant chemotherapy) to eliminate any remaining cancer
cells, or in advanced cases to control the disease and relieve symptoms
[19]. Despite associated risks, chemotherapy is essential in preventing
recurrence in patients with stage I-III BC. Chemotherapy has been
proven effective against TNBC and complements endocrine therapy or
HER2-directed treatment for hormone receptor-positive/HER2-negative
or HER2-positive BC, respectively [20]. However, these approaches are
not very specific and can lead to significant side effects, being frequently
associated with persistent fatigue or suboptimal health-related quality of
life [21].

Targeted therapy

Targeted therapy (Fig. 1A) is designed to combat specific proteins
expressed by tumor cells implicated in the tumorigenic process [22-24].
Notably, among the therapeutic targets are the ER and HER2 receptors
[25,26].

Drugs classified as SERMs (Selective Estrogen Receptor Modulators)
are employed in hormone-dependent BC therapy due to their ability to
act as either agonists or antagonists of the estrogen receptor [27]. Key
examples of SERMs include tamoxifen, raloxifene, and lasofoxifene
[28,29].

Aromatase Inhibitors (Als), such as anastrozole, letrozole, and
exemestane, operate by inhibiting the conversion of androgens to es-
trogens in postmenopausal women [30].

In BC treatment, encompassing HER2+ and TNBC subtypes, drugs
targeting factors involved in the cell cycle, angiogenesis, and metastasis
are used. Some examples of these therapeutic targets comprise HER2,
PARP, PI3K/AKT/mammalian target of rapamycin (mTOR), vascular

chemotherapy
Rradiotherapy,

Fig. 1. Different approaches of Breast Cancer treatment. Panel A describes the currently used treatment approaches in BC involving surgical resection,
chemotherapy and radiotherapy in addition to immunotherapy and targeted therapy. Panel B describes the novel treatment options and approaches currently being
studied or under trial for the treatment of BC. At the center of the figure are monoclonal antibodies, which can be combined with various other therapies. These
synergistic combinations aim to improve patient response and the overall efficacy of BC therapy.
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endothelial growth factor (VEGF), and fibroblast growth factor receptors
(FGFR) [31,32].

Human epidermal growth factor receptor 2 (HER2) is a tyrosine ki-
nase receptor overexpressed in approximately 20 % of BCs [33]. The first
approved monoclonal antibody (mAb) targeting HER2 was Trastuzumab
(Herceptin®), which remains a cornerstone drug for treating early-stage
and metastatic HER2 positive patients [34].

At the molecular level, it acts by inhibiting HER2 receptor dimer-
ization, internalization, and degradation; moreover, being an IgG1, it
also induces Antibody-Dependent Cell-Mediated Cytotoxicity (ADCC)
[35]. However, treatment with Trastuzumab often leads to resistance, in
which are involved mutations (e.g., expression of a truncated form of
HER2 lacking the binding site for Trastuzumab), overexpression of
mucin 4 (MUC4) that hinders the interaction between Trastuzumab and
HERZ2, and the activation of the PI3K/mTOR pathway [36]. This type of
resistance may be overcomed using combination therapies (e.g. Tras-
tuzumab with PI3K/mTOR pathway inhibitors) [37].

Other antibodies, such as Pertuzumab and ertumaxomab, also target
HER2 and have demonstrated efficacy in HER2+ BC [38,39].

The combination of Pertuzumab with Trastuzumab is approved for
treatment of early-stage and metastatic HER2 positive patients [40,41].

Targeted therapy encompasses PARP inhibitors (PARPi), which
specifically target Poly (ADP-ribose) polymerase (PARP), a key player in
DNA repair processes activated by DNA strand breaks [42]. Olaparib,
niraparib, rucaparib, and talazoparib are among the PARPi approved by
the FDA. Their utilization is advised for cancers manifesting impaired
homologous recombination repair mechanisms, such as those associated
with BRCA1/2 mutations [43].

CDK4/6 are essential for cancer cell proliferation. Their activation by
D-type cyclins phosphorylates retinoblastoma protein (Rb), which then
activates E2F transcription factors, enabling cell cycle progression and
division [44]. Given the frequent upregulation of cyclin D and phos-
phorylated Rb in HR+ BC, targeting the G1/S checkpoint is a strategic
approach to stop cancer cell proliferation. CDK4/6 inhibitors effectively
arrest the cell cycle at this checkpoint and are used with hormonal
therapies to treat HR+ and HER2— advanced or metastatic BC [45].
FDA-approved CDK4/6 inhibitors include palbociclib, abemaciclib, and
ribociclib [46,47].

AKT (Ak strain transforming) plays a central role in the PI3K/AKT/
mTOR signaling pathway, driving cell growth and cancer progression
[48,49]. This pathway can be activated by different stimuli, while PTEN
(phosphatase and tensin homolog) acts as a negative regulator. Tumor
cell can be characterized by activation of the PI3K/AKT signaling
pathway, either resulting from activating mutations or loss of PTEN
inhibition, depending on the subtype of BC [50]. Various AKT inhibitors
have been tested in clinical trials, with ATP-competitive inhibitors like
capivasertib and ipatasertib showing promise, especially in combination
therapies [51].

Angiogenesis, crucial for oxygen supply to tumors, is regulated by
various mechanisms in cancer cells, fostering new blood vessel growth
and metastasis [52]. In BC, VEGF expression is prominent due to their
association with HER2 activation [53]. Angiogenesis inhibitors, like
mAbs and tyrosine kinase inhibitors (TKIs) targeting VEGF and VEGFRs,
are used in advanced solid tumor therapy [54]. Anti-angiogenesis has
good efficacy when combined with standard chemotherapy. Bev-
acizumab, a mAb against VEGF, is explored for metastatic BC treatment.
TKIs (axitinib, cediranib, sunitinib, sorafenib, pazopanib and vandeta-
nib) targeting catalytic function of VEGFR, are also used in BC therapy
[55].

Another mADb used in hormone therapy for patients with BC targets
the insulin-like growth factor 1 receptor (e.g., figitumumab and cix-
utumumab) [56].

Moreover, the FGF/FGFR axis represents a potential therapeutic
target in BC. FGF/FGFR signaling is vital for regulating key cellular
processes in cancer including growth, survival, and migration [57].

Activation occurs when FGFs bind to FGFRs, triggering a cascade of
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events leading to cell proliferation and survival via the PI3K/AKT and/
or RAS/MAPK pathways. Abnormalities in FGF/FGFR are prevalent in
BC, often co-occurring with other genetic abnormalities [58,59].

TKIs such as dovitinib, lucitanib, and lenvatinib show promise in
clinical trials. However, challenges such as poor patient enrollment have
led to the discontinuation of some trials, highlighting the need for
further research in this area [23].

In conclusion, conventional BC treatments often cause side effects
affecting patients’ quality of life. Drug usage limitations include non-
specific targeting of tumor antigens and drug resistance [60]. To miti-
gate these effects, emerging therapies, like immunotherapy, treatments
targeting specific tumor molecules and combination of different thera-
pies, showing promise for optimizing BC management [61].

Immunotherapy

In BC, as in many other types of cancer, a primary role is played by
the tumor microenvironment (TME), a very complex and constantly
evolving environment which includes blood vessels, stromal cells,
mesenchymal stem cells (MSCs), tumor-associated macrophages
(TAMs), tumor-infiltrating T and B lymphocytes, as well as dendritic
cells (DCs) and NKs, and other components that form the extracellular
matrix (ECM) [62].

The cells within the TME continuously interact with each other and
with tumor cells, producing extracellular matrix complexes and soluble
factors, such as cytokines and chemokines, that shape the TME [62,63].
The TME plays an essential role in tumor progression and metastasis,
treatment resistance, and recurrence. The interaction between these
cells is currently being extensively studied to identify tumor progression
pathways and therefore provide better therapeutic targets for BC [62].

Traditionally, patients who respond to ICIs typically exhibit a “hot”
(immune-inflamed) phenotype, characterized by immune cell infiltra-
tion, while non-responders may display a “cold” (immune-desert/im-
mune-excluded) phenotype, marked by an absence or lower infiltration
of immune cells in the tumor [62].

Notably, recent studies indicate that tumors with low immune
infiltrate can still significantly respond to ICIs, while tumors with high
tumor infiltrating lymphocytes (TILs) may exhibit a poor response to
these therapies [64]. Therefore, immune cell infiltration may be
necessary but insufficient for ICIs responsiveness, raising questions
about how to accurately identify responders to ICIs.

NK cells are innate lymphoid cells that are considered highly effec-
tive in antitumor responses, since many tumor cells lack HLA-I mole-
cules rendering T cell response ineffective, whereas NK cells can identify
and destroy these cells [65]. Generally, their abundance is associated
with increased overall survival (OS) in various cancers [66]. Tumors
with high NK infiltration, termed “NK-dominant”, could represent an
important clinical subgroup. Furthermore, besides direct cytotoxicity,
NK cells play a crucial role in shaping both innate immune responses in
inflamed peripheral tissues and adaptive immune reactions in secondary
lymphoid compartments [67]. In addition, NK cells can share inhibitory
receptors with T cells, including PD-1, suggesting possible common
targets in ICIs therapies [8,68,69].

BC was previously deemed non-immunogenic, leading to limited
exploration of immunotherapeutic strategies. However, recent immu-
nophenotypic analyses have revealed various immune cells with either
pro- or anti-tumoral activities within the TME of BC [70]. The presence
of TILs in BC samples has underscored the tumor’s immunogenic po-
tential. HER2+ and TNBC subtypes exhibit higher TILs counts compared
to HR+ subtypes [70], highlighting the variability in immune cell
composition. Immunotherapeutic strategies primarily involve ICIs that
block suppressive pathways such as PD-1 and CTLA-4. Programmed
death-ligand 1 (PD-L1) immunohistochemistry (IHC) expression is the
most widely used biomarker, but not sufficient, as it only appears to
have predictive value in metastatic TNBC. Tumor mutational burden
(TMB) is a marker of tumor foreignness and immunogenicity, as mutated
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antigens are recognized by T cells to initiate a cytotoxic response
[71,72]. Mutational load is highly variable in BC, and tumors that pre-
sent high TMB may respond more favorably to ICI [73].

Other approaches under investigation include cytokine treatments,
cancer vaccines, and oncolytic viruses, in addition to adoptive cellular
therapies.

The expression profile of pro-inflammatory cytokines changes during
BC progression. Research on cytokines like IL-2, IFN-a, IFN-$, IFN-y, IL-
6, and IL-12 has shown modest initial effects, but newer strategies
involving engineered cytokines and receptors are showing promise [74].

Cancer vaccines include peptide-based, DC-based and nucleic acid-
based vaccines. The first category targeting tumor-specific antigens
(TSAs) or tumor-associated antigens (TAAs) such as HER2 or Mucin 1
(MUC1), aim to elicit immune responses against tumors [75].

Oncolytic virotherapy uses replication-competent viruses to selec-
tively infect and destroy cancer cells through mechanisms like direct
lysis and immune activation. Talimogene laherparepvec (T-VEC),
approved by the FDA in 2015 for melanoma [76], is an example, with
ongoing trials exploring its use in BC.

Adoptive cell therapy (ACT) involves isolating and modifying im-
mune cells ex vivo before reintroducing them into the patient [77]. This
includes genetic engineering techniques such as chimeric antigen re-
ceptor T cell (CAR-T) therapy and T cell receptor chimeric T cell (TCR-T)
therapy. CAR-NK therapy and CAR-M cells are newer approaches,
focusing on improving specificity and targeting antigens on BC cells
[78].

Additional ACT methods involve expanding and activating immune
cells from peripheral blood or tumors in vitro before reintroduction.

Immune attack
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Examples include TILs therapy, cytokine-induced killer (CIK) cell ther-
apy, lymphokine-activated killer (LAK) cell therapy, and NK cell therapy
[78-81].

ICIs-based therapy

The introduction of ICIs has revolutionized cancer treatment by
targeting key ICs like the PD-1/PD-L1 axis and the CTLA-4-CD28
pathway. PD-1, expressed on T cells, binds to its ligands PD-L1/PD-L2 to
maintain immune tolerance and prevent autoimmunity by inducing
apoptosis in cells attacking PD-Ls + cells. CTLA-4, competing with CD28
for binding to CD80/CD86 on antigen-presenting cells, acts as an “off”
switch, downregulating the immune response. Tumors exploit these
mechanisms by upregulating ICs/IC ligands expression to evade immune
detection, a phenomenon also observed in BC [11]. ICIs work by
releasing this inhibitory control, allowing the immune system to target
cancer cells (Fig. 2). Anti-PD-1 and anti-PD-L1 antibodies, as well as
mAbs against CTLA-4, are in clinical use for treating various tumors,
with ongoing trials evaluating their efficacy [82]. Additionally, recent
findings suggest ICIs also affect NK cells, which express inhibitory ICs
like NKG2A, KIRs, PD-1, TIM-3, LAG-3, and TIGIT/CD96 [9,83].
Blocking antibodies targeting NK inhibitory receptors are currently
under clinical assessment for solid tumors [84].

Anti-PD-1/PD-L1 therapy

Pembrolizumab is an IgG4 mADb that binds to PD-1. Phase I clinical
trial KEYNOTE-012 (NCT01848834) showed that Pembrolizumab
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Fig. 2. ICIs permit T and NK activation against tumor cells. How different Inmune checkpoint inhibitors (ICIs) can activate T and NK cells by blocking inhibitory
receptors and/or their ligands, enabling effective targeting and killing of tumor cells (TCR: T cell receptor; a-NKR: activating NK receptors; a-NKR-L: ligands for a-
NKR; LSECtin: LAG-3 ligand; Ceacam-1: TIM-3 ligand; CD155/CD112: TIGIT/CD96 ligands).
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monotherapy has a good safety and objective response rate in patients
with advanced TNBC [82]. In the Phase II KEYNOTE-086
(NCT02447003) study Pembrolizumab showed a safety profile, dura-
ble antitumor activity in a small subset of patients and survival was
promising [82]. The assessment of TILs levels could be useful to identify
which patients with TNBC might have a higher likelihood of response to
Pembrolizumab [82]. An exploratory biomarker analysis revealed that
baseline levels of PD-L1, CD8, TILs, and TMB were associated with
improved clinical outcomes [85]. The cTRACK-TN trial (NCT03145961)
aims to shed light on the benefits of gradually escalating Pembrolizumab
treatment for TNBC patients with detectable circulating tumor DNA
[82]. Despite these encouraging results, the phase III KEYNOTE-119
(NCT02555657) did not show a significant survival benefit for Pem-
brolizumab compared to chemotherapy. Only patients with higher PD-
L1 expression levels showed a favorable response to Pembrolizumab
treatment [82].

Avelumab is a human anti-PD-L1 IgG1l mAb that inhibits the inter-
action between PD-1 and PD-L1. In the phase I JAVELIN Solid Tumor
study (NCT01772004), Avelumab was administered in heavily pre-
treated patients with metastatic BC, showing a manageable safety profile
and modest therapeutic activity. Currently, the Phase III randomized
trial A-Brave (NCT02926196) is ongoing to evaluate the efficacy of
Avelumab in high-risk TNBC patients. Additionally, Avelumab exhibited
cytotoxic effects through NK cells in TNBC patients. This enhancement
improved NK cell recognition and cytotoxicity against tumors, boosting
immune responses [82].

Atezolizumab is another anti-PD-L1 IgGl mAb. In a multicenter
phase I trial (NCT01375842), Atezolizumab showed clinical benefit and
good tolerance in patients with metastatic TNBC [82].

Anti-CTLA-4 therapy

CTLA-4 is an essential regulator of T-cells immune response, main-
taining peripheral tolerance binding to CD80 (B7-1) and CD86 (B7-2)
expressed on DCs or tumor cells. Binding B7 co-stimulatory molecules, it
reduces their interaction with CD28 [86]. Upon T-cell activation, CTLA-
4 translocates to the cell surface and inhibits signaling through the CD28
receptor, crucial for T-cell activation and growth. This inhibitory effect
is amplified by CTLA-4's higher binding affinity with B7s compared to
CD28. Additionally, CTLA-4 binding blocks IL-2 transcription, essential
for T-cell growth [11]. Blocking CTLA-4 with mAb may enhance T-cell
response against cancer cells.

In a pilot study (NCT01502592), the effectiveness of Ipilimumab, an
IgG1 anti-CTLA-4 mAb, was tested in women with early-stage BC. Ipi-
limumab monotherapy or Ipilimumab in combination with cryoablation
in BC patients showed an acceptable safety profile [82].

Other ICIs

LAG-3 is an emerging inhibitory receptor highly expressed in regu-
latory and activated T-cells, and NK cells. LAG-3 inhibitors can also
suppress Tregs while enhancing the activity of effector T-cells [87]. LAG-
3 shows a simultaneous or parallel upregulation with PD-1 on TILs, and
it could drive primary resistance in certain T cell-infiltrated tumors [88].
The FDA has recently approved the LAG-3 inhibitor Relatlimab for use in
combination with Nivolumab for treating unresectable or metastatic
melanoma [89].

TIM-3 induces immunosuppression of T and NK cells function,
thereby enhancing the immunosuppressive environment by modulating
T-cell proliferation and cytokine production [90]. Different clinical tri-
als are ongoing to target TIM-3 in patients with advanced solid tumors
[91].

ICIs targeting NK cell inhibitory receptors, which could enhance the
activation and cytotoxic functions of NK cells, have emerged as a
promising strategy in cancer immunotherapy.

NK and T cells share several ICs, including the classical NK-ICs
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NKG2A and KIRs [69]. NKG2A, present on NK cells and a subset of
CD8 T cells [68], binds to the non-classical HLA-E molecule, thereby
inhibiting immune-cell function [68,92].

Given that HLA-E molecules are frequently overexpressed on human
tumor cells, using an anti-NKG2A antibody could enhance NK cell
cytotoxicity against these tumors [68]. Monalizumab, for instance, binds
to NKG2A, blocking the NKG2A-HLA-E axis and restoring NK cell ac-
tivity, thereby mimicking the 'missing-self’ response.

TIGIT (T cell immunoreceptor with immunoglobulin and ITIM
domain) is a recently identified checkpoint expressed on NK cells, T
cells, Tregs, and TILs, and it contributes to increased levels of immu-
nosuppressive cytokines. Blocking TIGIT has been shown to trigger a
robust NK cell-dependent, tumor-specific T cell response [69].
Currently, two distinct mAbs targeting TIGIT are in phase I clinical trials
in breast cancer patients (NCT03628677 and NCT03119428) (Table 1).

ICIs resistance

Despite the significant clinical benefits observed from anti-CTLA-4
and anti-PD-1/PD-L1 antibody therapies in certain patients, a consid-
erable number of patients still fail to respond to these treatments. The
efficacy of ICIs immunotherapy relies on the infiltration of TILs into
TME, and the initiation of an inflammatory response characterized by
the production of IFN-y. Tumors with this phenotype, known as T cell-
inflamed, typically exhibit high PD-L1 levels [93]. TNBC with elevated
PD-L1 expression, increased TMB, and higher levels of TILs has been
shown to benefit from ICIs therapy [94]. ICIs treatment alongside first-
line chemotherapy has enhanced survival in advanced TNBC patients
expressing PD-L1. However, most patients either fail to respond to or
ultimately develop resistance to ICIs that inhibit the PD-1/PD-L1
pathway leading to poor outcomes. ICIs have shown limited effective-
ness in PD-L1-negative TNBC and other BC subtypes, highlighting the
need for a deeper understanding of ICIs resistance in BC. ICIs activity
and resistance in BC are closely linked to the tumor’s intrinsic immu-
nophenotype. Biomarkers more robust than PD-L1 expression are utterly
needed. Although there are currently insufficient studies explaining the
effect of MSCs on BC treatment with ICIs, evidence suggests that MSCs
may nevertheless influence the expression of PD-1/PD-L1 in BC cells
[95]. Conversely, tumors evade T cell-mediated immunity by reducing
the expression of HLA-I molecules; these HLA-I-deficient tumor cells are
not targeted by T cells, but they remain susceptible to NK cell attacks
[96]. In this context, NK cell-targeted immunotherapy emerges as a
promising alternative or complementary strategy to overcome the lim-
itations of T cell immunotherapy. Future approaches could benefit from
both treatments to enhance therapeutic efficacy. Furthermore, drug

Table 1
Clinical Trials in Breast Cancer: ICIs monotherapy and combination of ICIs.

ICIs monotherapy

Treatment Target Trial BC Subtype
Pembrolizumab PD-1 NCT01848834  Mestastatic TNBC
PD-1 NCT02447003 Advanced TNBC
PD-1 NCT02555657 Metastatic TNBC
Avelumab PD-L1 NCT02926196 High-risk TNBC
PD-L1 NCT02926196 High-risk TNBC
Atezolizumab PD-11 NCT01375842  Advanced TNBC
Ipilimumab CTLA-4 NCT01502592  Early-stage/
resectable BC
Combination of ICIs
Treatment Target Trial BC Subtype
Nivolumab and Ipilumab  PD-1 and NCT02834013  Metaplastic breast
CTLA-4 cancer
Durvalumab and PD-L1 and NCT02536794 Metastatic ER+,
Tremelimumab CTLA-4 TNBC
Cemiplimab and PD-1 and NCT01042379 BC
Fanlimab LAG-3
Spartalizumab and PD-1 and NCT02460224  TNBC
Ieramilimab LAG-3
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combinations are under evaluation to overcome immuno-resistance,
showing encouraging results in early-phase studies. Tailored combina-
tion strategies based on patient and tumor immunophenotype hold
promise for overcoming resistance and maximizing the potential of ICIs
[97] (Fig. 1B).

Combination of ICIs with other treatments
ICIs with chemo- or radio- therapy

Chemotherapy and radiotherapy contribute to modify TILs and Tregs
infiltrate, providing rationale for combining them with ICIs [98]
(Table 2).

In the phase III KEYNOTE-355 trial (NCT02819518), the combina-
tion of Pembrolizumab and standard chemotherapy led to a greater
progression-free survival compared to chemotherapy alone in advanced
TNBC patients with PD-L1 combined positive score (CPS) > 10 [82].
Similar results were obtained in the neoadjuvant setting in the
KEYNOTE-173 trial (NCT02622074), phase III trial KEYNOTE-522
(NCT03036488), and phase II trial I-SPY2 (NCT01042379) in
HR+HER2+ [82]. The efficacy of treatment in early-stage disease was

Table 2
Clinical Trials in Breast Cancer: Combination of ICIs with chemo- and radio-
therapy.

Combination of ICIs with chemo- and radio- therapy

Treatment Target  Trial BC Subtype
Pembrolizumab with nab- PD-1 NCT02819518 Metastatic TNBC
paclitaxel or paclitaxel or
Gemcitabine/carboplatin
Neoadjuvant pembrolizumab PD-1 NCT02622074 Advanced and
with chemotherapy metastatic TNBC
combination
Neoadjuvant pembrolizumab PD-1 NCT03036488 Advanced and
with paclitaxel-carboplatin metastatic TNBC
and adjuvant
pembrolizumab
Neoadjuvant pembrolizumab PD-1 NCT01042379 High-risk clinical
with standard stage II or III BC
chemotherapy
Pembrolizumab with eribulin ~ PD-1 NCT02513472 Metastatic TNBC
Pembrolizumab with eribulin ~ PD-1 NCT03222856 Metastatic or
recurrent
HR+HER2-
Pembrolizumab with PD-1 NCT03289819 TNBC
neoadjuvant nab-paclitaxel
Pembrolizumab with PD-1 NCT02730130 TNBC
radiotherapy
Cemiplimab with PD-1 NCT04243616 High-risk or
neoadjuvant chemotherapy progressive
HR-+HER2-, TNBC
Nivolumab following chemo- PD-1 NCT02499367 Metastatic TNBC
or radio- therapy
Toripalimab with nab- PD-1 NCT04085276 Metastatic or
paclitaxel recurrent TNBC
Atezolizumab with nab- PD-L1 NCT03197935 Early-stage TNBC
paclitaxel and
anthracycline
Atezolizumab with nab- PD-L1 NCT 02425891 Unresectable locally
paclitaxel advanced or
metastatic TNBC
Atezolizumab with PD-L1 NCT002620280  Advanced or
carboplatin and nab- metastatic TNBC
paclitaxel
Avelumab with liposomal PD-L1 NCT03971409 Unresectable and
doxorubicin recurrent TNBC
Durvalumab with PD-L1 NCT02685059 Early-stage TNBC
neoadjuvant anthracycline
or taxane
Durvalumab and olaparib PD-L1 NCT01042379 BC
with neoadjuvant
paclitaxel
IMP321 with paclitaxel LAG-3 NCT00349934 Metastatic BC
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independent of PD-L1 expression [99].

Combination of Pembrolizumab with eribulin has been investigated
in different trials, with promising therapeutic efficacy in metastatic
TNBC patients (NCT02513472) [82] and in metastatic or recurrent HR+
HER2— BC patients (NCT03222856) [82]; on the contrary, it did not
show promising clinical outcomes in metastatic HR+HER2— BC patients
[100].

The NeoImmunoboost trial (NCT03289819) investigated the com-
bination of neoadjuvant nab-paclitaxel chemotherapy with Pem-
brolizumab, showing favorable outcomes [101].

Pembrolizumab combined with radiotherapy was both safe and
effective for metastatic TNBC patients in a phase II trial (NCT02730130)
[102].

The combination of neoadjuvant chemotherapy and Cemiplimab
(anti-PD1) is under investigation in a phase II trial (NCT04243616) [82]
in TNBC and high-risk or progressive HR+ HER2— disease.

In the TONIC phase II study (NCT02499367) [82] chemotherapy or
radiotherapy followed by maintenance Nivolumab (anti PD-1) exhibited
therapeutic efficacy in metastatic TNBC patients, higher than expected
in metastatic TNBC. These data indicate immunoregulatory properties
by chemotherapeutics in developing a TME favorable for PD-1 blockers.

The humanized PD-1 antibody Toripalimab, demonstrated signifi-
cant antitumor activity as a monotherapy in patients undergoing salvage
treatment for advanced TNBC [103]. The TORCHLIGHT evaluated the
combination with nab-paclitaxel versus placebo, showing a reduction in
disease progression and mortality in patients with metastatic or recur-
rent TNBC [104].

According to the IMpassion130 trial (NCT 02425891) [82], the
combination of Atezolizumab with paclitaxel is approved in first line PD-
L1-positive TNBC patients. In early stage TNBC, the phase III trial
IMpassion031 (NCT03197935) [82], the combination of Atezolizumab
with chemotherapy, significantly improved complete response rates
with a safety profile, regardless of PD-L1 expression [105]. However, the
results of the phase III NeoTRIPaPDL1 clinical trial (NCT002620280)
did not confirm these data.

Similar clinical studies have shown variable results, which may be
related with different methods of PD-L1 detection, different clinical
protocols, and different clinical characteristics of the patients enrolled in
the study [11].

Given the divergent results of the PD-1/PD-L1 blockade plus
chemotherapy-based trials for the first-line treatment of TNBC
[105-108], such as those conducted in IMpassion031, KEYNOTE-355,
and IMpassion130, additional clinical research is essential to pinpoint
the optimal chemo-immunotherapy combinations and to elucidate the
associated tumor biology for the treatment of metastatic TNBC. While
these trials have demonstrated the potential of combining ICIs with
chemotherapy, they have also highlighted variability in efficacy, patient
response, and survival outcomes. For instance, the IMpassion130 trial
showed significant improvement in progression-free survival with ate-
zolizumab plus nab-paclitaxel, particularly in PD-L1-positive patients,
whereas the KEYNOTE-355 trial found pembrolizumab plus chemo-
therapy to be effective but with variable outcomes depending on PD-L1
expression levels. The IMpassion031 trial, focusing on neoadjuvant
therapy, demonstrated the potential for increased pathologic complete
response rates, yet questions remain about long-term benefits and
optimal patient selection. Thus, a comprehensive understanding of these
strengths and limitations is crucial for advancing therapeutic strategies
in TNBC [105-108].

The phase II trial NCT039714009 is investigating the clinical effec-
tiveness of Avelumab combined with liposomal doxorubicin with or
without the MEK inhibitor binimetinib, or Avelumab combined with the
anti-TROP-2 Sacituzumab govitecan, in advanced TNBC [82].

Durvalumab, when combined with various chemotherapy regimens,
showed clinical benefits in BC patients. In the GeparNuevo phase II trial
(NCT02685059), Durvalumab combined with anthracycline- or taxane-
based neoadjuvant chemotherapy slightly improved pathological
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complete response in TNBC patients. Notably, the treatment was effec-
tive despite the absence of Durvalumab maintenance [82].

Combining LAG-3Ig fusion protein, IMP321, with paclitaxel
(NCT00349934) showed an improved response via activation of APCs,
CD8 + T and NK cells in metastatic BC patients [82].

ICIs with targeted therapy

Several studies have evaluated ICIs therapy combined with targeted
therapy (Table 3).

Combination of PARP-I (niraparib or talazoparib) with ICIs
(respectively Pembrolizumab or Avelumab) in two distinct studies
(NCT02657889; NCT03330405) showed an improved response in
advanced or metastatic TNBC [82]. Antitumor activity was observed in
some patients with BRCA1/2-associated BC when treated with Avelu-
mab plus talazoparib [109].

In a phase I/II trial (NCT02734004) Durvalumab combined with
PARPi, Olaparib, showed a safety antitumor effect in metastatic BC
patients [82].

The recent NEWFLAME trial evaluated the efficacy and safety of
Nivolumab in combination with the CDK4/6 inhibitor abemaciclib, but
although this combination demonstrated activity, it also resulted in se-
vere and prolonged immune-related adverse effects [110,111].

Atezolizumab used in combination with the AKT inhibitor, Ipata-
sertib, and Paclitaxel/Nab-paclitaxel demonstrated efficacy in advanced
and metastatic TNBC (NCT03800836) [82].

Anti-VEGF drugs exhibit dosage-dependent immunostimulatory ef-
fects. Low doses of antiangiogenetics can enhance anti-tumor immunity.
Targeting VEGFR can increase immune cell infiltration, leading to
osteopontin (OPN) secretion by CD8+ T cells and macrophages. OPN, in
turn, promotes TGF-f production, upregulating PD-1 expression on

Table 3
Clinical Trials in Breast Cancer: Combination of ICIs with targeted therapy and
other immunotherapy strategies.

Combination of ICIs with targeted therapy

Treatment Target Trial BC Subtype

PARP inhibitors

Pembrolizumab with PD-1 NCT02657889 Advanced or
Niraparib metastatic TNBC

Nivolumab with Cabozantinib ~ PD-1 NCT03316586 Metastatic TNBC

Avelumab with Talazoparib PD-L1 NCTO03330405 Advanced TNBC

Durvalumab with Olaparib PDL-1 NCT02734004 Metastatic BC

CDK4/6 inhibitors

Nivolumab with Abemaciclib PD-1 UMINO000036970  Metastatic

HR-+HER2- BC

AKT inhibitors

Atezolizumab with Ipatasertib ~ PD-L1 NCT03800836 Metastatic TNBC
and Paclitaxel/Nab-
paclitaxel

Angiogenesis inhibitors

Camrelizumab with low dose PD-1 NCT03394287 Advanced TNBC
of Apatinib

Camrelizumab with Apatinib PD-1 NCT04303741 Advanced TNBC
and Eribulin

Camrelizumab with Famitinib ~ PD-1 NCT04129996 Advanced TNBC
and chemotherapy

Anti-HER2 agents

Pembrolizumab with PD-1 NCT02129556 Advanced HER2
Trastuzumab + BC

Atezolizumab with PD-L1 NCT02924883 Metastatic HER2
Trastuzumab +BC

Atezolizumab with PD-11 NCT03726879 Early-stage
Trastuzumab and HER2 + BC
chemotherapy

Monalizumab and NKG2A  NCT04307329 Metastatic HER2
Trastuzumab + BC

Combination of ICIs with other immunotherapy strategies

Treatment Target Trial BC Subtype

Nivolumab with IL-2 PD-1 NCT03435640 TNBC

Avelumab with NK cells PD-L1 NCT03387085 TNBC
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immune cells [112].

Combination of Camrelizumab (anti PD-1) with low-dose VEGFR
inhibitor apatinib showed benefit in advanced TNBC patients, especially
PD-L1 negative tumors or those treated with chemotherapy for a pro-
longed period (NCT03394287) [82]. The combination of Camrelizumab,
apatinib and eribulin exhibits promising efficacy and a good safety
profile in patients with heavily pretreated advanced TNBC
(NCT04303741) [82]. The phase 1[I FUTURE-C-Plus trial
(NCT04129996) evaluated the combination of Camrelizumab, famitinib
(antiangiogenetic), and chemotherapy in advanced TNBC. The trial
confirmed the efficacy and safety of this triplet regimen and highlighted
the potential of using CD8, PD-L1, and somatic mutations to guide
clinical decision-making and treatment strategies [82].

Conversely, in another phase II trial (NCT03316586), cabozantinib
plus Nivolumab did not show any encouraging clinical outcomes in
patients with metastatic TNBC [82].

Encouraging data for hormone therapy combinations come from a
phase I, where Tremelimumab in combination with exemestane
enhanced co-stimulators induces activation on CD8+ and CD4+ T-cells
[113].

Monalizumab (anti-NKG2A), when combined with anti-EGFR, was
found to enhance Cetuximab’s ADCC capability [68].

Combining anti-PD1/PD-L1 with an anti-HER2 agent revealed
promising responses in HER2+ patients with positivity for PD-L1
(PANACEA trial NCT02129556 and NCT02924883) [82]. In another
study (NCT03726879) [82], the lack of the same responses could depend
on low TILs levels, suggesting that the immune escape mechanism in
HER2+ BC involves intricate immune interactions, necessitating the
exploration of alternative immunomodulatory strategies.

The novel combination of Monalizumab and Trastuzumab (anti-
HER2) in the MIMOSA-trial (NCT04307329) did not induce objective
responses in heavily pre-treated HER2+ metastatic BC patients. The lack
of responders could be due to the enrollment of patients with unfavor-
able immunological characteristics [82].

ICIs with other ICIs or alternative immunotherapy strategies

Literature suggests that combining different ICIs may improve
response rates compared to monotherapy [114] (Table 1).

For example, the combination of Nivolumab (anti-PD-1 mAb) with
Ipilimumab in a phase II trial (NCT02834013) showed promising results
in patients with refractory metastatic BC, a rare and aggressive subtype
that responds poorly to chemotherapy. This suggests that targeting both
adaptive (T-cell mediated) and innate (NK cell-mediated) immune
pathways may yield better outcomes in difficult-to-treat cancers [82].

Dual blockade with Durvalumab (anti-PD-L1 mAb) and Trem-
elimumab (a humanized IgG2 mAb targeting CTLA-4) further supports
this idea, as it was effective in activating and expanding T cells
(NCT02536794). These inhibitors may influence B/T cell crosstalk,
leading plasma cells to produce specific antibodies within the TME.
While negative outcomes were observed in the general population, pa-
tients with TNBC showed better responses, particularly with Durvalu-
mab monotherapy. This highlights the potential for combining
Durvalumab with Tremelimumab to be especially beneficial for TNBC
patients, as it leverages both adaptive and innate immune responses to
enhance efficacy [82].

Additionally, the phase I [-SPY2 trial (NCT01042379) demonstrated
that the concurrent administration of Cemiplimab (an anti-PD-1 1gG4)
and Fanlimab (a LAG-3 inhibitor) with paclitaxel significantly increased
the rate of pathologic complete response compared to paclitaxel mon-
otherapy in patients with HR+ and HER2— BC or TNBC. This further
underscores the advantage of combining different ICIs to target multiple
immune pathways simultaneously [82].

Moreover, a recent study described the immune profile of a complete
tumor response in a patient with metastatic TNBC undergoing dual
blockade of PD-1 and LAG-3 receptors within the CLAG525X2101C
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phase I/1I trial (NCT02460224). The combination of these inhibitors
may enhance the immune system’s ability to eliminate cancer cells by
simultaneously targeting different immune evasion mechanisms
employed by the tumor [82].

The combination of anti-NKG2A Monalizumab with anti-PD1 [115]
or anti-PDL1 [116] mAbs also demonstrates the potential of this
approach. Monalizumab enhanced NK cell effector functions, and its
combination with PD-L1 blockade showed synergistic effects in patients
with advanced non-small-cell lung cancer (NSCLC) [117] In TNBC
models, dual blockade of NKG2A and PD-L1 effectively inhibited in vivo
tumor growth, suggesting that this strategy could also be effective in
treating TNBC [118] by enhancing both adaptive and innate immune
responses.

Finally, anti-TIGIT/CD69 antibodies (Vibostolimab or Etigilimab),
either alone or combined with anti-PD-1, have shown promising efficacy
in refractory solid tumors [119,120], including TNBC. The combination
of Tiragolumab, an anti-TIGIT mAb, with the anti-PD-L1 antibody Ate-
zolizumab demonstrated a significant advantage over Atezolizumab
monotherapy [121].

These findings suggest that targeting both adaptive and innate im-
munity signals through combination therapy could represent a powerful
strategy for improving outcomes in TNBC and other challenging cancers.

Some studies are trying to combine ICIs with other immunotherapy
strategies (Table 3).

The administration of ICIs and IL-2 in BC patients (NCT03435640)
showed a limited efficacy, probably due to compensatory immunosup-
pressive pathways, including elevated expression of ICs and release of
inhibitory cytokines, like IL-10 and TGF-f, that halt the anti-tumor
response [82].

The QUILT-3.067 (NCT03387085) trial has investigated the com-
bined use of NK cells and ICIs in patients with metastatic, refractory, or
unresectable TNBC. This innovative study integrates Avelumab with IL-
15 cytokine administration, NK cell therapy, cancer vaccines, and che-
moradiation to activate both innate and adaptive immune responses
[82].

Atezolizumab significantly enhances the inhibitory effect of FAK
(focal adhesion kinase) inhibitors on cancer cells [122]. The combined
administration of FAK inhibitors with CIK cells in TNBC patients,
increased cellular mortality rates, implying that FAK amplifies the
vulnerability of tumor cells to CIK cells [123]. Hence, the incorporation
of CIK cell therapy with PD-L1 and FAK inhibitors presents a promising
and potentially effective innovative treatment for TNBC patients.

ICIs with gene therapy

A fusion protein Ad.sT, generated by combining an adenovirus with a
TGF-f receptor II IgG Fc fragment (STGFp RIIFc), which hampers TGF -1
binding, has the potential to enhance the levels of CD4+ and CD8+
lymphocytes in peripheral blood, thereby augmenting the immuno-
therapeutic efficacy of ICIs. The co-administration of anti-PD-1 and anti-
CTLA-4 enhances the effectiveness of Ad.sT in suppressing tumor
metastasis and proliferation [124,125].

A study evaluated the administration of Adenovirus-delivered Her-
pes Simplex Virus (HSV) thymidine kinase into metastatic TNBC tumors.
The injection site underwent stereotactic body radiotherapy (SBRT),
after which patients were treated with Pembrolizumab. Combining
SBRT with HSV thymidine kinase gene therapy before Pembrolizumab
administration has the potential to enhance the therapeutic effective-
ness of ICIs therapy [126].

ICIs with recombinant nanoparticles

Some studies demonstrated that combining nanotechnology with
immunotherapy ensures targeted drug delivery and stability via
enhancing drug uptake and biocompatibility.

The integration of nanotechnology with anti-PD-1 demonstrated
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potent inhibition of tumor growth, leading to increased infiltration of
CD4+ and CD8+ T cells in primary tumors. This approach also enhances
immunogenic cell death and the release of new antigens, effectively
boosting the anti-tumor efficacy of anti-PD-1 [127,128].

ICIs in the contest of bi- or tri- specific antibodies

A bispecific antibody (BsAb) is an artificially engineered antibody
capable of simultaneously binding two antigens or two different epi-
topes, acting as a bridge between them. A BsAb can block different
signaling pathways to enhance the synergistic effect against cell tumors
replication, improve T cells or NK cytotoxicity by their recruitment and,
binding different antigens or epitopes, potentiating its specificity to
cancer cells.

F7AK3 is a BsAb engineered to bind to the trophoblast cell surface
antigen 2 (TROP2) and CD3 on TNBC cell lines and primary tumor cells,
thereby facilitating T cell recruitment and inhibiting tumor growth in
xenograft models [129]. F7AK3, used as monotherapy or in combination
with ICIs, holds potential for advanced TNBC immunotherapy.

MesobsFab, a Fab-like format, targets mesothelin and CD16, pro-
moting the recruitment and infiltration of NK cells into tumor spheres,
resulting in potent, dose-dependent cell-mediated cytotoxicity in
mesothelin-positive TNBC [130].

BiTP, another type of BsAb, was designed to target TGF-p and human
PD-L1 using the Check-BODY platform. The introduction of BiTP in the
humanized TNBC model led to increased infiltration of TILs, CD8+ T
cells, and NK cells, thereby reshaping the TME [131]. The interaction
between the Fc domain of certain BsAbs and its receptors or comple-
ments may initiate ADCC, resulting in nonspecific immune responses.

T-cells can be activated by engaging anti-CD3 and anti-4-1BB
nanobodies in the bispecific (Bi-specific T-cell Engagers — BiTEs) and
trispecific (Tri-specific T-cell Engagers — TriTEs) modalities [132].
BiTEs, a subtype of BsAbs, lacks the Fc domain, thereby avoiding cyto-
toxicity. BiTEs demonstrated enhanced tissue permeability, improved
efficiency in eliminating tumor cells, required lower doses, and gener-
ated more potent therapeutic effects [133].

An anti-PD-L1/TGFpRII bifunctional antibody (M7824) is undergo-
ing clinical assessment either alone in stage II-IIlm HER2+ BC
(NCT03620201) or in combination with radiation (NCT03524170),
eribulin (NCT03579472), or a brachyury-targeting virus-based vaccine
plus Trastuzumab emtansine or the class I HDAC inhibitor entinostat in
TNBC patients (NCT04296942). A phase II trial (NCT03872791) seeks to
assess the effectiveness and safety of KN046, a bispecific antibody tar-
geting PD-L1 and CTLA-4, in combination with nab-paclitaxel as the
initial treatment for individuals diagnosed with metastatic TNBC [82].

In a phase I study on the bispecific PD-1 x LAG-3 molecule Tebo-
telimab, both as a monotherapy and combined with the anti-HER2
Margetuximab, it was found that Margetuximab-induced IFN-y targets
PD-L1 and LAG-3 in various immune cell subsets, including NK cells.
Combining Tebotelimab with Margetuximab enhanced ADCC in vitro.
Preliminary results showed that this combination produced strong re-
sponses in patients with HER2+ refractory and PD-L1-low/LAG-3-low
tumors, who would not typically respond to either therapy alone. In
HER2+ BC, approximately 20% of PD-L1 — tumors responded, espe-
cially patients previously treated with anti-HER2 therapy [134]. This
compares favorably to a similar cohort treated with Trastuzumab plus
Pembrolizumab, where no responses were seen in PD-L1— tumors [135].

The antitumor activity of endogenous NK cells can be stimulated by
the administration of Bispecific and Trispecific Killer Cell Engagers
(BiKEs and TriKEs, respectively), composed of antibodies targeting
CD16 or NKG2D and one or two tumor antigens [136]. TriKEs can also
be engineered to support NK cell proliferation in vivo by incorporating a
modified IL-15 cross-linker [137]. BiKEs and TriKEs specific for HER2 or
epithelial cell adhesion molecule (EpCAM) were developed for BC
[136].
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ICIs and aptamers

The use of aptamers as innovative therapeutic agents in various
human cancers, including TNBC, is rapidly growing. Aptamers are
highly selective, synthetic, short, single-stranded DNA or RNA oligo-
nucleotides that specifically bind to a variety of targets. They offer
several advantages compared to antibodies, such as reduced immuno-
genicity, enhanced tissue penetration due to their smaller molecular
size, simpler production procedures, increased stability, decreased
toxicity, and reduced costs [138].

As antagonistic therapy, aptamers block pathways that promote
tumor growth binding to surface targets on cancer cells. In the contest of
targeted drug delivery, they facilitate selective intracellular drug de-
livery, while, in gene therapy, are utilized to decorate nanoparticles
carrying small interfering RNAs (siRNAs) or are directly conjugated to
siRNAs. This enables them to bind to cell surface targets and internalize
into cancer cells, leading to selective gene silencing.

In immunotherapy, aptamers serve to stimulate immune cells against
cancer cells [139].

The Platelet-derived growth factor receptor § (PDGFR) is a tyrosine
kinase receptor present on the surface of tumor cells within a subset of
TNBC with a mesenchymal phenotype, thus promoting metastatic po-
tential [138]. In a study by Camorani et al., the Gint4.T aptamer, an
antagonist of PDGFRp, enhanced the efficacy of anti-PD-L1 in both
human and murine TNBC cell cultures and in a well-established murine
model of TNBC. PDGFRf blockade directly inhibits tumor growth and
metastasis formation by acting on tumor cells and enhances tumor im-
munity, potentially synergizing with anti-PD-L1 to exert anti-tumor ef-
fects [140].

Innovations in ICIs-based therapy

Many open questions remain on combination therapies with ICIs
including immune-related adverse events (irAEs), low response rates
and time to first response, and the absence of optimal strategies for
combinatorial cancer immunotherapy.

Targeted delivery of ICIs using nanoparticles (NPs) has shown
feasibility and efficacy [141,142]. Additionally, nanotechnology can
remodel the TME [143,144] and has the potential to overcome delivery
challenges and facilitate the advancement of NK cell-based cancer im-
munotherapies [145].

NPs can conjugate or encapsulate ICIs, including antibodies, RNAs,
and small molecule inhibitors [141,142].

Various studies investigated the impact of siRNA-mediated knock-
down of PD-1, PD-L1, and CTLA-4 on enhancing antitumor immune
responses in BC models. These studies demonstrate that silencing these
ICs can significantly improve the efficacy of immunotherapy by boosting
the ability of immune cells to target and destroy cancer cells
[140,146,147].

Co-administration of PD-L1 siRNA could potentially counteract the
upregulation of PD-L1 preventing the associated adaptive resistance and
yielding more effective cancer treatment outcomes [148].

Several nanocarriers represent an improvement in siRNA delivery
systems into tumor region and TILs as they appear to overcome issues
related to this treatment, such as vulnerability to enzymatic degrada-
tion, inadequate pharmacokinetics, and possible unintended target in-
teractions [143,148,149].

Therefore, the combination of novel delivery systems and ICIs-based
therapies, including siRNA to downregulate the inhibitory ICs, has the
potential to enhance drug delivery precision and efficiency, improve
tumor cell targeting, and overcome existing limitations of ICIs therapy.

Conclusions

The development of ICIs by Nobel laureates Allison and Honjo has
revolutionized cancer treatment by harnessing the immune system to
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target tumors. While ICIs have shown remarkable success in treating
melanoma, lung cancer, and hematologic malignancies, their impact on
BC remains limited, benefiting only a subset of patients, with secondary
resistance posing a significant challenge.

ICIs work by enhancing the immune system’s ability to recognize and
attack cancer cells, specifically by targeting molecules that inhibit T
lymphocytes and NK cells. Their effectiveness is closely tied to the
presence of TILs and the overall inflammatory response. TNBC, char-
acterized by high PD-L1 expression and increased TILs, appears to be
particularly promising for ICI therapy.

A deeper understanding of the molecular and immune landscape of
BC is essential for the development of more effective therapies.
Combining ICIs with chemotherapy has shown potential for improving
outcomes, emphasizing the importance of combination strategies. This
review highlights the promise of various combinatorial approaches,
including chemotherapy, radiotherapy, and cellular therapies, some of
which have already gained FDA approval following successful clinical
trials.

Looking forward, the future of immunotherapy in BC should broaden
its scope to include not only ICIs but also NK cells and emerging tech-
nologies such as aptamers, siRNA, nanotechnology, and exosomes.
These innovations hold the potential to further enhance treatment effi-
cacy and improve patient outcomes, representing a promising direction
for future research and clinical application.
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