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Abstract: This narrative review examines recent progress in immunotherapy for breast cancer (BC), focusing on immune checkpoint 
inhibitors (ICIs) alone and in combination with other modalities. Landmark trials such as KEYNOTE-522 and IMpassion130 have 
established the efficacy of pembrolizumab and atezolizumab in triple-negative breast cancer (TNBC). However, BC remains a leading 
cause of cancer-related fatalities, underscoring the need for novel approaches. We synthesize combination strategies into three 
mechanistic categories: (I) those that remodel the immunosuppressive tumor microenvironment (chemotherapy, PARP inhibitors, 
oncolytic viruses); (II) those that enhance effector cell persistence (CAR-T, CAR-NK, cytokine support); and (III) those that modulate 
immune checkpoint axes beyond PD-1/CTLA-4 (LAG-3, TIM-3, TIGIT). Combining ICIs with CAR-T cells, CAR-NK cells, 
oncolytic viruses, and exosomes has been shown to improve antitumor immune responses. This review provides a translational 
framework for biomarker-driven patient stratification and critically evaluates the clinical maturity of emerging platforms. Further 
research and clinical trials are needed to expand applicability across BC subtypes and improve patient outcomes. 
Keywords: breast cancer, immunotherapy, checkpoint inhibitors, CAR T cells, CAR NK cells, oncolytic viruses, exosomes

Introduction
Despite ongoing progress in medicine, breast cancer (BC) remains the second most common and deadly cancer among 
women. In the United States, over 270,000 women are diagnosed each year with invasive BC.1 The rates of diagnosis and 
death vary by region due to differences in socioeconomic, environmental, and healthcare factors.2

BC is categorized by the expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth 
factor receptor 2 (HER2), which are important for prognosis and treatment. Most breast carcinomas are ER-positive; among 
these, more than half also express PR, while only about 2% are exclusively PR-positive. HER2-positive tumors are aggressive 
but respond to targeted therapies. In contrast, triple-negative breast cancers (TNBC), which lack ER, PR, and HER2, have 
limited treatment options and a poorer prognosis.2–4

Recent studies have shown that the immune system plays a significant role in BC, especially regarding the presence of 
tumor-infiltrating lymphocytes (TILs). These immune cells are more common in HER2-positive and TNBC subtypes 
than in hormone receptor-positive tumors.5

The tumor microenvironment (TME) in BC shows immunosuppressive features. These include the expression of immune 
checkpoints, immune cell exhaustion, an increase in regulatory immune cells, and the buildup of immunosuppressive 
metabolites. BC subtypes vary in their immune cell infiltration levels: TNBC and HER2-positive tumors generally have 
higher levels of infiltration, which is linked to better survival rates. In contrast, ER-positive tumors have lower immune 
infiltration and worse outcomes.6 Regional lymph nodes from BC patients contain exhausted cytotoxic T cells that express 
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checkpoint molecules like PD-1 and TIM-3. This finding underscores the immunosuppressive nature of the TME and its 
significance for immune-based treatments.7,8

Immune checkpoint inhibitors (ICIs) have emerged as a pivotal therapeutic option in BC by targeting inhibitory pathways 
that tumors exploit to evade immune surveillance, including PD-1/PD-L1 and CTLA-4-CD28 axes. Approximately 46% 
of BC patients in the USA may be eligible for ICI therapy.9 These inhibitors restore the body’s anti-tumor immune response, 
leading to tumor shrinkage and better survival rates; however, they can also trigger immune-related side effects (irAEs). These 
side effects differ from those caused by standard chemotherapy and can sometimes be severe, with an average onset occurring 
14.5 days after treatment.10 Since the FDA first approved ipilimumab in 2011, eleven ICIs have received approval for various 
cancers, including PD-1 inhibitors, PD-L1 inhibitors, CTLA-4 inhibitors, and a LAG-3-blocking antibody. In BC, only 
pembrolizumab has FDA approval, mainly for TNBC. Additionally, dostarlimab and pembrolizumab are approved for tumors 
with mismatch repair deficiency or high microsatellite instability.11

This narrative review examines recent advancements in immunotherapy for breast cancer (BC), focusing on immune 
checkpoint inhibitors (ICIs) alone and in combination with other modalities. We distinguish predictive biomarkers (PD-L1, 
BRCA status) from prognostic biomarkers (TIL density in early-stage TNBC) and organize combination strategies into three 
mechanistic categories: those that remodel the tumor microenvironment, those that enhance effector cell persistence, and those 
that provide multi-checkpoint blockade. The challenges of applying these treatments to a varied disease are also addressed, 
along with a summary of ongoing clinical trials.

Immune Checkpoint Blockade in BC
Immune checkpoint inhibitors (ICIs) are drugs that block key immunosuppressive pathways, including PD-1/PD-L1 and 
CTLA-4, which tumors exploit to evade immune detection. By blocking these checkpoints, ICIs remove the limits on the 
immune system, which boosts T-cell activity against tumors. This stronger immune response can result in tumor 
shrinkage, longer disease control, and better survival rates in different types of cancer, including BC.12–14

PD-1/PD-L1 Blockade as Monotherapy or in Combination with Other Therapeutic 
Agents
PD-1/PD-L1 Axis in BC
The PD-1/PD-L1 pathway plays a key role in regulating T-cell activity and tumor immune evasion in BC. PD-1 is 
often found at high levels on tumor-infiltrating lymphocytes and tumor cells, especially in TNBC, and its presence is 
linked to the aggressiveness of the disease.15 Table 1 lists important clinical trials using immune checkpoint inhibitors 

Table 1 Clinical Trials of Immune Checkpoint Inhibitors in Advanced/Metastatic TNBC

Trial Name Primary 
Author

Year Study 
Design

Line of 
Therapy

Setting Biomarker Patients Drug Regimen Results

KEYNOTE-012 Nanda 2016 Phase Ib Heavily 
pretreated

mTNBC PD-L1 ≥1% 32 Pembrolizumab ORR 18.5%, DCR 
25.9%16

KEYNOTE-086 Adams 2018 Phase II ≥ First line mTNBC Any 170 Pembrolizumab ORR 5.3%, PD-L1+ 
ORR 5.7%, DCR 
7.6%17

KEYNOTE-086 Adams 2018 Phase II First line mTNBC PD-L1 ≥1% 84 Pembrolizumab ORR 21%, PFS 2.1 
mo, OS 18.0 mo18

ENHANCE 1/ 
KEYNOTE-150

Tolaney 2021 Phase Ib/II 1–3 lines mTNBC Any 167 Eribulin + 
Pembrolizumab

ORR 23.4%, PFS 4.1 
mo, OS 16.1 mo

KEYNOTE-355 Cortes 2020 Phase III First line mTNBC PD-L1 CPS ≥10 847 Chemo + 
Pembrolizumab

mOS 23.0 vs 16.1 
mo, PFS 9.7 vs 5.6 
mo

(Continued)
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(ICIs) in advanced or metastatic TNBC. Conventional therapies often increase PD-L1 expression, allowing tumors to 
escape the immune response.16,17 As a result, targeting the PD-1/PD-L1 axis has become an appealing treatment approach. 
Monoclonal antibodies (mAbs) that target PD-1 include pembrolizumab, cemiplimab, and nivolumab. PD-L1 inhibitors 
consist of atezolizumab, durvalumab, and avelumab.15

PD-1/PD-L1 Inhibitors as Monotherapy
Several clinical studies have looked at PD-1 inhibitors alone in BC. In the phase Ib KEYNOTE-012 trial (NCT01848834), 
pembrolizumab (10 mg/kg IV every two weeks) showed a manageable safety profile in TNBC patients.16 The Phase II 

Table 1 (Continued). 

Trial Name Primary 
Author

Year Study 
Design

Line of 
Therapy

Setting Biomarker Patients Drug Regimen Results

IMpassion130 Schmid 2018 Phase III First line mTNBC PD-L1+ 902 Nab-Paclitaxel + 
Atezolizumab

PFS 7.2 vs 5.5 mo, 
OS 21.3 vs 17.6 
mo19

JAVELIN Dirix 2018 Phase Ib Heavily 
pretreated

mTNBC Any 58 Avelumab ORR 5.2%, PD-L1+ 
ORR 22.2%20

MEDIOLA Domchek 2020 Phase I/II ≥ Third line HER2- 
mBC

BRCA1/2 mutant 34 Durvalumab + 
Olaparib

ORR 63.3%, 12-wk 
DCR 80%21

TONIC Voorwerk 2019 Phase I/II Heavily 
pretreated

mTNBC Any 67 Nivolumab ± 
Priming

ORR 20%

FUTURE Arm C Liu 2023 Phase II Heavily 
pretreated

mTNBC Immunomodulatory 46 Camrelizumab + 
Nab-Paclitaxel

ORR 43.5%, PFS 4.6 
mo

KEYLYNK-009 Rugo 2020 Phase II First line 
maintenance

mTNBC Any 271 Olaparib + 
Pembrolizumab

PFS 5.5 mo, OS 25.1 
mo22

COUPLET Kristeleit 2024 Phase Ib/II ≥ First line mTNBC BRCA-mut/LOH 
high

5 Atezolizumab + 
Rucaparib

ORR 40%

TORCHLIGHT Jiang 2024 Phase III First line mTNBC PD-L1 CPS ≥1 531 Nab-Paclitaxel + 
Toripalimab

PFS 8.4 vs 5.6 mo, 
OS 32.8 vs 19.5 mo

NUMBUS Barrosa- 
Sousa

2020 Phase II Any adv/ 
mTNBC

TMB-High 31 Ipilimumab + 
Nivolumab

ORR 13.3%, PFS 1.4 
mo, OS 8.8 mo

IMPRIME 1 O’Day 2020 Phase II ≥ First line mHER2- Any 44 Odetiglucan + 
Pembrolizumab

ORR 15.9%, DCR 
54.5%

SAFIR02- 
BREAST 
IMMUNO

Bachelot 2021 Phase II First line 
maintenance

mTNBC Any 82 Durvalumab mOS 14.0 vs 21.1 
mo

DORA Tan 2024 Phase II First line 
maintenance

mBC Any 45 Durvalumab ± 
Olaparib

PFS 4.0 vs 6.1 mo, 
CBR 44% vs 36%

FUTURE- 
C-PLUS

Chen 2022 Phase II First line adv/ 
mBC

Immunomodulatory 48 Camrelizumab + 
Famitinib + Nab- 
Paclitaxel

ORR 81.3%, PFS 
13.6 mo

FUTURE-SUPER Fan 2024 Phase II First line adv/ 
mTNBC

Immunomodulatory 139 Camrelizumab ± 
Famitinib + Nab- 
Paclitaxel

PFS 15.1 vs 6.5 mo

DART/SWOG 
S1609

Adams 2022 Phase II Any adv/ 
mTNBC

Any 17 Ipilimumab + 
Nivolumab

ORR 18%

Abbreviations: adv, advanced; BC, breast cancer; CBR, clinical benefit rate; Chemo, chemotherapy; CPS, combined positive score; DCR, disease control rate; HER2, 
human epidermal growth factor receptor 2; LOH, loss of heterozygosity; mBC, metastatic breast cancer; mHER2-, metastatic HER2-negative; mo, months; mOS, median 
overall survival; mTNBC, metastatic triple-negative breast cancer; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; PD-L1, programmed 
death-ligand 1; TMB, tumor mutational burden; vs, versus; wk, weeks.
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KEYNOTE-086 trial confirmed promising anti-tumor activity with acceptable toxicity in PD-L1-positive metastatic 
TNBC.17 Notably, clinical effectiveness was closely related to PD-L1 expression levels. In the Phase III KEYNOTE-119 
trial, pembrolizumab alone did not improve overall survival (OS) compared to chemotherapy in later lines of metastatic 
TNBC.23 Current phase III studies, including KEYNOTE-756, CHECKMATE 7FL, and KEYNOTE-B49, are further 
examining pembrolizumab in metastatic BC.24

Combination with Chemotherapy and CTLA-4 Inhibition
Combination therapies have shown better clinical outcomes. In the phase III KEYNOTE-355 trial, pembrolizumab plus 
chemotherapy significantly enhanced OS by seven months (23.0 vs. 16.1 months; HR 0.73; P = 0.0185) in patients with PD-L1 
CPS ≥10. However, there was no OS benefit observed in the overall patient population or those with CPS ≥1.25 Dual 
checkpoint inhibition, which combines PD-1/PD-L1 and CTLA-4 blockade, offers another option. A study of durvalumab 
plus tremelimumab in patients with refractory metastatic BC reported an overall response rate (ORR) of 17%, with the best 
response (43%) in TNBC. In contrast, no responses were seen in estrogen receptor-positive cases. Responders showed higher 
nonsynonymous mutation burdens and increased neoantigen presentation, indicating better T-cell activation.24–26

In luminal BC, early efforts to combine ICIs with chemotherapy were mostly ineffective. Preclinical research suggests that 
CDK4/6 inhibitors help improve tumor antigen presentation, limit regulatory T-cell growth, and downregulate inhibitory 
receptors like PD-1, thereby boosting T-cell activity.27–29 Clinically, combining pembrolizumab with abemaciclib, with or 
without endocrine therapy, led to interstitial lung disease, liver toxicity, and two deaths in the triplet treatment group.22 On the 
other hand, phase I/II trials found that the combination of palbociclib, letrozole, and pembrolizumab was well tolerated.30

In HER2-positive metastatic BC, pembrolizumab plus trastuzumab yielded a 15% response rate in PD-L1-positive, 
trastuzumab-resistant tumors. However, adding atezolizumab to T-DM1 did not enhance progression-free survival (PFS) 
and resulted in higher toxicity.31,32

PD-1/PD-L1 Blockade in TNBC: Metastatic and Neoadjuvant Settings
TNBC shows the most responsiveness to PD-1/PD-L1 inhibition. Atezolizumab alone and in combination with nab-paclitaxel 
improved recurrence-free survival in the phase III IMpassion130 trial, leading to FDA approval for TNBC patients with PD- 
L1-positive tumor-infiltrating immune cells.18,33 However, the IMpassion131 trial raised concerns about OS and PFS, 
highlighting the need for more investigation.34 Additional trials, including IMpassion132 and NCT04177108, are testing 
atezolizumab with chemotherapy and targeted therapies in locally recurrent or untreated TNBC.19,34–36

Beyond atezolizumab-based regimens, novel neoadjuvant combinations continue to emerge. The phase II NeoSACT 
trial evaluated the combination of anlotinib (a multi-target tyrosine kinase inhibitor) plus sintilimab (an anti-PD-1 
antibody) in combination with chemotherapy in patients with triple-negative breast cancer, demonstrating promising 
antitumor activity and a manageable safety profile.37 Furthermore, a comprehensive review of immunotherapy strategies 
in TNBC has highlighted the evolving landscape of clinical trials, emphasizing the need for optimizing patient selection 
and overcoming resistance mechanisms to improve long-term outcomes.38

Other PD-1 inhibitors such as avelumab and dostarlimab have shown modest success in refractory mTNBC and 
dMMR tumors, with overall response rates of 5.2% and 41.6%, respectively.20,39,40

Neoadjuvant studies have shown significant advantages. In KEYNOTE-522, pembrolizumab plus chemotherapy 
increased pathological complete response (pCR) from 51.2% to 64.8% and improved 3-year event-free survival from 
76.8% to 84.5%, regardless of PD-L1 status.41 IMpassion031 confirmed similar outcomes with atezolizumab,42 while 
NeoTRIP and GeparNeuvo showed variable pCR improvements. GeparNeuvo demonstrated better 3-year invasive disease- 
free survival (iDFS) and OS with durvalumab.43,44 However, not all trials have been positive. The IMpassion131 trial failed to 
show benefit with atezolizumab plus paclitaxel, underscoring that chemotherapy backbone selection matters.34 In hormone 
receptor-positive disease, ICIs have shown limited efficacy due to the immunologically “cold” tumor microenvironment. 
Toxicity remains a concern, as seen with severe pneumonitis and hepatotoxicity when pembrolizumab was combined with 
CDK4/6 inhibitors.22 These limitations do not negate the value of ICIs but emphasize the need for careful patient selection and 
risk-benefit assessment.
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Emerging Combinatorial Approaches: LAG-3 and ADCs
Lymphocyte activation gene-3 (LAG-3) is an inhibitory checkpoint that suppresses effector T cells and boosts Treg 
function. Dual inhibition of PD-1 and LAG-3 may work together to restore antitumor immunity. IMP321 (recombinant 
LAG-3Ig) in combination with paclitaxel and cemiplimab or fianlimab improved pCR rates in HR+/HER2− and TNBC 
groups in clinical trials.45

Antibody-drug conjugates (ADCs), such as sacituzumab govitecan (Trop-2) and trastuzumab deruxtecan (HER2), are 
being tested with ICIs to enhance antigen presentation and dendritic cell activation. Early trials such as BEGONIA report 
ORRs of 66.7–74%, indicating potential for combined efficacy.46–48

CTLA-4 Blockade
Cytotoxic T lymphocyte antigen 4 (CTLA-4) is an immune checkpoint receptor found on cytotoxic T cells and regulatory 
T cells (Tregs). It helps limit T-cell activation by binding to CD80/CD86 on antigen-presenting cells.49 Higher levels of 
CTLA-4 have been linked to poorer outcomes in BC.50

Clinical Investigations of CTLA-4 Blockade in BC
Research on CTLA-4 inhibitors in BC is limited. These inhibitors are often studied with other treatments like 
chemotherapy, aromatase inhibitors, or radiotherapy. Tremelimumab, a monoclonal antibody against CTLA-4, was tested 
together with exemestane in 26 patients with advanced hormone-responsive BC. The study showed stable disease in 42% 
of patients for at least 12 weeks, but no partial or complete responses were found. Notably, 36% of patients with stable 
disease had previously progressed while on exemestane alone.51

Ipilimumab (humanized IgG1 anti-CTLA-4) has shown strong anti-tumor effects in several cancers, including 
melanoma and renal cell carcinoma.52 Preclinical data suggest that ipilimumab may encourage TNBC cells to release 
IL-2, which could improve local immune activity.53 Phase I trials combining perioperative cryoablation with ipilimumab 
in early-stage BC showed it was safe without delaying surgery, suggesting potential for immune priming.54

In metastatic or resistant BC, combination therapies with ipilimumab and nivolumab have shown promising results. 
A Phase II trial (NCT02834013) found responses in 3 out of 17 patients with metaplastic BC, indicating a subset of about 
18% who might respond. Another study that combined ipilimumab, nivolumab, and neoadjuvant paclitaxel in early-stage 
TNBC showed encouraging overall and complete response rates, regardless of PD-L1 status.55

Combination Strategies with Chemotherapy
Metronomic chemotherapy, which uses lower doses of drugs over longer periods, has been shown to improve the 
effectiveness of anti-CTLA-4 treatments. In preclinical models of BC, using CTLA-4 blockade followed by metronomic 
gemcitabine or cyclophosphamide resulted in better tumor control than CTLA-4 blockade alone, although resistance and 
spontaneous metastases still occurred.56,57

Multi-Checkpoint Blockade
Since response rates to single immune checkpoint inhibitors (ICIs) are limited (20–38%) and the treatments may cause 
systemic side effects, researchers are exploring combinations of CTLA-4 inhibitors with other checkpoint inhibitors. 
A triple blockade of LAG-3, PD-1, and CTLA-4 is currently under clinical investigation. This approach has demonstrated 
enhanced T-cell activation and proliferation in preclinical studies.58,59 LAG-3, which is often overexpressed in BC 
tumors, may also serve as a response marker and is being studied alongside CTLA-4 targeting therapies.60 Furthermore, 
donor-derived double-negative T cells (DNTs) combined with LAG-3 blockade are emerging as a new adoptive therapy 
in TNBC, potentially working well with CTLA-4 inhibition.61

Mechanisms of Resistance to Immune Checkpoint Inhibitors in BC
Resistance to immune checkpoint inhibitors in BC can be broadly classified as primary resistance, where patients fail to 
respond from the outset, or acquired resistance, where initial response is followed by disease progression. Several 
interconnected mechanisms underlie this resistance. First, adaptive immune resistance occurs when tumor cells upregu
late PD-L1 in response to IFN-γ secreted by activated T cells, thereby creating a negative feedback loop that dampens 
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antitumor immunity.16,25 Second, loss of antigen presentation due to downregulation of MHC class I molecules through 
beta-2-microglobulin (B2M) mutations or HLA loss of heterozygosity (LOH) prevents effective T cell recognition of 
tumor cells.8 Third, defects in the antigen processing machinery, including mutations or downregulation of TAP1, TAP2, 
and immunoproteasome subunits (PSMB8, PSMB9, PSMB10), impair peptide loading onto MHC class I molecules, 
further compromising T cell activation.8 Fourth, metabolic competition within the tumor microenvironment, where 
tumors consume glucose and produce lactate, creates a nutrient-poor, acidic milieu that suppresses T cell metabolism, 
proliferation, and effector function.6 Fifth, physical T cell exclusion mediated by desmoplastic stroma, aberrant tumor 
vasculature, and extracellular matrix components physically prevents T cell infiltration into tumor islets, limiting immune 
access.6,7 Collectively, understanding these mechanisms clarifies why specific combination strategies are rational: 
chemotherapy and oncolytic viruses induce immunogenic cell death, PARP inhibitors increase mutational burden and 
neoantigen presentation, and CAR-T cells bypass MHC dependence entirely.

PARP Inhibitors
Poly (ADP-ribose) polymerase (PARP) inhibitors focus on DNA damage repair pathways, especially in BC patients with 
BRCA1/2 mutations. By blocking PARP-1, these drugs prevent the repair of single-strand breaks, leading to double- 
strand breaks that require homologous recombination. Tumors with faulty homologous recombination, such as BRCA- 
mutated cells, can be killed by synthetic lethality and PARP trapping.21,62,63

Clinical Applications and Combinations with ICIs
PARP inhibitors like olaparib, talazoparib, rucaparib, and niraparib have shown lasting tumor-fighting effects and better 
progression-free survival in BC, as well as in ovarian, peritoneal, and fallopian tube cancers.64 Combining PARP inhibitors 
with ICIs has become a promising way to boost immune responses against tumors in BC, especially in TNBC and BRCA- 
mutated tumors. Several clinical trials support the potential benefits of this strategy. In NCT04191135, researchers are 
examining olaparib along with pembrolizumab and chemotherapy for TNBC to improve immune activity and treatment 
outcomes. The MEDIOLA trial showed positive results with durvalumab and olaparib in BRCA-mutated metastatic BC, 
reporting a response rate of 58.5% in TNBC patients.65 Likewise, the TOPACIO/KEYNOTE-162 study looked at 
pembrolizumab plus the PARP inhibitor niraparib in metastatic TNBC, yielding a 21% overall response rate, with notably 
higher rates in tumors with BRCA mutations. In the neoadjuvant setting, the ISPY-2 trial explored combining durvalumab 
and olaparib with doxorubicin and cyclophosphamide (AC) in high-risk BC, indicating a trend toward better pathological 
complete response rates.66,67 Overall, these findings underline the increasing clinical rationale for combining PARP 
inhibition with ICIs to improve immune responses against tumors. Ongoing trials, such as DORA and KEYLYNK, aim 
to clarify the clinical benefits of pairing PARP inhibitors with ICIs, especially in patients selected by biomarkers.

Adoptive Cell Therapy
Adoptive T-cell therapy is a type of immunotherapy that uses and modifies a patient’s T cells to improve their ability to 
identify and destroy cancer cells. This process includes isolating T cells from the patient’s blood, modifying them in the 
lab to express synthetic receptors that can recognize tumor-associated antigens, expanding these modified cells in culture, 
and reintroducing them into the patient.68,69 By transferring tumor-infiltrating lymphocytes (TILs), engineered T-cell 
receptor (TCR)-based cells, or chimeric antigen receptor (CAR)-T cells, adoptive cell therapy boosts the patient’s natural 
immune response against tumors. This method is especially promising for those with weakened immune systems, 
offering a potential breakthrough in cancer treatment.

A major challenge in adoptive T-cell therapy is improving how well the infused T cells can recognize tumor antigens. 
Finding patient-specific neoantigens through sequencing can improve the treatment’s effectiveness. Co-culturing TILs 
with dendritic cells (DCs) that express the corresponding neoantigens has shown to trigger strong neoantigen-specific 
T-cell responses. For example, in a patient with metastatic BC (HER2-/ER+), lasting regression occurred using TILs that 
reacted to mutant proteins, along with IL-2 and PD-1 checkpoint blockade.70 Similarly, Assadipour et al found that 
mutant-reactive TILs could detect immunogenic non-synonymous somatic mutations in a TNBC patient, identifying 72 
such mutations as possible therapeutic targets.71
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Multiple clinical trials have assessed TIL therapy as a standalone treatment and in combination with chemotherapy, 
pembrolizumab, or trastuzumab (NCT01462903, NCT04111510, NCT01395056, NCT01232062, NCT01174121, 
NCT00301730). However, due to limited effectiveness, immunological tolerance, low MHC expression, and the naturally 
low affinity of TCRs for tumor antigens, TIL therapy is increasingly being replaced by gene transfer-based ACT 
methods.72,73

Cytokine-induced killer (CIK) cells are CD3+CD56+ lymphocytes with MHC-unrestricted cytotoxicity, allowing 
them to kill tumor cells directly while promoting T-cell growth. A review of 310 BC patients showed that those with PD- 
L1-positive tumors had better overall and recurrence-free survival when treated with CIK cells and standard treatments 
like chemotherapy or radiation. This suggests that PD-L1 expression may affect how well CIKs respond.74 Additionally, 
combination therapy with DC/CIK and chemotherapy demonstrated higher response rates and similar safety compared to 
chemotherapy alone, supporting its potential as a new treatment strategy for BC.72

Preclinical studies consistently show that CIK cells effectively target BC stem cells and suppress tumor growth in 
patient-derived xenograft models.73,75 Their ability to kill cancer cells can improve when they are engineered with 
chimeric antigen receptors, particularly anti-EGFR CARs, or when combined with monoclonal antibodies that target 
EGFR. This combination results in stronger antitumor activity.74,76

A retrospective analysis of 294 patients with TNBC treated with autologous CIK cells and chemotherapy showed 
longer survival, especially in early-stage disease. This suggests that combining CIK therapy with chemotherapy may 
lower the risk of recurrence and metastatic progression.77 Additionally, a meta-analysis comparing DC/CIK plus 
chemotherapy with chemotherapy alone found higher objective response rates in the DC/CIK group without added 
toxicity. This reinforces the potential of CIK-based immunotherapy in BC.76–78

Together, these findings indicate that CIK-cell therapy, either on its own or combined with standard treatments, holds 
significant promise, especially for PD-L1–expressing tumors and TNBC. However, larger prospective clinical studies are 
needed to confirm long-term benefits and to determine the best way to integrate this therapy into current BC treatment plans. 
Table 2 summarizes ongoing and completed clinical trials investigating immune cell- and biologic-based therapies combined 
with immune checkpoint inhibitors in BC. This table provides an overview of the therapy type, targets, combination strategies, 
cancer subtype or model, and key study findings, highlighting the potential of these approaches.

Table 2 Immune Cell- and Biologic-Based Therapies Combined with Immune Checkpoint Inhibitors in BC

Therapy/ 
Platform

Target/ 
Engineering

Combination 
Strategy

Cancer Type/ 
Setting

Study Type/ 
Phase

Key Findings/Advantages

ADCs: 

Sacituzumab 

govitecan

Trop-2 Pembrolizumab Metastatic 

TNBC, ≥2 

prior lines

Clinical trials 

(ongoing)

FDA-approved; SN-38 payload; enhances 

DC activation, neoantigen presentation, 

PD-L1 expression; synergistic with ICIs.46– 

48

ADCs: 
Trastuzumab 

deruxtecan 

(T-DXd)

HER2 PD-1/PD-L1 
inhibitors

HER2+ 
unresectable/ 

metastatic BC

Phase Ib/II Improved PFS (HR 0.50) and OS (HR 0.64); 
ORR ~66.7%; combination enhances 

immune activation.67

ADCs: 

Ladiratuzumab 
vedotin

LIV-1 Pembrolizumab Advanced 

TNBC, first- 
line

Phase Ib/II 

(NCT03310957)

Moderate tolerability; ORR 54%; supports 

potential synergy with ICIs.

ADCs: 
Datopotamab 

deruxtecan 

(Dato-DXd)

Trop-2 PD-1/PD-L1 
inhibitors

Advanced 
TNBC

BEGONIA study ORR 74%; enhances neoantigen generation 
and dendritic cell activation.46–48

(Continued)
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Table 2 (Continued). 

Therapy/ 
Platform

Target/ 
Engineering

Combination 
Strategy

Cancer Type/ 
Setting

Study Type/ 
Phase

Key Findings/Advantages

Adoptive: TILs Patient-specific 
neoantigens

DC co-culture, 
PD-1 blockade

Metastatic 
HER2−/ER+ BC, 

TNBC

Clinical Durable regression; personalized therapy 
improves tumor-specific T cell response.

Adoptive: 

Engineered 

TCR T cells

Tumor-associated 

antigens

ICIs, gene transfer TNBC, HER2 
+ BC

Preclinical & 

Clinical

Overcomes TIL limitations; enhances 

antigen-specific cytotoxicity.

Adoptive: CIK/ 

DC-CIK cells

CD3+CD56+ 

lymphocytes

Chemotherapy, 

DC co-culture, 
ICIs, anti-EGFR 

CAR

TNBC, PD-L1+ 

BC

Clinical/Preclinical 

(310 pts)

MHC-independent cytotoxicity; targets BC 

stem cells; enhances OS/RFS; synergistic 
with CARs/antibodies.74,78

CAR-T: 

MUC1- 

targeted

MUC1 ± anti-PD-1/PD-L1 Advanced 

TNBC

Clinical 

(NCT04020575, 

etc).

Early-phase trials; improved tumor-specific 

cytotoxicity expected.

CAR-T: MSLN- 

CAR

Mesothelin PD-1 blockade TNBC Preclinical & 

Clinical

Enhanced persistence, cytokine production; 

4th-gen achieved complete tumor 
regression in mice.

CAR-T: 
NKG2D- 

targeted 

(CTM-N2D)

ULBP, MICA/B — Refractory/ 
relapsed solid 

tumors

Phase 
I (NCT04107142)

Targets stress ligands upregulated in TNBC; 
safe dosing under investigation.79,80

CAR-T: ROR1- 

CAR

ROR1 — ROR1+ 

malignancies 
incl. BC

Phase 

I (NCT02706392, 
NCT04842812)

Early antitumor activity; ongoing BC clinical 

trials.81

CAR-T + PD- 
1/PD-L1 

blockade

MUC1, MSLN, 
EGFR

ICIs or local anti- 
PD-L1

TNBC, BC Preclinical & 
Clinical

Enhanced IFN-γ/TNF-α production, 
persistence, antitumor efficacy; reduces PD- 

1/PD-L1–mediated suppression.82

CAR-T + 

Oncolytic virus 

(CAdVEC)

HER2-specific 

CAR-T

OV expressing PD- 

L1 mini-antibody

BC Phase 

I (NCT03740256)

Local PD-L1 blockade reinvigorates CAR-T; 

more effective than systemic anti-PD-L1.

CAR-T: CTLA- 

4/RASA2 
modulation

CTLA-4 

knockout or 
RASA2 

modulation

— Preclinical BC Preclinical Enhances proliferation, effector function, 

antitumor activity; potential to overcome 
T cell exhaustion.83

CAR-NK: 

CD44v6-CAR

CD44v6 — TNBC Preclinical Strong cytotoxicity; enhanced tumor 

regression in vitro/in vivo.84

CAR-NK: PD- 

L1 t-haNK 

cells

PD-L1 + CAR + 

CD16

± N-803 + anti-PD 

-1

TNBC, bladder, 

oral SCC

Preclinical Retains NK function; selectively kills 

MDSCs; efficacy enhanced by IFN-γ and 

checkpoint blockade.85

CAR-NK: 

HER2-CAR

HER2 ± PD-1 blockade HER2+ BC Preclinical High cytotoxicity; safer than CAR-T; co- 

expression of PD-1 improves killing of PD- 
L1+HER2+ tumors.86

(Continued)
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Table 2 (Continued). 

Therapy/ 
Platform

Target/ 
Engineering

Combination 
Strategy

Cancer Type/ 
Setting

Study Type/ 
Phase

Key Findings/Advantages

CAR-NK: 
EGFR-CAR 

NK-92 + HSV- 

1 OV

EGFR Oncolytic HSV-1 Metastatic BC, 
incl. brain 

tumors

Preclinical/Clinical Reduced tumor growth; effective for distant 
metastases.

CAR-NK: TF- 

CAR NK

Tissue Factor + 

CD16/FcγRIII

± ADCC, ICIs TNBC Preclinical Potent anti-TNBC activity in CDX/PDX; 

combination with ICIs enhances antitumor 
response.

NK Cells: 
Herceptin- 

mediated

HER2 ± trastuzumab Metastatic 
HER2+ BC

Clinical Improved cytotoxicity; synergistic with 
Herceptin.

NK Cells: 

iPSC-derived 

FT-516 + 
Avelumab

hnCD16 NK cells PD-L1 blockade Advanced solid 

tumors incl. 

TNBC

Clinical 

(NCT04551885)

Combines high-affinity NK cells with ICIs; 

potential enhanced antitumor activity.

NK Cells: 
haNK + 

Avelumab

IL-15 + hnCD16 
engineered NK 

cells

ICIs, vaccine, 
metronomic 

chemo

Metastatic/ 
refractory 

TNBC

Phase I/II 
(NCT03387085)

Disease control 78%; ORR 67%; CR 22%; 
median PFS 13.7 months.87

Oncolytic: 

CVA21 

(KEYNOTE- 
200/STORM)

Coxsackievirus 

A21

+ Pembrolizumab Metastatic 

TNBC

Phase 1b Evaluating safety/dosing; preliminary efficacy 

ongoing.

Oncolytic: OV- 
IL15C + EGFR- 

CAR-NK

Adenovirus 
expressing IL-15

+ EGFR-CAR-NK Intracranial BC 
(mouse)

Preclinical Increased CD8+ T/NK infiltration; enhanced 
tumor growth inhibition.

Oncolytic: 

EGFR-CAR- 

NK + HSV-1 
OV

HSV-1–based OV + EGFR-CAR-NK BC brain 

metastases 

(mouse)

Preclinical Combination killed tumor cells, extended 

survival.

Oncolytic: 
rMV-BNiP3 + 

Paclitaxel

Measles virus 
armed with 

BNiP3

+ Paclitaxel TNBC Preclinical Increased tumor apoptosis and antitumor 
efficacy.

Oncolytic: 

T-VEC + NAC

HSV-1 expressing 

GM-CSF

+ Doxorubicin/ 

Cyclophosphamide

TNBC Early clinical Increased TILs; 55% pathologic CR rate.

Oncolytic: 

CF33-hNIS- 

F14.5 + anti– 
PD-L1

Chimeric 

poxvirus + anti– 

PD-L1 scFv

+ ICI TNBC (mouse) Preclinical Synergistic antitumor effect; enhances CD8 
+ T-cell infiltration.88

Oncolytic: OV 
+ TMZ + ICIs

Adenovirus + Temozolomide + 
ICIs

TNBC (cell) Preclinical Enhanced OV replication, autophagy, and 
tumor killing.

Oncolytic: OV- 
IL15/RANTES 

+ CAR-T

Adenovirus 
expressing IL-15/ 

RANTES

+ CAR-T Solid tumors 
incl. BC

Preclinical Promotes CAR-T infiltration/persistence; 
improves efficacy.89–92

(Continued)
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Table 2 (Continued). 

Therapy/ 
Platform

Target/ 
Engineering

Combination 
Strategy

Cancer Type/ 
Setting

Study Type/ 
Phase

Key Findings/Advantages

Oncolytic: OV- 
CD19t + 

CD19-CAR-T

Chimeric virus 
encoding CD19t

+ CD19-CAR-T Solid tumors 
incl. BC

Preclinical Upregulated tumor CD19t; improved CAR- 
T recognition and activity.

Oncolytic: 

Anti-TGF-β 
OV + MSLN- 
CAR-T

Adenovirus 

targeting TGF-β
+ MSLN-CAR-T BC (primary/ 

metastatic)

Preclinical Reduced tumor growth/metastasis; 

improved CAR-T efficacy.

Exosomes: 
HER2-targeted 

vaccine

DC-derived 
exosomes w/ 

HER2 peptides

Enhance ICI 
response

HER2+ BC Preclinical/ 
Translational

Activate CTLs/CD4+ T cells; increase ICI 
sensitivity.93,94

Exosomes: 

OX40L- 

engineered

Exosomes 

expressing 

OX40L

Synergy with anti- 

PD-1/PD-L1

Various BC Preclinical Promotes T-cell proliferation; reverses 

exhaustion; potentiates ICIs.

Exosomes: 

DC-derived 
(DEXs)

MHC I/II peptide- 

loaded

+ ICIs TNBC/HER2 

+ BC

Preclinical Stimulates CTL/helper T cells; converts 

immunosuppressive TME into ICI- 
responsive.95

Exosomes: 
CAR-T derived 

(RN7SL1+)

CAR-T exosomes 
carrying RN7SL1 

RNA

+ ICIs Multiple BC 
subtypes

Preclinical Boosts CAR-T expansion; reduces MDSC 
suppression; overcomes PD-L1 evasion 

without CRS.96,97

Exosomes: 

Cetuximab- 

scFv

CAR-T–derived + ICIs EGFR+ BC Preclinical Dose-dependent tumor inhibition; low 

toxicity; compatible with ICIs.98,99

Exosomes: 

Trastuzumab- 
scFv

CAR-T–derived + ICIs HER2+ BC Preclinical Effective HER2+ cytotoxicity; bypasses 

CRS/off-tumor effects.

Exosomes: 
Mesothelin- 

CAR-T

CAR-T–derived + ICIs Mesothelin+ 
TNBC

Preclinical Selective killing; minimal toxicity.

Exosomes: 

CAR-NK 

(HER2- 
targeted)

CAR-NK 

exosomes w/ 

perforin/ 
granzymes, T7 

peptide

+ ICIs HER2+ BC 

brain mets

Preclinical Cross BBB; strong anti-tumor activity; 

promising off-the-shelf adjunct.100,101

Exosomes: 

Tumor-derived 

exosome 
inhibition

Block miR-9, 

miR-181a, PD- 

L1+ exosomes

+ ICIs TNBC/ 

metastatic BC

Preclinical Reduces immunosuppression; enhances 

CD8+ T-cell responses; improves ICI 

efficacy.

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; ADCs, antibody-drug conjugates; BC, breast cancer; BBB, blood-brain barrier; CAR, chimeric antigen 
receptor; CAR-NK, chimeric antigen receptor natural killer cell; CAR-T, chimeric antigen receptor T cell; CBR, clinical benefit rate; CDX, cell line-derived xenograft; CIK, 
cytokine-induced killer; CR, complete response; CRS, cytokine release syndrome; CTL, cytotoxic T lymphocyte; DC, dendritic cell; EGFR, epidermal growth factor 
receptor; ER, estrogen receptor; FDA, Food and Drug Administration; GM-CSF, granulocyte-macrophage colony-stimulating factor; haNK, high-affinity natural killer; HER2, 
human epidermal growth factor receptor 2; HSV-1, herpes simplex virus type 1; ICIs, immune checkpoint inhibitors; IFN-γ, interferon-gamma; IL, interleukin; MDSC, 
myeloid-derived suppressor cell; MHC, major histocompatibility complex; NAC, neoadjuvant chemotherapy; NK, natural killer; ORR, overall response rate; OS, overall 
survival; OV, oncolytic virus; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PDX, patient-derived xenograft; PFS, progression-free survival; 
RFS, recurrence-free survival; scFv, single-chain variable fragment; SCC, squamous cell carcinoma; T-VEC, talimogene laherparepvec; TIL, tumor-infiltrating lymphocyte; TME, 
tumor microenvironment; TMZ, temozolomide; TNBC, triple-negative breast cancer; TNF-α, tumor necrosis factor-alpha.
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CAR-T Cell Therapy and Immune Checkpoint Blockade in BC
CAR-T cell therapy is a promising approach for metastatic, triple-negative, and HER2-positive BC. This method involves 
genetically modifying T cells to express chimeric antigen receptors (CARs). These receptors link tumor antigen-binding 
parts with co-stimulatory signals. After reinfusion, CAR-T cells can identify tumor-specific antigens, activate signaling 
pathways, and initiate strong antitumor responses. Some key BC antigens being studied include EGFR, FRα, AXL, 
NKG2D, MUC-1, c-Met, and mesothelin (Figure 1). 102 Scientists introduce CAR constructs into T cells using plasmid 
transfection, mRNA transduction, or viral vectors.103

CAR-T therapy allows for strong antigen recognition that does not depend on MHC, leading to effective T-cell 
activation and antitumor responses.104,105 Preclinical and early-stage clinical trials focusing on mesothelin, which is 
found in high levels in tumors and low levels in normal tissues, show antitumor activity without significant on-target off- 
tumor toxicity. Table 3 presents major candidate antigens explored for CAR-T cell development in TNBC.

Many studies are investigating the combination of CAR-T therapy with immune checkpoint inhibition. PD-1-targeted 
CAR-T cells can bypass PD-L1-mediated immune suppression in BC. When combined, CAR-T therapies and checkpoint 
blockade show better effectiveness than using either alone, although this may increase the risk of heightened immune 
reactions.115,116 Several ongoing clinical trials are assessing MUC1-targeted CAR-T cells in advanced or treatment- 
resistant TNBC (NCT04020575, NCT02587689, NCT04025216, NCT05812326).

PD-1/PD-L1 interactions can reduce the effectiveness of CAR-T cells in solid tumors. Combining CAR-T therapy 
with PD-1 blockade, including CRISPR/Cas9-mediated PD-1 knockout, enhances cytokine production and antitumor 

Figure 1 Therapeutic Strategies Targeting the Tumor Microenvironment in BC. Strategies targeting the tumor microenvironment in breast cancer focus on enhancing anti- 
tumor immunity and overcoming therapeutic resistance by utilizing immune checkpoint inhibitors, PARP inhibitors, antibody-drug conjugates, and radiotherapy to create 
a more hostile environment for tumor cells. These strategies include: - Immune Checkpoint Inhibitors: Antibodies like anti-PD-1/PD-L1 (e.g, pembrolizumab, atezolizumab) 
enhance T cell activation by blocking interactions that inhibit immune responses. Anti-LAG3 antibodies further promote T cell activation, while anti-CTLA-4 antibodies (e.g, 
ipilimumab) reduce regulatory T cell activity, enhancing overall immune response. - PARP Inhibitors: These disrupt DNA repair mechanisms in cancer cells, leading to 
increased genomic instability and apoptosis. - Antibody-Drug Conjugates (ADCs): ADCs deliver cytotoxic agents directly to tumor cells, maximizing tumor cell death while 
minimizing off-target effects. - Radiotherapy and Chemotherapy: Radiotherapy induces DNA damage in cancer cells, complementing other therapies, while chemotherapy 
targets rapidly dividing cells to further enhance tumor cell death. Together, these approaches work synergistically to overcome immune tolerance and strengthen anti-tumor 
responses within the TME of breast cancer. 
Abbreviations: CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death protein; ADC, antibody-drug conjugate; PD-L1, Programmed Cell 
Death Ligand 1; PARP Inhibitors, Poly (ADP-ribose) Polymerase inhibitors.
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Table 3 Major Candidate Antigens Driving CAR-T Cell Engineering Efforts in TNBC

No. Target Role in Breast Cancer Key Finding/Preclinical Insight

1 EGFR Often overexpressed in aggressive 
breast tumors

EGFR-redirected CAR-T cells show enhanced activity when combined with 
DNA-damage–inducing therapies.104

2 TROP2 Linked to proliferation and cell adhesion CAR-T engagement leads to strong target-specific cytotoxicity in TROP2- 
high models.106

3 AXL Drives epithelial-to-mesenchymal 
transition

AXL-directed constructs efficiently suppress invasive TNBC cell growth.

4 ROR1 Expressed in stem-like cancer 

populations

Blocking TGF-β signaling improves the therapeutic effect of ROR1-CAR-T 

cells.

5 GD2 Surface glycolipid enriched in metastatic 

TNBC

GD2-targeted CAR-T induces robust and selective tumor killing.

6 MSLN 
(Mesothelin)

Elevated in several breast cancer 

subtypes

Targeting MSLN yields strong tumor-specific elimination, especially with 

supportive immune modulators.107

7 ICAM1 Supports tumor migration and immune 

escape

Redirected CAR-T cells recognize ICAM1-positive TNBC and restrict 

proliferation.

8 NKG2D- 
Ligands

Upregulated under stress and 

transformation

NKG2D-CAR-T shows cytotoxicity across multiple ligand-positive breast 

models.108

9 CD44v6 Associated with metastasis and therapy 

resistance

CAR-immune cells blocking CD44v6 effectively impair TNBC survival.

10 ALCAM/ 
CD166

Adhesion molecule contributing to 

invasiveness

Early CAR designs indicate promising selective recognition.

11 EpCAM Upregulated in epithelial cancers Combining EpCAM-CAR-T with other agents boosts anti-tumor potency.109

12 FRα Folate receptor variant in subsets of 
TNBC

Enables targeted elimination of FRα-positive cancer populations.

13 c-MET Metastasis-associated growth receptor CAR-T cells recognizing c-MET reduce tumor burden in MET-positive 
models.

14 B7-H3 Immune suppressive protein frequently 
upregulated

Shows stronger therapeutic outcomes when paired with radiotherapy.

15 B7-H4 Involved in immune evasion B7-H4-CAR-T demonstrates potent cytolytic function against select cell 
lines.

16 αvβ6 integrin Linked to aggressive TNBC behavior CAR-T potency increases when migration-enhancing receptors are co- 
expressed.110

17 αvβ3 integrin Regulates cell motility Targeted CAR-T induces cytokine secretion and tumor cell destruction.

18 SLC3A2 Essential amino-acid transporter Its targeting disrupts metabolic integrity of TNBC cells.

19 PSMA Expressed in breast cancer stem-like 

cells

Represents a unique vulnerability in BCSC-driven tumors.

20 TEM8/ 
ANTXR1

Present in tumor vasculature and TNBC CAR-T constructs show efficacy in both cell lines and PDX models.111

21 CD70 Immune signaling marker Multi-target CARs engaging CD70 produce significant tumor inhibition.

(Continued)
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activities in TNBC models.117 Using pembrolizumab together with CAR-T cells can restore IFN-γ and TNF-α production 
and improve the persistence of CAR-T cells.118,119 However, widespread PD-1 blockade can lead to high costs, 
uncontrolled T-cell activation, and toxic effects on various organs.120,121 Delivering immune checkpoint inhibitors 
(ICIs) directly through CAR-T cells or preconditioning with specific cytokines like IL-7/IL-15 can boost effectiveness 
while lowering required dosages and side effects.122 PD-1 blockade may revive exhausted CAR-T cells, but repeated 
treatments are necessary to avoid tumor recurrence.123

Administering CAR-T cells locally, such as through intrapleural infusion, has been shown to allow for lasting 
systemic circulation, suggesting potential for long-lasting responses in distant tumors.124 New strategies targeting 
immune checkpoints, like CTLA-4 knockout or RASA2 modulation, can improve CAR-T cells growth, antitumor 
effects, and activity in suppressive environments.125,126 Combining PD-L1 blockade with CAR-T cells also helps counter 
MDSC-mediated suppression, enhancing antitumor effectiveness.83,127

CAR-T cells aimed at mesothelin (MSLN) show strong ability to kill TNBC cell lines and patient-derived xenografts. 
PD-1 blockade further boosts their persistence and function.82,128,129 TNBC also overexpresses NKG2D ligands (ULBP, 
MICA/B), which are being targeted by CTM-N2D CAR-T cells in phase I trials (NCT04107142).79,80 ROR1-targeted 
CAR-T cells are currently under clinical evaluation for BC (NCT02706392, NCT04842812).81

EGFR-specific CAR-T cells, created using lentiviral vectors that encode dual scFv regions, effectively recognize 
TNBC cells in lab studies and hinder tumor growth in xenograft models.102 Bicistronic vectors that express CARs and 
PD-L1-blocking scFvs in the TME reduce inhibitory receptor levels and improve CAR-T function.130,131 EpCAM- 
targeted CAR-T cells are being studied clinically for recurrent metastatic BC (NCT02915445).132 Using oncolytic 
adenoviruses together with CAR-T therapy (eg, CAdVEC plus HER2-CAR-T) might help overcome tumor-induced 
immune suppression (NCT03740256) (Figure 2).

Despite these advances, challenges remain, such as on-target off-tumor toxicity, varied tumor antigens, immunosup
pressive tumor environments, cytokine release syndrome, and T-cell exhaustion. To improve specificity, effectiveness, 
and safety, researchers are developing strategies like trans-signaling CARs, targeting dual antigens, applying inhibitory 

Table 3 (Continued). 

No. Target Role in Breast Cancer Key Finding/Preclinical Insight

22 Nectin-4 Surface protein in advanced breast 

tumors

Targeting leads to functional disruption and reduced cell viability.

23 CEA Tumor-associated antigen in some breast 

cancers

CEA-directed CAR-T induces marked cell lysis in engineered models.

24 CD22 Appears on selected TNBC subsets CD22-CAR-T exhibits selective recognition and tumor reduction.

25 FAP Marker of cancer-associated fibroblasts Eliminating FAP-positive stromal cells weakens tumor support structures.

26 CSPG4 Glycoprotein tied to invasiveness Targeting CSPG4 produces strong anti-tumor cytotoxicity.112

27 PD-L1 Immune checkpoint molecule Direct CAR-T targeting of PD-L1 triggers potent killing in aggressive TNBC.

28 RON 
(MST1R)

Proto-oncogenic receptor Its high expression in many tumors makes it a promising CAR-T 

candidate.113

29 CLDN6 Tight-junction protein not in normal 

adult tissue

Provides a tumor-restricted target for next-generation CAR-T designs.

30 csGRP78 Stress-induced chaperone elevated in 

resistant cancers

Targeting this molecule is effective especially in therapy-resistant models.114

Abbreviations: BC, breast cancer; BCSC, breast cancer stem cell; CAR-T, chimeric antigen receptor T cell; EGFR, epidermal growth factor receptor; EpCAM, epithelial cell 
adhesion molecule; FAP, fibroblast activation protein; FRα, folate receptor alpha; MSLN, mesothelin; PD-L1, programmed death-ligand 1; PDX, patient-derived xenograft; PSMA, 
prostate-specific membrane antigen; ROR1, receptor tyrosine kinase-like orphan receptor 1; TGF-β, transforming growth factor beta; TNBC, triple-negative breast cancer.
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signals to normal tissues, and combining CAR-T therapy with ICIs.133 With ongoing research, CAR-T therapy shows 
significant promise as a new treatment for BC and other solid tumors.

Immune Checkpoint Blockade in Natural Killer (NK) Cell Therapy
Natural killer (NK) cells are essential components of the innate immune system. They can eliminate tumor cells without 
needing prior exposure to antigens. By targeting cancer stem cells and sparing normal cells, NK cells offer unique 
benefits for BC therapy. However, tumor cells use strategies to evade the immune system. They shed stress-induced 
ligands, such as MHC class I polypeptide-related sequence A (MICA) and MICB. This leads to a downregulation of the 
NKG2D receptor and decreases susceptibility to NK-mediated cell death.134 Elevated levels of soluble NKG2D ligands 
are linked to lymph node metastasis in BC and serve as negative predictors. Cytokines in the tumor microenvironment, 
such as TGF-β and IFN-γ, reduce the expression of ULBP and MICA. This reduction impairs NKG2D-mediated 
activation of natural killer cells.135–137

Research on NK cell immunotherapy mainly focuses on: (i) transferring large numbers of the patient’s own NK cells that 
have been expanded outside the body, (ii) boosting NK cell activity or overcoming the signals from inhibitory receptors, and 
(iii) modifying NK cells to handle the immunosuppressive TMEs.138,139 Autologous NK cells often show limited effectiveness 
because they interact with inhibitory receptors on tumor MHC class I molecules. As a result, allogeneic NK cells are receiving 
more attention.140

Clinical evidence supports NK cell-based strategies. A trial involving Herceptin-mediated NK cells in metastatic HER2+ BC 
showed potential benefits.141 Additionally, NK cells can express PD-1, suggesting that ICIs can enhance NK cell-mediated 
killing of PD-L1+ tumors.142,143 Preclinical studies show that blocking PD-1/PD-L1 increases NK cell growth, durability, and 

Figure 2 Synergistic Roles of CARNK Cells, CAR-T Cells, NK Cells, T Cells, Oncolytic Viruses, and Exosomes in BC Immunotherapy. This figure illustrates the multifaceted 
roles of various immune cells and therapeutic agents in enhancing breast cancer immunotherapy. CARNK cells are engineered to improve tumor recognition and 
cytotoxicity. CAR-T cells target specific tumor antigens to enhance adaptive immune responses. NK cells provide rapid immune responses to eliminate tumor cells without 
prior sensitization. T cells, particularly CTLs, play a crucial role in recognizing and destroying cancer cells through specific mechanisms. The figure also highlights the role of 
oncolytic viruses, which selectively infect and kill cancer cells while stimulating anti-tumor immune responses, and exosomes, small extracellular vesicles that facilitate 
communication between tumor and immune cells and may enhance the effectiveness of immunotherapies. Together, these components represent a promising combination 
strategy to overcome tumor evasion and improve treatment outcomes in breast cancer. 
Abbreviations: CARNK cells, Chimeric Antigen Receptor Natural Killer cells; CAR-T cells, Chimeric Antigen Receptor T cells; NK cells, Natural Killer cells; CTL, 
cytotoxic T lymphocytes.
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Table 4 Clinical Trials of Cellular Immunotherapies in BC: CAR-T, ACT, NK, and CAR-NK Platforms with Immune Checkpoint 
Integration

Trial ID Therapy 
Type

Target/Approach Breast 
Cancer 
Indication

Phase Delivery/ 
Combination

Immune 
Checkpoint 
Integration

Status/ 
Notes

NCT04020575 CAR-T MUC1 (huMNC2- 
CAR44/CAR22)

Advanced 
MUC1+ BC

I/II Autologous 
CAR-T

– Ongoing

NCT02587689 CAR-T MUC1-CAR-T MUC1+ BC/ 
solid tumors

I/II Dose- 
escalation

– Ongoing

NCT04025216 CAR-T TnMUC1-CAR-T TnMUC1+ 

TNBC/solid 

tumors

I First-in-human – Terminated 

(risk– 

benefit)

NCT05812326 CAR-T PD-1-KO Anti-MUC1 

CAR-T (AJMUC1)

Advanced 

MUC1+ BC

I CRISPR-edited 

CAR-T

PD-1 knockout Recruiting

NCT02414269 CAR-T/ACT Mesothelin-CAR-T Mesothelin+ 

tumors 
incl. BC

I/II ± 

Chemotherapy/ 
ICIs

ICI-combination arm Active, not 

recruiting

NCT06256055 CAR-T Mesothelin 
(UCMYM802)

Mesothelin 
+ BC

I Novel CAR-T – Ongoing

NCT02580747 CAR-T Mesothelin-CAR-T Solid tumors 
incl. BC

I IV infusion – Ongoing

NCT05623488 CAR-T Lentiviral Mesothelin- 
CAR-T

Mesothelin 
+ BC

I Lentiviral CAR- 
T

– Ongoing

NCT04107142 CAR-T/ACT NKG2D-ligand CAR- 
T

Refractory 
solid tumors

I Allogeneic/γδ – Early phase

NCT02706392 CAR-T/ACT ROR1-CAR-T ROR1+ TNBC I IV infusion – Ongoing

NCT04842812 CAR-T PD-1-KO TIL-CAR 

hybrid

Advanced 

solid tumors

I PD-1 deletion 

+ scFv

PD-1 deletion Active

NCT02915445 CAR-T EpCAM-CAR-T EpCAM+ BC I IV infusion – Ongoing

NCT03740256 CAR-T HER2-CAR-T + 

Oncolytic virus

HER2+ BC I OV + CAR-T Viro-immunotherapy 

enhances ICI 

signaling

Ongoing

NCT04430595 CAR-T/ACT Multi-target 4SCAR 

(CD44v6, CD70, 
MSLN)

BC I/II Multi-antigen 

CAR-T

– Active

NCT02713984 CAR-T HER2-CAR-T HER2+ BC I/II IV infusion – Ongoing

NCT04427449 CAR-T/ACT CD44v6-CAR-T CD44v6+ BC I/II IV – Unknown

NCT03696030 ACT HER2-CAR-T HER2+ BC I Intraventricular – Active

NCT04511871 ACT HER2-CAR-T HER2+ BC I IV – Active

NCT01837602 ACT TNBC/MBC CAR-T TNBC/MBC I Intratumoral – Completed

NCT02830724 ACT CD70-CAR-T Advanced BC I/II Cy + Flu + IL-2 – Recruiting

(Continued)
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antitumor effects.142,144 Mechanically, PD-L1 inhibition may reduce Treg induction, which normally restricts NK cell activity, 
and can activate AMPK to boost tumor sensitivity to NK cells.145,146

Beyond PD-1/PD-L1 checkpoint blockade, targeting TIGIT represents another strategy to enhance NK cell function. 
Chen et al developed Ociperlimab (BGB-A1217), an Fc-competent anti-TIGIT blocking antibody that effectively blocks 
TIGIT-CD155/CD112 interaction, promotes NK cell activation, and synergizes with anti-PD-1 antibodies in preclinical 
tumor models.147 These findings suggest that TIGIT blockade, alone or in combination with ICIs, may further improve 
NK cell-based immunotherapies in breast cancer.

Current clinical efforts include iPSC-derived NK cells (FT-516) combined with avelumab, a high-affinity, non- 
cleavable CD16-expressing NK cell therapy. This combination is being tested in advanced solid tumors, including TNBC 
(NCT04551885) (Table 4). Combination strategies involving NK cells and immune-stimulating agents like antibodies, 

Table 4 (Continued). 

Trial ID Therapy 
Type

Target/Approach Breast 
Cancer 
Indication

Phase Delivery/ 
Combination

Immune 
Checkpoint 
Integration

Status/ 
Notes

NCT02792114 ACT HER2−/MSLN+ CAR- 

T

HER2− BC I Cy 

preconditioning

– Active

NCT02541370 ACT CD133-CAR-T Advanced BC I/II IV – Completed

NCT04348643 ACT CEA-CAR-T Advanced BC I/II IV – Unknown

NCT03635632 ACT C7R-GD2 CAR-T Advanced BC I Cy + Flu – Active

NCT00376805 NK Mixed NK Mixed BC II Cy + Flu – Terminated

NCT01105650 NK Mixed NK Mixed BC II Cy + Flu + 
Cyclosporine

– Completed

NCT02030561 NK HER2+ NK HER2+ BC I/II Trastuzumab Indirect PD-L1 
modulation via 

ADCC

Unknown

NCT03319459 NK HER2+ NK HER2+ BC I Trastuzumab + 

Cetuximab

– Completed

NCT04319757 NK HER2+ NK HER2+ BC I/II Cy + Flu – Completed

NCT02536625 NK HR+/HER2− NK HR+/HER2− 

BC
– Everolimus – Completed

NCT03634501 NK Mixed NK Mixed BC I/II None – Unknown

NCT02839954 CAR-NK MUC1-CAR-NK Relapsed solid 

tumors

I/II Not disclosed – Unknown

NCT05194709 CAR-NK 5T4-CAR-NK Advanced 

tumors

I Not disclosed – Recruiting

NCT05686720 CAR-NK Unspecified CAR-NK Advanced 

TNBC

I Not disclosed – Not yet 

recruiting

NCT03415100 CAR-NK Unspecified CAR-NK Solid tumors 

incl. BC

I Not disclosed – Completed

Abbreviations: ACT, adoptive cell therapy; ADCC, antibody-dependent cellular cytotoxicity; BC, breast cancer; CAR, chimeric antigen receptor; CAR-NK, chimeric 
antigen receptor natural killer cell; CAR-T, chimeric antigen receptor T cell; Cy, cyclophosphamide; Flu, fludarabine; HER2, human epidermal growth factor receptor 2; ICIs, 
immune checkpoint inhibitors; IL-2, interleukin-2; IV, intravenous; KO, knockout; MBC, metastatic breast cancer; MSLN, mesothelin; NK, natural killer; OV, oncolytic virus; 
PD-1, programmed cell death protein 1; scFv, single-chain variable fragment; TNBC, triple-negative breast cancer; Allogeneic γδ, allogeneic or gamma-delta T cells.
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cytokines, and chemotherapy (eg, lenalidomide) have shown promise in improving NK antitumor effects by addressing 
TME-induced immunosuppression.148,149

Notably, the QUILT-3.067 trial evaluated high-affinity NK (haNK) cells along with avelumab, IL-15 cytokine 
delivery, cancer vaccines, and metronomic chemotherapy in metastatic or unresectable TNBC. Among nine participants, 
the disease control rate was 78%, the overall response rate was 67%, and the complete response rate was 22%. The 
median progression-free survival (PFS) was 13.7 months, significantly better than the historical PFS of 3 months.150

Immune Checkpoint Blockade by CAR-NK Cells
The development of chimeric antigen receptor-engineered NK (CAR-NK) cells has broadened the treatment possibilities 
of NK cell therapy in BC. Integrating CAR improves cytotoxic activity, persistence, and tumor targeting while reducing 
side effects like cytokine release syndrome (CRS).151 CAR-NK cells use natural killing mechanisms and are generally 
safer than CAR-T cells. They target BC-specific antigens like HER2, CD44v6, B7-H6, tissue factor (TF), EGFR, and PD- 
L1.85 For instance, CD44v6-targeted CAR-NK cells demonstrated strong cytotoxicity in models of TNBC.84

Next-generation CAR-NK strategies aim to overcome inhibitory signaling and exhaustion. Checkpoint receptors like 
PD-1, LAG-3, TIM-3, TIGIT, KLRG1, and NKG2A negatively affect NK function. Blocking or deleting these receptors 
boosts cytotoxicity, metabolic health, and effector functions. Additionally, cytokine-induced CIS protein enhances 
survival and function.152–154 Combining CAR-NK therapy with immune checkpoint inhibitors (ICIs), especially those 
that target the PD-1/PD-L1 and CTLA-4 pathways, shows better effectiveness than using single treatments.152,153,155 

Engineered PD-L1-targeting t-haNK cells express both CARs and CD16 while maintaining their native NK receptors and 
perforin granules. This setup allows them to effectively target TNBC and other solid tumors.

Their activity relates to PD-L1 presence and is further enhanced by pre-treating with IFN-γ. In vivo, irradiated PD-L1 
t-haNK cells reduced TNBC and bladder tumor growth, with additional support from N-803 and anti-PD-1 antibodies. 
These cells also effectively reduced myeloid-derived suppressor cells (MDSCs) when cultured with human peripheral 
blood mononuclear cells (PBMCs), showing their potential to alter the TME.156,157

CAR-NK cells that target HER2 have shown greater effectiveness against HER2-positive BC. They maintain their ability 
to kill cancer cells within the TME without harming normal tissues.87,158 They can also impact the TME by reducing myeloid- 
derived suppressor cells (MDSCs) and counteracting TGF-β, galectin, MMP, and ADAM-mediated suppression.86,156,159 

Beyond direct immune modulation, proteolytic enzymes such as ADAM12 contribute to tumor progression by facilitating 
invadopodia formation and extracellular matrix remodeling, particularly under hypoxic conditions.160 Therefore, combining 
CAR-NK therapy with inhibitors of ADAM-mediated shedding may further impair BC metastasis. CAR-NK methods have 
demonstrated activity against metastatic lesions, such as when EGFR-CAR NK-92 cells are combined with oncolytic HSV-1 
in brain metastasis models of metastatic breast cancer (MBC).161,162

Tissue factor (TF)-CAR-NK cells, which often express CD16 to promote antibody-dependent killing, show strong effects 
against TNBC cell lines and patient-derived xenograft (PDX) models, both in vitro and in vivo. Their effectiveness increases 
when paired with L-ICON or checkpoint inhibitors (112, 140). This combination highlights the potential of merging CAR-NK 
therapies with checkpoint blockade to improve tumor responses while minimizing immune evasion.116,163,164

Table 4 summarizes selected clinical studies of CAR-T, adoptive cell transfer (ACT), NK, and CAR-NK cell therapies 
in BC, focusing on trials that test combinations with ICIs.

Despite the promising early research and clinical results, CAR-NK therapy faces challenges. These include limited ability 
to penetrate tumors, evasion by tumor cells, difficulties in expanding cells outside the body, and brief effectiveness in living 
organisms. Strategies that involve cytokine preconditioning and modifications to CAR can enhance NK cell movement and 
killing ability, establishing a strong foundation for future clinical advancements.165,166 Overall, CAR-NK therapy represents 
an innovative approach in BC immunotherapy, with potential applications for treating resistant and metastatic cancers.

Oncolytic Virotherapy in BC with Immune Checkpoint Inhibitors
Oncolytic virotherapy (OV) is a promising treatment strategy in BC. It uses natural or genetically modified viruses to 
infect and destroy tumor cells while leaving healthy tissues unharmed.167 OVs not only kill tumor cells directly but also 
improve the adaptive immune response against tumors. This makes them a good addition to ICIs.168,169 The FDA- 
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approved Talimogene laherparepvec (T-VEC), a modified HSV-1 virus that expresses GM-CSF, has shown clinical 
effectiveness in advanced melanoma. When combined with checkpoint blockers, it significantly improves response 
rates.170–172

OVs induce immunogenic cell death (ICD), release pro-inflammatory cytokines and chemokines, and promote 
immune cell entry into the TME. These actions help fight immune suppression.173,174 OVs can also be used to deliver 
genes, further boosting immune activation. Preclinical and clinical studies show that combining OVs with traditional 
treatments increases OV-induced apoptosis (Figure 2).

Coxsackieviruses (CV) are a group of positive-sense ssRNA enteroviruses that show potential as OVs in TNBC. 
Engineered strains like CV-B3 and CVA21 target tumor cells specifically, sparing normal tissues, and have shown anti- 
tumor effectiveness in lab settings and mouse models of TNBC.175 Several clinical trials are testing the combinations of 
OVs and ICIs in BC. For instance, the KEYNOTE-200 (STORM) trial is examining CVA21 along with pembrolizumab 

Table 5 Oncolytic Viruses Evaluated in BC Clinical Trials, Including Combinations with Immune Checkpoint Inhibitors

Oncolytic Virus 
Candidate

Observed Clinical Effects in 
Breast Cancer

Reported Toxicities ICI-Related Notes/Combinations

Adenoviridae – dsDNA

Ad5/3-D24-GM-CSF Tumor regression or stable disease 
in a subset of patients.

Mild flu-like symptoms; no 
severe adverse events.

GM-CSF enhances antigen presentation; may potentiate 
PD-1/PD-L1 blockade (no BC-specific ICI trial).177

Ad5-Δ24-GM-CSF Disease stabilization; one complete 
radiologic response reported.

Fever, fatigue, mild injection- 
site discomfort.

Mechanistically synergistic with ICIs by increasing T-cell 
priming.178

RGD-4C (ICOVIR-7) Early biochemical responses; mild to 
partial radiologic responses.

No clinically meaningful 
toxicities.

RGD-modified adenoviruses upregulate PD-L1, supporting 
ICI co-therapy rationale.179

ONYX-015 + Etanercept Predominantly progressive disease 
in BC patients.

Low-grade fever; otherwise 
well tolerated.

No ICI combination tested.180

Herpesviridae – dsDNA

T-VEC (Talimogene 
laherparepvec)

Mostly stable disease; limited 
objective responses.

Mild fever, fatigue, GI upset. Known synergy with pembrolizumab in melanoma; BC trials 
not yet combining with ICIs.181

T-VEC + Neoadjuvant 
Chemotherapy

Enhanced pathologic response rates 
and improved 2-year DFS in TNBC.

Typical chemo-related AEs 
and mild viral-associated 
fever/chills.

Chemotherapy enhances tumor immunogenicity, potentially 
augmenting future OV–ICI responses.182

HF10 (Oncolytic HSV) 30–100% tumor necrosis in 
cutaneous/subcutaneous BC lesions.

No significant toxicity. Increases intratumoral CD8+ T cells; potential synergy with 
PD-1/PD-L1 inhibitors.183

Poxviridae – dsDNA

VVDD (Double-deleted 
Vaccinia Virus)

Partial responses in advanced 
cancers; tumor-selective replication 
observed.

Mostly mild symptoms; one 
serious pain event.

Vaccinia viruses frequently combined with ICIs in other 
cancers; provides rationale for BC expansion.184

Pelareorep (Reovirus 
Type 3)

Partial responses in several cases; 
improved OS in metastatic BC 
cohort.

Grade 1–2 toxicities; well 
tolerated.

Strongest evidence for OV–ICI synergy: pelareorep boosts 
PD-L1 expression, TIL infiltration, and type-I IFN 
signaling.185

Pelareorep + Paclitaxel OS improvement despite no PFS 
benefit.

Mild and manageable adverse 
events.

Under evaluation with pembrolizumab; enhances antigen 
spreading and T-cell priming.186

Paramyxoviridae – (–)ssRNA

PV701 (Newcastle 
Disease Virus)

One BC patient maintained stable 
disease >6 months.

Mild flu-like symptoms and 
injection-site inflammation.

NDV activates both NK and T cells; preclinical synergy with 
ICIs documented.187

Abbreviations: AEs, adverse events; BC, breast cancer; DFS, disease-free survival; dsDNA, double-stranded DNA; GI, gastrointestinal; GM-CSF, granulocyte-macrophage 
colony-stimulating factor; HSV, herpes simplex virus; ICI, immune checkpoint inhibitor; IFN, interferon; NDV, Newcastle disease virus; NK, natural killer; OS, overall survival; 
OV, oncolytic virus; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PFS, progression-free survival; RGD, arginine-glycine-aspartate; ssRNA, 
single-stranded RNA; T-VEC, talimogene laherparepvec; TIL, tumor-infiltrating lymphocyte; TNBC, triple-negative breast cancer.
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in metastatic TNBC. The results aim to clarify dosing, safety, and effectiveness.176 Table 5 summarizes the oncolytic 
viruses investigated in clinical trials for BC, including studies evaluating their therapeutic potential alone or in 
combination with ICIs.

OVs combined with CAR-NK cells further boost anti-tumor responses. OV-IL15C paired with EGFR-CAR NK cells 
improved tumor control and survival while enhancing the presence of CD8+ T and NK cells within tumors in preclinical 
studies.188 Similarly, the combination of EGFR-CAR NK cells and oncolytic HSV-1 effectively targeted brain metastases 
from BC, leading to longer survival in mouse models.161

Researchers have also explored combination therapies with standard treatments. Measles virus modified to carry BNiP39 
was used with paclitaxel to induce death in TNBC cells.189 Moreover, T-VEC combined with neoadjuvant chemotherapy 
(doxorubicin and cyclophosphamide) increased tumor-infiltrating lymphocytes (TILs) and achieved a 55% complete response 
rate in TNBC patients.190 Chimeric poxviruses carrying anti-PD-L1 antibodies, such as CF33-hNIS-F14.5, altered the TME 
by increasing CD8+ T-cell infiltration and enhancing ICD in TNBC models.191 Further clinical evidence supports the 
combination of oncolytic virotherapy with standard treatments. Soliman et al conducted a phase I trial evaluating 
Talimogene Laherparepvec (T-VEC) in combination with neoadjuvant chemotherapy (doxorubicin and cyclophosphamide) 
in patients with nonmetastatic TNBC.192 This combination was found to be safe and feasible, with evidence of immune 
activation and tumor regression, supporting further clinical development of T-VEC plus chemotherapy in TNBC.192 In 
parallel, Chaurasiya et al developed CF33-hNIS-ΔF14.5, an oncolytic poxvirus engineered to express an anti-PD-L1 
antibody.88 This novel construct not only directly infected and killed tumor cells but also favorably modulated the tumor 
immune microenvironment by increasing CD8+ T-cell infiltration and enhancing immunogenic cell death, leading to 
synergistic antitumor effects when combined with immune checkpoint inhibitors in preclinical TNBC models.88

The combination of OVs with CAR-T therapy also shows promise; oncolytic adenoviruses delivering IL-15 and 
RANTES improved CAR-T cell movement, persistence, and effectiveness within the TME.89–92 These findings highlight 
OVs as powerful enhancers that work well with ICIs, CAR-NK, and CAR-T therapies in BC.

Exosomes in BC Therapy with ICIs
Exosomes can be viewed through three conceptual lenses in the context of checkpoint blockade: (I) as delivery vehicles 
for ICIs or antigens, (II) as circulating biomarkers for treatment response or resistance, and (III) as direct immunomo
dulators that reprogram the TME. In this section, we focus on their role as immunomodulators that can be combined with 
ICIs.

As immunomodulators, tumor-derived exosomes inhibit CD8+ and CD4+ T cells, reduce NK cell activity, and 
promote the activation of myeloid-derived suppressor cells (MDSCs) through miRNAs like miR-9 and miR-181a, 
thereby helping the tumor evade immune detection.193–196 Beyond their direct immunomodulatory effects, exosomes 
also reflect the molecular characteristics of their cells of origin and have been implicated in cancer progression and 
therapy resistance. Mimeault and Batra highlighted that exosomes derived from cancer stem/progenitor cells carry 
specific molecular biomarkers associated with tumor progression, metastasis, and treatment resistance in aggressive 
cancers, including breast cancer.93 Bae et al further demonstrated that both cancerous and non-cancerous cell-derived 
exosomes can regulate the anti-tumor response within the tumor microenvironment by modulating immune cell functions 
and cytokine profiles.94 In the context of BC immunotherapy, exosome-based platforms have also been explored as 
cancer vaccines. Conversely, exosomes from dendritic cells (DCs) presenting MHC I/II-loaded peptides activate 
cytotoxic T lymphocytes (CTLs) and helper T cells, improving antitumor responses.95,197

CAR-T cell-derived exosomes carry RN7SL1 RNA, which activates RIG-I/MDA5 pathways in immune cells, 
promoting CAR-T cell growth and antitumor activity while limiting MDSC expansion.96,97

Exosomes from CAR-T or CAR-NK cells offer unique advantages as immunomodulators, causing little off-target 
damage and avoiding cytokine release syndrome (CRS). Trastuzumab- or cetuximab-scFv-expressing CAR-T exosomes 
slow tumor growth in HER2- or EGFR-positive BC models, and mesothelin-targeted exosomes effectively target 
TNBC.98,99 CAR-NK-derived exosomes containing perforin and granzyme can cross the blood-brain barrier and target 
HER2-positive BC brain metastases when modified with transferrin receptor-binding peptides (T7).100,101 Overall, 
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exosome-based immunomodulation, especially when combined with immune checkpoint inhibitors, shows promise for 
overcoming immune evasion and improving BC immunotherapy.198–200

Clinical Positioning of CAR-T, CAR-NK, and Exosome Platforms
The clinical translation of cellular and cell-free platforms for BC immunotherapy requires careful consideration of their 
respective safety profiles, persistence, manufacturing complexity, and clinical maturity. Autologous CAR-T cells, while 
capable of inducing potent and durable antitumor responses, carry well-documented risks of CRS, immune effector cell- 
associated neurotoxicity syndrome (ICANS), and on-target off-tumor toxicity.115 Although approved for hematologic 
malignancies, CAR-T therapy remains in early-phase development for breast cancer, as solid tumors present unique barriers 
including limited infiltration and an immunosuppressive microenvironment.135 In contrast, CAR-NK cells offer a safer 
alternative with lower CRS risk and intrinsic MHC-independent cytotoxicity,159 yet their limited in vivo persistence often 
necessitates repeated dosing, and manufacturing complexity remains moderate.153 Exosome-based platforms derived from 
CAR-T or CAR-NK cells represent a cell-free approach with minimal toxicity and the unique ability to cross the blood-brain 
barrier, but scalability, standardization, and batch-to-batch consistency pose unresolved challenges.200 From a clinical 
maturity perspective, CAR-T is established in hematologic cancers but experimental in breast cancer, whereas CAR-NK 
and exosome platforms remain predominantly preclinical or in phase I trials.84 Regarding persistence, CAR-T cells endure for 
months to years, CAR-NK for weeks, and exosomes for days. Collectively, safety is highest for exosomes and CAR-NK, 
followed by CAR-T, while manufacturing complexity follows the reverse order. These distinctions are essential for position
ing each platform within the evolving landscape of BC immunotherapy.

Conclusion
Immune checkpoint inhibitors have transformed BC treatment, particularly for aggressive subtypes such as TNBC. 
Combining ICIs with chemotherapy, targeted therapies, CAR-T cells, NK cells, oncolytic viruses, and exosome-based 
platforms has improved response rates, progression-free survival, and overall survival in clinical trials. Biomarker-driven 
patient selection most notably PD-L1 expression and TIL density is essential for optimizing outcomes and represents a step 
toward precision oncology in BC.

Despite these advances, significant barriers remain. Primary and acquired resistance to ICIs, driven by MHC loss, antigen 
presentation defects, and metabolic competition within the tumor microenvironment, limits durable responses. Toxicity 
concerns, including immune-related adverse events (irAEs) and organ-specific complications from combination regimens, 
require careful risk-benefit assessment. Furthermore, the limited efficacy of ICIs in hormone receptor-positive BC and the 
negative results of trials such as IMpassion131 underscore that not all patients or combinations benefit equally.

From a translational perspective, integrating ICIs with cellular platforms (CAR-T, CAR-NK) and biologic agents 
(oncolytic viruses, exosomes) holds promise for reshaping treatment algorithms, particularly for resistant and metastatic 
disease. However, clinical maturity varies widely: CAR-T therapy remains early-phase in BC, while CAR-NK and 
exosome approaches are largely preclinical. Cost-effectiveness and real-world applicability also remain unresolved 
challenges that will influence adoption into routine practice.

In conclusion, the evolving landscape of BC immunotherapy offers hope for more effective and personalized 
treatments. Yet, realizing this potential will require continued research into resistance mechanisms, optimized combina
tion strategies, rigorous biomarker validation, and prospective evaluation of long-term benefits and toxicities. Only then 
can these advances translate into meaningful improvements in patient outcomes and durable remission.
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