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Abstract

The advent of immunotherapy, and particularly the development of immune checkpoint inhibitors (ICIs), has revolutionized the landscape
of breast cancer treatment, especially for triple-negative breast cancer. However, some patients still do not benefit from immunother-
apy. Breast cancer is inherently an immunotherapy “cold” tumor, which results in suboptimal clinical outcomes when ICIs are used
as monotherapy. Identifying additional immunotherapeutic targets and drugs, along with developing novel strategies for combination
therapy, is crucial for addressing the challenges posed by immunotherapy resistance and tumor immune escape driven by multiple mech-
anisms. For instance, the combination of the programmed cell death protein 1 inhibitor, pembrolizumab, with chemotherapy has demon-
strated remarkable clinical efficacy and is now the preferred first-line treatment for neoadjuvant, adjuvant, and metastatic breast cancer.
This review discusses recently developed ICIs and focuses on strategies combining ICIs with chemotherapy, targeted therapy, nanoth-
erapy, and other approaches in breast cancer. This review aims to summarize recent advances in immune checkpoint inhibitor-based
combination strategies in breast cancer and to provide insights into improving therapeutic efficacy, overcoming treatment resistance, and
ultimately enhancing patient outcomes.

Keywords: immune checkpoint inhibitors; breast cancer; chemotherapy; targeted therapy; radiotherapy; phototherapy; microwave ab-
lation; traditional Chinese medicine

1. Introduction

Recent advancements have positioned immunother-
apy as a pivotal frontier in oncology, with immune
checkpoint inhibitors (ICIs) at the forefront of tumor im-
munotherapy. Tumor cells can evade immune detection
by mimicking immune checkpoint ligands, a mechanism
that ICIs counteract by reactivating T lymphocyte responses
against tumor cells [1]. The clinical efficacy and safety of
ICIs, especially humanized monoclonal antibodies (mAbs),
have been substantiated in breast cancer (BC) manage-
ment. Crucially, Phase III clinical trials, including IMpas-
sion130, KEYNOTE-355, and KEYNOTE-522, have led
to regulatory approvals of ICIs in specific settings of triple-
negative breast cancer (TNBC). In particular, atezolizumab
(initially approved by the U.S. FDA in 2019 for PD-L1-
positive metastatic TNBC and withdrawn in 2021) and
pembrolizumab (approved for PD-L1-positive metastatic
and high-risk early-stage TNBC in 2021) exemplify the
evolving landscape of immunotherapy in breast cancer [2].
This review synthesizes preclinical and clinical advances

in the use of ICIs in BC, thus underpinning evidence-based
clinical decisions and guiding future research.

2. Recent Advances in ICIs
Immune checkpoints are crucial regulatory molecules

on immune cells that maintain T-cell activation at opti-
mal levels. The most prominent ICIs include mAbs target-
ing programmed cell death protein one and its ligand (PD-
1/PD-L1), and cytotoxic T lymphocyte-associated antigen-
4 (CTLA-4) [3], as illustrated in Fig. 1. Recently, emerg-
ing ICIs targeting novel checkpoints, such as lymphocyte
activation gene-3 (LAG-3), T-cell immunoglobulin domain
and mucin domain-3 (TIM-3), cluster of differentiation 47
(CD47), T-cell immunoglobulin and ITIM domain (TIGIT),
and V-set immunoglobulin domain suppressor of T-cell ac-
tivation (VISTA), have been intensively investigated in pre-
clinical studies and clinical trials, however, the effective-
ness of these agents varies across different clinical contexts.
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Fig. 1. Mechanisms of action of ICIs. Immune checkpoint inhibitors enhance the body’s ability to attack cancer cells by blocking key
pathways in the immune system. These drugs primarily target critical immune checkpoint molecules, including PD-1, PD-L1, CTLA-4,
and LAG-3, thereby effectively activating the patient’s immune response and combating cancer. Arrows indicate activation or binding;
blunt-ended lines (T-bars) represent inhibition. Abbreviations: APC, antigen-presenting cell; Treg, regulatory T cell; MHC, major
histocompatibility complex; TCR, T-cell receptor; PD-1, programmed cell death-1; PD-L1, programmed cell death ligand 1; CTLA-4,
cytotoxic T lymphocyte-associated antigen 4; LAG-3, lymphocyte activation gene-3; Tim-3, T-cell immunoglobulin domain and mucin
domain-3; CD47, cluster of differentiation 47; TIGIT, T-cell immunoglobulin and ITIM domain; VISTA, V-set immunoglobulin domain
suppressor of T-cell activation; SIRPα, signal regulatory protein alpha. This figure was created using Microsoft PowerPoint.

2.1 PD-1 and PD-L1 Inhibitors

PD-1, a target of ICIs, is present on immune cells, in-
cluding activated T cells, and it binds to PD-L1 and PD-
L2, which are often overexpressed in tumors. This interac-
tion helps tumors evade the immune system. PD-1/PD-L1
inhibitors disrupt this pathway by enhancing the immune
response against tumor cells [4]. These inhibitors differ
in their molecular interactions and potential clinical out-
comes. Several approved monoclonal antibodies (mAbs)
targeting PD-1 and PD-L1 are available, including pem-
brolizumab and atezolizumab. Unlike PD-1 inhibitors, PD-
L1 inhibitors can bind to PD-L1 on both tumor and antigen-
presenting cells, thus promoting stronger antitumor immu-
nity. Pembrolizumab is especially effective in BC im-
munotherapy and is often used with chemotherapy. Ameta-
analysis revealed greater severe adverse event rates in pa-
tients treated with PD-1 inhibitors than in those treated with
PD-L1 inhibitors (odds ratio [OR] = 1.58, confidence inter-

val [95%CI]: 1.00–2.54) [5]. Common immune-related ad-
verse effects include hepatitis and colitis. PD-1 inhibitors
are typically engineered on an IgG4 backbone, whereas
most PD-L1 inhibitors utilize an IgG1 backbone. Although
Fc-region differences have been proposed as one contribut-
ing factor to toxicity variation, the mechanism remains in-
conclusive [6].

Recent meta-analyses further comparing the two
classes in breast cancer indicate that PD-1 and PD-L1 in-
hibitors yield similar overall survival outcomes in advanced
BC. In contrast, PD-1 inhibitors may offer higher patholog-
ical complete response rates in early-stage neoadjuvant set-
tings. Notably, PD-1 inhibitors are associated with more
immune-related adverse events, whereas PD-L1 inhibitors
tend to show lower toxicity, despite comparable grade ≥2
adverse events. These findings provide a more comprehen-
sive understanding of the relative efficacy and safety pro-
files of the two ICI classes [7].
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2.2 CTLA-4 Inhibitors

CTLA-4, an immunosuppressive molecule on acti-
vated T cells, binds to CD80/CD86 on dendritic cells (DCs),
disrupting T-cell signaling and enhancing immunosuppres-
sion via regulatory T cells. CTLA-4 and PD-1 blockades
activate T cells at different stages of the immune response,
and CTLA-4 inhibitors, such as ipilimumab and tremeli-
mumab, significantly enhance the immune response in the
early phases [8]. Ipilimumab, a humanized mAb, is FDA-
approved for treating melanoma and shows promise in BC
[9]. However, due to broad T-cell activation, ipilimumab
can cause distinct immune-related adverse events (irAEs),
including anemia, hypothyroidism, diarrhea, fatigue, limb
pain, and dyspnea, which may significantly limit its clini-
cal utility [10].

2.3 LAG-3 Inhibitors
LAG-3, an inhibitory receptor on activated T cells,

B cells, natural killer (NK) cells, and plasmacytoid DCs,
is essential for controlling the antitumor immune response.
LAG-3 regulates immunity by engaging with MHC class II
molecules to suppress CD4+ T-cell activation [11]. How-
ever, soluble LAG-3 variants can enhance the immune re-
sponse, thus increasing the complexity of their role [12].
Recent discoveries have identified fibrinogen-like protein 1
(FGL1) as a significant ligand for LAG-3, which is highly
expressed in cancers [13]. These findings underscore the
potential of targeting the FGL1/LAG-3 interaction for the
development of new ICI therapies.

LAG-3-targeted therapies are currently divided into
two main categories: soluble dimeric LAG-3, which stimu-
lates the immune response, and anti-LAG-3monoclonal an-
tibodies (mAbs), which block its inhibitory pathway. The
soluble LAG-3 fusion protein IMP321 has shown poten-
tial as an immune enhancer in early clinical trials, specif-
ically activating CD8+ T cells and offering a novel route
for cancer immunotherapy [14]. The expression of LAG-
3 on tumor-infiltrating lymphocytes (TILs) has been linked
to poor prognosis, but its co-expression with PD-L1 is a
promising therapeutic target, especially in BC [15]. It has
been reported that in mice receiving anti-PD-1 therapy,
LAG-3 expression within TILs increases. This observation
suggests that blocking both LAG-3 and PD-1 may work
synergistically to improve clinical outcomes. Relatlimab,
the first LAG-3-blocking antibody in clinical development,
has demonstrated safety in trials, albeit with limited effi-
cacy as a monotherapy. However, the combination of re-
latlimab and nivolumab, an anti-PD-1 antibody, demon-
strated significant antitumor efficacy in the I-SPY2 trial,
especially in patients with early-stage human epidermal
growth factor 2-negative (HER2–) BC, paving the way for
new combination therapies in the field of immunotherapy
[16]. Overall, the focus on LAG-3 in BC immunotherapy,
especially the combination of relatlimab and nivolumab for

HER2– BC, shows promise for improving treatment out-
comes.

2.4 TIM-3 Inhibitors
TIM-3 acts as a negative immune regulator and has

emerged as a critical target in the landscape of cancer im-
munotherapy, given its broad expression across various cell
types. Its primary ligand, galectin-9, engageswith TIM-3 to
mediate T-cell exhaustion, thereby impairing immune func-
tion [17]. Preclinical models have illuminated the pivotal
role of TIM-3 inhibition in amplifying antitumor responses.
In particular, combining anti-TIM-3 antibodies with pacli-
taxel chemotherapy reduces the tumor size in BC mouse
models, underscoring the influence of TIM-3 on CD103+
DC functionality and responsiveness to chemotherapy [18].

Several mAbs targeting TIM-3, such as Sym023,
LY3321367, and INCAGN2390, are undergoing early clin-
ical trials to explore their efficacy in cancer treatment [19].
Emerging evidence also links TIM-3 upregulation with the
development of resistance to PD-1/PD-L1 inhibitors, posi-
tioning anti-TIM-3 and PD-1 inhibitor combinations as a
research focus to overcome this challenge. However, this
ubiquity raises concerns about systemic side effects and
toxicities. The pursuit of more precise therapeutic strate-
gies targeting TIM-3 within TILs is pivotal to harness its
antitumor potential while minimizing adverse effects, thus
paving the way for safer and more effective cancer treat-
ments.

2.5 CD47 Inhibitors
The expression of CD47 on various solid and hema-

tological tumors serves as a “do not eat me” signal by in-
teracting with signal regulatory protein alpha (SIRPα) on
macrophages, thereby inhibiting phagocytosis [20]. Target-
ing the CD47-SIRPα axis is a novel therapeutic approach,
with several strategies, including anti-CD47 antibodies, tar-
geted SIRPα antibodies, and CD47-SIRPα fusion proteins,
showing promising outcomes in early clinical trials. In ad-
dition, the upregulation of CD47 andHER2 is observed dur-
ing BC radiotherapy (RT), suggesting a new therapeutic ap-
proach involving a dual blockade to eliminate RT-resistant
BC cells [21]. Despite the promise of CD47-targeted thera-
pies for treating hematological malignancies and BC, com-
mon adverse events such as anemia and thrombocytopenia
pose challenges due to the presence of CD47 on erythro-
cytes and platelets, thus underscoring the need for refined
strategies to minimize side effects.

2.6 TIGIT Inhibitors
By engaging with three known ligands (CD155,

CD112, and CD113), TIGIT can modulate T-cell and NK
cell activity, attenuate T-cell activation, and compromise
the immune response [22]. TIGIT expression is elevated
across a broad spectrum of malignancies, including col-
orectal cancer, ovarian cancer, BC, and melanoma, and
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its expression level is negatively correlated with patient
prognosis [23]. Specifically, immunohistochemical anal-
yses of BC samples with bone metastases have indicated
the significant roles of TIGIT and interleukin (IL)-1β in
promoting metastatic progression [24]. Concurrent inhibi-
tion of these targets is a potentially innovative approach
for the management of BC bone metastases. The thera-
peutic potential of targeting TIGIT with monoclonal anti-
bodies (mAbs) is a focal point of both preclinical and clin-
ical cancer immunotherapy research. Notably, the syner-
gistic application of anti-TIGIT and anti-PD-1/PD-L1 anti-
bodies has yielded promising results, indicating enhanced
therapeutic outcomes [25]. However, to date, no TIGIT in-
hibitors have progressed to phase III clinical trials for BC,
thus highlighting an urgent need for research and develop-
ment in this area.

2.7 VISTA Inhibitors
VISTA has structural similarity to the PD-1 ligands

PD-L1 and PD-L2, and it is predominantly expressed in
myeloid-derived suppressor cells. It is implicated in the
immune evasion of various cancers, including lung, kid-
ney, and colorectal cancers. Importantly, studies using
mouse models of colorectal cancer have demonstrated that
the combined blockade of VISTA and PD-L1 yields signifi-
cant therapeutic benefits, underscoring the potential of anti-
VISTA antibodies in cancer treatment [26]. The promising
results from preclinical investigations warrant further re-
search in clinical trials to ascertain the efficacy and safety
profile of anti-VISTA therapies in patients with cancer.

3. ICIs Combined With Chemotherapy
The efficacy of ICIs alone in treating BC is mod-

est, but their combination with chemotherapy has shown
promise, especially for metastatic TNBC (mTNBC) (Ta-
ble 1). While the IMpassion130 trial highlighted an in-
crease in median overall survival (OS) with atezolizumab
plus nab-paclitaxel (nab-P) in PD-L1-positive patients, the
follow-up IMpassion131, which used paclitaxel instead
of nab-paclitaxel, did not show a significant OS bene-
fit, revealing regimen-dependent responses [27,28]. The
KEYNOTE-355 and TORCHLIGHT trials further demon-
strated the potential of combining ICIs with nab-P, which
significantly improved outcomes of patients with mTNBC
[29,30]. Four randomized controlled trials (RCTs), namely,
KEYNOTE-522 [31], IMpassion031 [32], I-SPY2 [33],
and GeparNuevo [34], have shown the efficacy of com-
bining ICIs with neoadjuvant chemotherapy, demonstrating
higher pathologic complete response (pCR) rates in com-
bination with ICIs plus chemotherapy. This enhanced ef-
ficacy trend is further supported by recent phase III tri-
als in high-risk, early-stage ER+/HER2– breast cancer.
The CheckMate 7FL and KEYNOTE-756 studies demon-
strated improved pathologic complete response (pCR) rates
with ICIs combined with anthracycline-based chemother-

apy (pCR: 24.5% vs 13.8% and 24.3% vs 15.6%, re-
spectively) [35,36]. However, the IMpassion050 study in
HER2+ early breast cancer did not improve pCR rates,
confirming that trastuzumab-pertuzumab plus chemother-
apy remains the standard of care. Recently, the NeoTRIPa-
PDL1 trial evaluated neoadjuvant atezolizumab in combi-
nation with platinum-based chemotherapy in TNBC, show-
ing encouraging pCR rates, particularly in PD-L1-positive
tumors. Although disease-free survival (DFS) data are
not yet mature, the study supports further investigation of
ICI plus platinum-based regimens as a potential neoad-
juvant strategy [37]. The first international metronomic
chemotherapy-based ICI strategy adopted a Bayesian adap-
tive umbrella trial design, evaluating in a phase Ⅱ trial
with 103 enrolled patients. The results suggested not
only the promising clinical efficacy of the combination
of metronomic VEX chemotherapy (cyclophosphamide,
capecitabine, and vinorelbine) and PD-1 blockade (tori-
palimab) but also a considerable synergistic effect, with
promising efficacy signals indicating an OS benefit. There-
fore, the combination of ICIs in the treatment of “immuno-
cold” tumors, especially BC, is crucial. Different dose reg-
imens or combination strategies may achieve different effi-
cacies even with the same chemotherapeutic agents [38].
These findings suggest that the integration of ICIs with
chemotherapy holds promise across various BC types, al-
though the optimal chemotherapeutic agents and patient
groups remain to be explored.

4. ICIs Combined With Targeted Therapies
Currently, numerous existing studies have confirmed

the synergistic effect of ICIs combined with targeted ther-
apy (Table 2).

4.1 Monoclonal Antibodies
Recent clinical studies indicate heterogeneous re-

sults when combining HER2-targeted antibodies with im-
mune checkpoint inhibitors [39]. For advanced HER2-
positive disease, the single-arm PANACEA trial reported
a 15% response rate in PD-L1-positive patients treated
with trastuzumab plus pembrolizumab. In contrast, PD-L1-
negative patients derived little benefit, highlighting a po-
tential role for PD-L1 status in patient selection [40]. In
early-stage settings, some neoadjuvant regimens that incor-
porated ICIs (for example, Neo-PATH with atezolizumab)
yielded relatively high pCR rates, particularly among pa-
tients with PD-L1-positive tumors. In contrast, other tri-
als, such as IMpasion050 and APTneo, did not demonstrate
consistent benefit [41–43]. These negative results suggest
that the efficacy ceiling of chemotherapy combined with
dual HER2-targeted therapy may already be near maximal.
That immunotherapy does not necessarily further enhance
treatment response in unselected patients. Importantly, the
Phase Ⅱ WSG-KEYRICHED-1 (N = 48) and DTP (N =
39) trials provide early randomized evidence supporting
chemotherapy-free neoadjuvant immunotherapy strategies
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in HER2-enriched breast cancer. Both studies reported
manageable safety profiles without new safety signals, al-
though larger confirmatory trials are needed [44,45]. Col-
lectively, these findings underscore the complexity of inte-
grating ICIs with HER2-targeted therapies in BC treatment,
and indicate variable responses based on patients’ PD-L1
status and disease stage. Additional research is necessary
to identify predictive biomarkers and optimize therapeutic
strategies in this setting.

4.2 Small-Molecule Inhibitors
Research has focused on the combination of ICIs

and targeted therapies such as poly (adenosine diphosphate
(ADP)-ribose) polymerase (PARP) inhibitors [39], cyclin-
dependent kinase 4 and 6 (CDK4/6) inhibitors [39], phos-
phoinositide 3-kinase (PI3K) inhibitors [46], and mitogen-
activated extracellular signal-regulated kinase (MEK) in-
hibitors [47]. Among these agents, PARP inhibitors have
emerged as up-and-coming therapeutic options for treating
TNBC. The Phase II MEDIOLA and TOPACIO trials re-
ported the efficacy of combining ICIs (pembrolizumab and
durvalumab) with PARP inhibitors (olaparib and niraparib)
in advanced TNBC (aTNBC), demonstrating significant
clinical benefits [48,49]. The KEYLYNK-009 trial showed
that maintenance therapy combining pembrolizumab with
olaparib provided superior outcomes for TNBC patients
with breast cancer susceptibility gene (BRCA) mutations,
prolonging the median progression-free survival (mPFS) to
12.4 months, compared with 8.4 months for patients treated
with pembrolizumab plus chemotherapy [50]. The Phase
II DORA trial evaluated olaparib with or without the PD-
L1 inhibitor durvalumab as a chemotherapy-free mainte-
nance therapy in aTNBC patients with prior platinum-based
therapy. The positive results in both groups demonstrated
the value of PARP inhibition in maintenance therapy for
aTNBC [51]. Positive outcomes of PARP inhibitor combi-
nation therapies have also been observed in patients with
early-stage and locally advanced TNBC [52]. However,
these studies are limited by sample size and trial phase, and
their findings remain preliminary pending confirmation in
Phase III trials. Additionally, the MARIO-3 study evalu-
ated the combination of eganelisib (a PI3K inhibitor), ate-
zolizumab, and nab-P as a first-line treatment for mTNBC,
which showed promising antitumor activity with an objec-
tive response rate (ORR) of 55.3% and a disease control
rate (DCR) of 84.2% [53]. Similarly, the combination ther-
apy of the ICI camrelizumab with apatinib (an antiangio-
genic agent) achieved a significantly greater ORR than ei-
ther therapy alone, confirming the potential clinical benefit
of combining ICIs with antiangiogenic agents [54]. Over-
all, recent studies have not only suggested that PARP in-
hibitors, as well as agents such as apatinib and famitinib,
may effectively treat TNBC, but have also highlighted the
need for personalized medicine due to varied patient re-
sponses and potential side effects.

4.3 Antibody-Drug Conjugates
Antibody-drug conjugate (ADC) combinations with

ICIs have synergistic effects that promote the activation
of immune cells [55]. In the phase II KATE2 trial, re-
searchers evaluated the efficacy of combining atezolizumab
with trastuzumab emtansine (T-DM1) in patients with lo-
cally advanced or metastatic HER2+ BC. This combination
did not significantly enhance PFS in the overall population,
but was actively restricted to the PD-L1-positive subgroup
[56]. The phase III ASTEFANIA study (T-DM1 ± ate-
zolizumab in patients with postoperative residual disease)
has not yet reported results, and the KATE3 trial was termi-
nated early due to slow enrollment [57,58]. These findings
suggest that, despite a strong biological rationale, the com-
bination of ICIs with ADC in HER2-positive breast can-
cer remains an unmet clinical need. In contrast, HER2-
low and TNBC have shown substantially greater sensitiv-
ity to ADC-ICI combinations. In the Phase II BEGO-
NIA trial, Cohorts 6 and 7 evaluating trastuzumab derux-
tecan (T-DXd) and datopotamab deruxtecan (Dato-DXd)
in combination with durvalumab across varying levels of
PD-L1 expression, demonstrated moderate but preliminary
efficacy. Notably, the combination of T-DXd with ICIs
achieved a 56.9% ORR in TNBC patients with low HER2
expression, while first-line Dato-Dxd and ICIs in mTNBC
achieved an ORR of 79% and an mPFS of 13.8 months
[59]. This combination of ICIs with Dato-Dxd is cur-
rently being evaluated in both early and advanced TNBC
patients in phase III randomized trials (NCT06112379 and
NCT06103864). The ASCENT-04/KEYNOTE-D19 trial
further demonstrated that sacituzumab govitecan (SG) com-
bined with pembrolizumab significantly prolonged PFS
in PD-L1-positive mTNBC [60]. These data collectively
highlight that TNBC is emerging as the leading setting for
combining ICI with ADC strategies, signaling a potential
shift toward chemo-free, biomarker-guided first-line ther-
apy in this subtype. In hormone receptor-positive breast
cancer, clinical evidence for ADC-ICI combination remains
limited. The SACI-IO study reported no subtype-specific
efficacy improvements and results remain exploratory be-
tween SG combined with pembrolizumab, thus reflecting
the continued exploration of immunotherapeutic strategies
for this challenging disease landscape [61].

5. ICI Two-Drug Combination Therapy
Despite the promise of immunotherapy in oncology,

its application as a monotherapy for BC remains limited
by suboptimal outcomes. This underscores the need to ex-
plore combinational treatments, particularly the integration
of ICIs with other therapeutic modalities (Table 3). The
Nimbus trial demonstrated that patients with high tumor
mutational burden HER2-negative mBC can benefit from
the combination of nivolumab and ipilimumab, with a con-
firmed ORR of 20% [62]. The BELLINI trial, a pioneering
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Table 1. Pivotal clinical trials of the combination of ICIs and chemotherapies.
Trial Phase N Setting Treatment arms vs Control arms PD-L1 cutoffs Primary endpoint Key results Median follow-up

Neoadjuvant therapy

KEYNOTE-522 (NCT03036488) III 1174 eTNBC (PTXCb-AC/EC) + Pembro vs
Placebo → Pembro vs Placebo

22C3 pharmDx;
CPS ≥1

pCR, EFS pCR 64.8 vs 51.2% (95% CI:
5.4–21.8, p < 0.001)

75.1 months

5-year EFS 81 vs 72%; 5-year
OS 87 vs 82%

IMpassion031 (NCT03197935) III 333 eTNBC (nab-P-EC) + Atezo vs Placebo
→ Atezo vs Placebo

VENTANA; SP142;
IC ≥1%

pCR pCR 57.6 vs 41.1% (95% CI:
6–27, p < 0.001)

20.0 months

2-year EFS 85 vs 80%; 2-year
OS 95 vs 90%

NSABPB-59/GBG-96-
GeparDouze (NCT03281954)

III 1550 eTNBC (wPTXCb-AC/EC) + Atezo vs
Placebo → Atezo vs Placebo

VENTANA; SP142;
IC ≥1%

EFS 4-year EFS 85.2 vs 81.9% (HR =
0.80, 95% CI: 0.62–1.03, p =

0.08)

46.9 months

CamRelief (NCT04613674) III 441 eTNBC (nab-PCb-EC) + Camre vs
Placebo → Camre vs Soc

E1L3N; CPS ≥1 pCR pCR 56.8 vs 44.7% (95% CI:
3.3–21.2, p = 0.004)

14.4 months

NeoTRIP (NCT02620280) III 280 eTNBC (nab-PCb) + Atezo vs nab-PCb VENTANA; SP142;
IC ≥1%

EFS pCR 48.6 vs 44.4% (OR 1.18,
95% CI: 0.74–1.89, p = 0.48)

54 months

5-year EFS 71 vs 75%
NeoPACT (NCT03639948) II 115 eTNBC PTXCb + Pembro 22C3 pharmDx;

CPS ≥10
pCR pCR 58% (95% CI: 48%–67%) 27.4 months

GeparNuevo (NCT02685059) II 174 eTNBC Durva vs Placebo – (wnab-P-EC)
+ Durva vs Placebo

VENTANA SP263;
IC/TC ≥1%

pCR pCR 53 vs 44% (OR 1.45, 95%
CI: 0.80–2.63, p = 0.182)

86.4 months

7-year iDFS 73.7 vs 60.7%
7-year OS 91.6 vs 74.7%

TREND (ChiCTR2000035262) II 44 eTNBC (nab-P-EC) + Tisleizumab 22C3 pharmDx;
CPS ≥20

pCR pCR 68.18% (30/44) 18.1 months

KEYNOTE-756 (NCT03725059) III 1278 ER+/HER2– [(wPTX-AC/EC) → ET] +
Pembro vs Placebo

22C3 pharmDx;
CPS ≥1

pCR, EFS pCR 24.3% vs 15.6% (95% CI:
4.2–12.8, p = 0.00005)

33.2 months

CheckMate 7FL (NCT04109066) III 510 ER+/HER2– (wPTX-EC) + Nivo vs Placebo
→ ET + Nivo vs Placebo

VENTANA SP142;
IC ≥1%

pCR pCR 24.5% vs 13.8% (OR =
2.05, 95% CI: 1.29–3.27, p =

0.0021)

1 year (post-surgery)

Adjuvant therapy

A-BRAVE (NCT02926196) III 466 eTNBC Avelumab vs Observation 73-10 RUO;
PD-L1-positive

≥21%

DFS (ITT, Stratum B) 3-year DFS 52.1 months

ITT: 68.3 vs 63.2% (HR = 0.81,
95% CI: 0.61–1.09, p = 0.172)
Stratum B: 66.9 vs 60.7% (HR =
0.66, 95% CI: 0.45–0.97, p =

0.035)
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Table 1. Continued.
Trial Phase N Setting Treatment arms vs Control arms PD-L1 cutoffs Primary endpoint Key results Median follow-up

IMpassion030 (NCT03498716) III 2300 eTNBC (wPTX×12-ddAC/EC×4) +
Atezo vs Observation

VENTANA SP142;
IC ≥1%

iDFS iDFS 11.5% vs 10.2% (HR = 1.12,
95% CI: 0.87–1.45, p = 0.37)

25 months

Advanced therapy

IMpassion130 (NCT02425891) III 902 aTNBC Nab-P + Atezo vs Placebo VENTANA SP142;
IC ≥1%

PFS, OS (ITT, PD-L1+) PD-L1+ population: 18.8 months

mPFS 7.5 vs 5.0 months (HR = 0.62,
95% CI: 0.49–0.78, p < 0.0001)
mOS 25.4 vs 17.9 months (HR =

0.67, 95% CI: 0.53–0.86)
IMpassion131 (NCT03125902) III 651 aTNBC PTX + Atezo vs Placebo VENTANA SP142;

IC ≥1%
PFS (PD-L1+) mPFS 6.0 vs 5.7 months (HR = 0.82,

95% CI: 0.60–1.12, p = 0.20)
8.8 vs 8.5 months

IMpassion132 (NCT03371017) III 595 aTNBC CT + Atezo vs Placebo VENTANA SP142;
IC ≥1%

OS mOS 12.1 vs 11.2 months (HR =
0.93, 95% CI: 0.73–1.20, p = 0.59)

9.8 months

KEYNOTE-355 (NCT02819518) III 847 aTNBC CT + Pembro vs Placebo 22C3 pharmDx;
CPS ≥1

PFS, OS CPS ≥10 population: 44.1 months

mPFS 9.7 vs 5.6 months (HR = 0.65,
95% CI: 0.49–0.86, p = 0.001)
mOS 23.0 vs 16.1 months (HR =

0.73, 95% CI: 0.55–0.95, p = 0.0185)
TORCHLIGHT (NCT04085276) III 531 aTNBC Nab-P + Toripalimab vs Placebo 22C3 pharmDx;

CPS ≥1
PFS (ITT, PD-L1+) PD-L1+ population: 14 months

mPFS 8.4 vs 5.6 months (HR = 0.65,
95% CI: 0.47–0.91, p = 0.0102)

mPFS 8.4 vs 6.9 months (HR = 0.77,
95% CI: 0.60–0.99, p = 0.0445)

Abbreviation: eTNBC, early triple negative breast cancer; HER2+, human epidermal growth factor receptor 2-positive; ER+, estrogen receptor-positive; HER2–, human epidermal growth factor receptor 2-negative;
aTNBC, advanced triple negative breast cancer; PTXCb-AC/EC, paclitaxel and carboplatin, followed by doxorubicin-cyclophosphamide or epirubicin-cyclophosphamide; Pembro, pembrolizumab; nab-P-EC, nab-
paclitaxel followed by doxorubicin and cyclophosphamide; Atezo, atezolizumab; wPTXCb-AC/EC, weekly paclitaxel and every 3 week carboplatin followed by AC/EC; nab-PCb, nab-paclitaxel and carboplatin;
Camre, camrelizumab; Durva, durvalumab; ddAC-THP, dose-dense doxorubicin/cyclophosphamide, followed by paclitaxel, and trastuzumab-pertuzumab; ET, endocrine therapy; Nivo, Nivolumab; CT, chemotherapy;
CPS, Combined Positive Score; IC, Immune cell; Stratum B, residual invasive carcinoma in the breast and/or axillary lymph nodes; ITT, Intention-to-treat; pCR, pathologic complete response; EFS, event free survival;
OS, overall survival; HR, hazard ratio; OR, odds ratio; CI, confidence interval; ORR, objective response rate; iDFS, invasive disease-free survival; DFS, disease-free survival; mPFS, median progression-free survival;
mOS, median overall survival. Arrows indicate sequential therapy.
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Table 2. Pivotal clinical trials of the combination of ICIs and targeted therapies.
Trial Phase N Setting Treatment arms vs

control arms
PD-L1 cutoffs Primary endpoint Key results Median follow-up

Monoclonal antibodies

IMpassion050
(NCT03726879)

III 454 HER2+ EBC [(ddAC-THP) → HP] +
Atezo vs Placebo

VENTANA SP142;
IC ≥1%

pCR ITT: pCR 62.4% vs 62.7% (95% CI:
–9.2–8.6, p = 0.9551)

44.2 vs 43.4 months

PD-L1+: pCR 72.5% vs 64.2% (95%
CI: –20.6–4.0, p = 0.1846)

APTneo (NCT03595592) III 661 HER2+ EBC (AC-TCbHP)/TCbHP +
Atezo vs TCbHP → HP

+ Atezo vs HP

VENTANA SP142;
Not reported

EFS pCR 57.8 vs 52.0% (adjHR 1.33,
95% CI: 0.95–1.86, p = 0.091)

Not reported

Neo-PATH
(NCT03881878)

II 67 HER2+ EBC THP + Atezo →
HP/TDM-1 + Atezo

VENTANA SP142;
IC ≥1%

pCR pCR 61% (90% CI: 50–71) Not reported

neoHIP (NCT03747120) II 138 HER2+ EBC THP + Pembro vs THP Not reported pCR pCR 67.2% vs 48.3% (p = 0.03) Not reported
ABCSG-52/ATHENE
EudraCT no. 2019-002364-27

II 58 HER2+ EBC HP + Atezo vs HP – HP
+ Atezo + E

VENTANA SP142;
IC ≥1%

pCR pCR 65.5 vs 55.2% (95% CI:
–14.7–35.4)

Not reported

WSG-KEYRICHED-1
(NCT03820141)

II 48 HER2+ EBC HP + Pembro CPS ≥1 pCR pCR 47% (20/43, one-sided 95% CI:
lower bound 33%, p = 0.22)

8.6 months

DTP (NCT03820141) II 39 HER2+ EBC HP + Durva CPS ≥1 pCR pCR 67.7% (25/37) Not reported
NRG-BR004
(NCT03199885)

III 190 HER2+ ABC PTX/T-HP + Atezo vs
Placebo

Not reported PFS 2-year PFS 54.0% vs 45.6% (HR =
0.73, 95% CI: 0.49–1.09, p = 0.12)

31.9 months

PANACEA
(NCT02129556)

II 52 HER2+ ABC Pembro + trastuzumab Not reported ORR (PD-L1+) PD-L1+ group: ORR 15% (90% CI:
7–29)

13.6 months

Small molecule inhibitors

MEDIOLA
(NCT02734004)

I/II 34 HER2– MBC (gBRCAm) Durva + Olaparib VENTANA SP142;
IC ≥1%

12-week DCR 12-week DCR 80% (90% CI:
64.3–90.9)

6.7 months

12-week ORR 63.3% (95% CI:
48.9–80.1)

TOPACIO/KEYNOTE-
162 (NCT02657889)

I/II 54 aTNBC Pembro + Niraparib Not reported ORR, DCR BRCAm: ORR 47% (90% CI 24–70)
vs WT: 11%

Not reported

mPFS 8.3 months (95% CI: 2.1–NR)
DORA (NCT03167619) II 45 aTNBC Durva + Olaparib;

Olaparib alone
22C3 pharmDx;

CPS ≥10
PFS mPFS 6.1 months (95% CI: 3.7–10.1,

p < 0.0001);
9.8 months

4.0 months (95% CI: 2.6–6.1, p =
0.0023)

KEYLYNK-009
(NCT04191135)

II 271 aTNBC Pembro + Olaparib vs
Chemo

22C3 pharmDx;
CPS ≥1

PFS, OS mPFS 5.5 vs 5.6 months (HR = 0.98,
p = 0.4556)

17.2 months

OS 25.1 vs 23.4 months (HR = 0.95)
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Table 2. Continued.
Trial Phase N Setting Treatment arms vs

control arms
PD-L1 cutoffs Primary endpoint Key results Median follow-up

DOLAF (NCT04053322) II 172 ER+/HER2– MBC Durva + Olaparib + FUL Not reported 24-week PFSR 24-week PFSR 66.7% (95% CI:
58.6–74.1)

24.6 months

mPFS 9.3 months (95% CI: 7.5–12.7)

Antibody-drug conjugates

KATE2 (NCT02924883) II 202 HER2+ ABC T-DM1 + Atezo vs
Placebo

VENTANA SP142;
IC ≥1%

PFS mPFS 8.2 vs 6.8 months (HR = 0.82,
95% CI: 0.55–1.23, p = 0.33)

8.5 vs 8.4 months

ASTEFANIA
(NCT04873362)

III / HER2+ EBC T-DM1 + Atezo vs
T-DM1

Not reported iDFS Ongoing /

KATE3 (NCT04740918) III 96 HER2+ ABC T-DM1 + Atezo vs
Placebo

Not reported PFS, OS prematurely terminate (Due to low
enrollment)

/

BEGONIA, arm 6
(NCT03742102)

Ib/II 58 aTNBC T-DXd + Durva SP263; TAP ≥10% safety and tolerability
ORR 56.9% (95% CI: 43.2–69.8)

13.4 months
mPFS 12.6 months (95% CI: 8.3–NC)

BEGONIA, arm 7
(NCT03742102)

Ib/II 62 aTNBC
Dato-DXd + Durva (any
PD-L1 expression)

SP263; TAP ≥10% safety and tolerability
ORR 79% (95% CI: 66.8–88.3), mPFS
14.0 months (95% CI: 11.0–21.1)

35 months

BEGONIA, arm 8
(NCT03742102)

Ib/II 33 aTNBC Dato-DXd + Durva
(PD-L1 high tumours)

SP263; TAP ≥10% safety and tolerability ORR 81.8% (95% CI: 64.5–93.0),
mPFS: Not mature

10.7 months

ASCENT-04/KEYNOTE-
D19 (NCT05382286)

III 443 aTNBC
SG + Pembro vs CT +

Pembro
22C3 pharmDx; CPS ≥10 PFS

PD-L1 CPS ≥10 population
14 months

mPFS 11.2 vs 7.8 months (HR = 0.65,
95% CI: 0.51–0.84, p = 0.0009)

SACI-IO (NCT04468061) II 110 HR+/HER2– ABC SG + Pembro vs SG 22C3 pharmDx;
CPS ≥1

PFS mPFS 8.12 vs 6.22 months (HR = 0.76,
95% CI: 0.47–1.23, p = 0.26)

9.2 months

mOS 16.9 vs 17.1 months (HR = 0.65,
95% CI: 0.30–1.41, p = 0.28)

Abbreviation: HER2+, human epidermal growth factor receptor 2-positive; EBC, early breast cancer; ABC, advanced breast cancer; MBC, metastatic breast cancer; HER2–, human epidermal growth factor receptor
2-negative; aTNBC, advanced triple negative breast cancer; gBRCAm, germline BRCA-mutated; ER+, estrogen receptor-positive; HR+, hormone receptor-positive; ddAC-PTXHP, dose-dense doxorubicin and
cyclophosphamide, followed by paclitaxel, trastuzumab and pertuzumab; Atezo, atezolizumab; AC-TCbHP, doxorubicin and cyclophosphamide, followed by carboplatin, trastuzumab and pertuzumab; TCbHP,
carboplatin, trastuzumab and pertuzumab; HP, trastuzumab + pertuzumab; THP, docetaxel + trastuzumab + pertuzumab; T-DM1, trastuzumab emtansine; Pembro, pembrolizumab; E, epirubicin; Durva, durvalumab;
Chemo, chemotherapy; FUL, fulvestrant; PTX, paclitaxel; T-DXd, trastuzumab deruxtecan; Dato-DXd, datopotamab deruxtecan; SG, sacituzumab govitecan; pCR, pathologic complete response; HR, hazard ratio;
CI, confidence interval; RCB, residual cancer burden; PFS, progression-free survival; PD-L1, programmed cell death 1 ligand 1; ORR, objective response rate; DCR, disease control rate; WT, wild type; NR, not
reached; OS, overall survival; PFSR, progression-free survival rate; mOS, median overall survival; NC, not calculable; TAP, tumor area positivity. Arrows indicate sequential therapy.
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Table 3. Pivotal clinical trials of a combination of two ICIs.
Trial Phase NCT identifier Setting Intervention Current status Estimated study completion Published results

SYNERGY II NCT03616886 aTNBC Durva/Oleclumab vs Durva Active, not recruiting 2025-12 CBR 43% vs 44% (p = 0.61)
mOS 25.1 vs 20.9 months (HR =
0.97, 95% CI: 0.63–1.50, p =

0.90)
BELLINI II NCT03815890 eTNBC Nivo vs Nivo/Ipi Recruiting 2033-01-01 Immune activation 53.3 vs 60%

pCR 33% (5 of 15)
BreastImmune-03 II NCT03818685 eTNBC Nivo/Ipi vs Cape Active, not recruiting Terminated biological myocarditis 11 vs 2%
NIMBUS II NCT03789110 HER2– MBC Nivo/Ipi Completed / confirmed ORR 20% (6/30)
Abbreviation: eTNBC, early triple negative breast cancer; HER2–, human epidermal growth factor receptor 2-negative; aTNBC, advanced triple negative breast cancer; MBC, metastatic
breast cancer; Durva, Durvalumab; Nivo, Nivolumab; Ipi, Ipilimumab; CBR, Clinical benefit rate; pCR, pathologic complete response; ORR, objective response rate; mOS, median overall
survival; HR, hazard ratio.
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Table 4. Pivotal clinical trials of the triplet regimen.
Trial Phase N Setting Treatment arms vs control arms Primary endpoint and key results

Neoadjuvant therapy

BARBICAN (NCT03800836) II 140 eTNBC Atezo + Ipat + CT vs Atezo + CT pCR 49.3 vs 48.5% (OR = 0.87, p = 0.729)
I - SPY2 II 372 HER2– EBC Durva + Olarparib + CT vs CT pCR 37 vs 20%
II - (NCT01042379)

First-line therapy

CO40151 (NCT03800836) Ib 114 aTNBC Atezo + Ipat + PTX/nab-P ORR 54% (95% CI: 44–63%)
mPFS 7.2 months (95% CI: 5.5–7.4)

COLET (NCT02322814) II 63 aTNBC Atezo + Cobimetinib + PTX vs nab-P ORR 34.4 (95% CI: 18.57–53.19) vs 29.0% (14.22–48.04)
MARIO-3 (NCT03961698) II 69 aTNBC Atezo + Eganelisib + nab-P CR 16.7%, ORR 66.7%

1-year PFSR 36.0% (95% CI: 23.7%–49.3%)
ATRACTIB (NCT04408118) II 100 aTNBC Atezo + Bevacizumab + PTX mPFS 11 months (95% CI: 9.0–13.4, p < 0.001)
WJOG9917B NEWBEAT (UMIN000031043) II 57 HER2– MBC Nivolumab + Bevacizumab + PTX ORR 69.6% (39/56, 95% CI: 55.9–81.2)
SPARK (NCT04734262) II 37 aTNBC Cohrt C: Tisle + Sitravatinib + nab-P ORR 75.7% (28/37, 95% CI: 58.8–88.2)
BETINA (ChiCTR2200058567) II 30 aTNBC Tisle + Bevacizumab + nab-P ORR 73.3% (22/30)
FUTURE-C-Plus, IM (NCT04129996) II 48 aTNBC (CHINA) Camrelizumab + Famitinib + nab-P ORR 81.3% (95% CI: 70.2–92.3)

mPFS 13.6 months (95% CI: 8.4–18.8)
FUTURE-SUPER, IM (NCT04395989) II 139 aTNBC (CHINA) Camrelizumab + Famitinib + nab-P mPFS 15.1 vs 6.5 months (HR 0.37, 95% CI: 0.19–0.73)
IPATunity130 (NCT03337724) III 255 aTNBC (PD-L1+) Cohort C: Atezo + Ipat + PTX ORR 55% (95% CI: 38–71)

mPFS 6.2 months (95% CI: 5.4–9.2)
IPATunity170 (NCT04177108) III 115 aTNBC (PD-L1+) Atezo + Ipat + PTX vs Atezo + PTX mPFS 5.6 (95% CI: 5.4–9.2) vs 5.7 (95% CI: 4.0–9.1) months

mOS NE (95% CI: 14.1–NE) vs 17.2 (13.4–NE) months

Late line therapy

NCT04303741 II 46 aTNBC (CHINA) Camrelizumab + Apatinib + Eribulin ORR 37.0% (95% CI: 23.2–52.5)
UTILIZABLE II 25 aTNBC Tisle + Bevacizumab + UTD1 ORR 52%, DCR 88%
PACE (NCT03147287) II 220 HR+/HER2– MBC FUL vs FUL + Palbociclib vs FUL + Palbociclib + Avelumab mPFS 4.8 vs 4.6 vs 8.1 months

F+P+A vs F (HR = 0.75, p = 0.23)
NEWFLAME (UMIN000036970) II 17 HR+/HER2– MBC Nivo + Abemaciclib + FUL/Letro Be terminated in advance due to safety issues
Checkmate 7A8 (NCT04075604) II 21 ER+/HER2– EBC Nivo + Palbociclib + Anastrozole Be terminated in advance due to safety issues
DOLAF (NCT04053322) II 172 ER+/HER2– MBC Durva + Olaparib + FUL 24-week PFSR 66%
Abbreviation: eTNBC, early triple negative breast cancer; HER2–, human epidermal growth factor receptor 2-negative; EBC, early breast cancer; aTNBC, advanced triple negative breast cancer; MBC, metastatic
breast cancer; PD-L1+, programmed cell death ligand 1-positive; HR+, hormone receptor-positive; ER+, estrogen receptor-positive; Atezo, atezolizumab; Ipat, Ipatasertib; CT, chemotherapy; Durva, durvalumab;
PTX, paclitaxel; nab-P, nab-Paclitaxel; Tisle, tislelizumab; UTD1, utidelone; FUL, fulvestrant; pCR, pathologic complete response; OR, odds ratio; ORR, objective response rate; DCR, disease control rate; mPFS,
median progression-free survival; HR, hazard ratio; F+P+A vs F, fulvestrant+palbociclib+avelumab vs fulvestrant; PFSR, progression-free survival rate; NE, not estimable.
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nonrandomized basket study, sought to evaluate the effi-
cacy of nivolumab and ipilimumab in patients with early-
stage TNBC. A significant proportion of TNBC patients,
especially those with TILs, exhibited marked immunolog-
ical enhancement as early as 4 weeks following treatment
initiation with this chemotherapy-free regimen, suggesting
a promising avenue for further investigation [63].

6. Triplet Regimen (ICI + Chemotherapy +
Targeted Therapy)

With further in-depth research on immunotherapy, a
three-drug combination regimen incorporating chemother-
apy and ICIs has been suggested to improve therapeutic
efficacy (Table 4). The ATRACTIB trial evaluating ate-
zolizumab and chemotherapy combined with bevacizumab
in the first-line treatment of mTNBC showed an mPFS of
11.0 months [64]. In the FUTURE trial, genomic and tran-
scriptomic analyses of a cohort comprising 465 Chinese pa-
tients with TNBC revealed four distinct subtypes: luminal
androgen receptor (LAR), immunomodulatory (IM), basal-
like immune-suppressed (BLIS), and mesenchymal-like
(MES) subtypes. This classification underscores the poten-
tial for optimizing treatment based on molecular subtypes
in TNBC patients. Notably, the FUTURE-C-PLUS trial
demonstrated the longest mPFS (13.6 months) of a triplet
regimen combining chemotherapy with camrelizumab and
famitinib (a multitargeted tyrosine kinase inhibitor), espe-
cially in the advanced IM subtype of TNBC [65,66]. Fur-
thermore, the addition of small molecule inhibitors, includ-
ing an AKT inhibitor (NCT04177108), a PARP inhibitor,
and a MEK inhibitor [67], to standard treatments that com-
bine chemotherapy and ICIs has been explored. Although
the current three-drug combination regimen has initially
shown considerable efficacy, the sample size is small, and
larger RCTs are needed.

7. Emerging Directions in ICI-Based
Therapies
7.1 ICIs Combined With Radiotherapy

Preclinical studies have demonstrated that the syner-
gistic application of RT and ICIs can significantly enhance
the activation of cytotoxic T lymphocytes and modulate the
tumor microenvironment (TME), indicating the potential
for improved therapeutic outcomes [68]. Exploratory stud-
ies have also described the abscopal effect, in which lo-
calized radiation induces systemic immune responses that
lead to the regression of distant lesions; however, this phe-
nomenon remains anecdotal and hypothesis-generating. In
the TONIC trial, patients withmTNBC underwent a 2-week
induction phase consisting of conventional chemotherapies
(cyclophosphamide, cisplatin, or doxorubicin) or radiother-
apy (three doses of 8 Gy), followed by treatment with
nivolumab. The induction phase with doxorubicin resulted
in an ORR of 35%, whereas RT induction yielded a lower

ORR of 8%, suggesting suboptimal timing for the integra-
tion of RT with ICIs [69]. Conversely, a phase II clinical
trial investigating the combination of pembrolizumab with
RT administered within 3 days of each other in patients
with mTNBC reported both safety and promising activity,
supporting the hypothesis that a hypofractionated RT reg-
imen concurrently used with ICIs might be well tolerated
in heavily pretreated mTNBC patients [70]. Further, the
use of stereotactic brain radiation therapy combined with
ICIs is anticipated to benefit BC patients with brain metas-
tases [71]. Nevertheless, evidence from randomized con-
trolled trials (RCTs) remains limited, and several critical
questions remain unresolved. These include determining
the optimal sequencing of RT and ICIs (concurrent vs se-
quential), defining the fractionation schemes that maximize
immunogenicity without excessive toxicity, and addressing
overlapping adverse events, particularly pneumonitis and
dermatitis. While the use of ICIs in conjunction with RT in
neoadjuvant and adjuvant settings remains under investiga-
tion, current data from metastatic BC provide an essential
rationale for further exploration in prospective randomized
studies [72].

7.2 ICIs Combined With Nanotechnology

Emerging oncological treatments have increasingly
highlighted the combination of less invasive thera-
pies and immunotherapy. Specifically, the integration
of phototherapy—encompassing photodynamic and pho-
tothermal therapy—with ICIs represents a promising fron-
tier in BC treatment. Phototherapy significantly enhances
the immune system’s response to tumor cells by inducing
immunogenic cell death [73]. This innovative approach
has been exemplified by the development of novel nano-
materials designed for photodynamic applications. No-
tably, a microwave-triggered nanosystem facilitating tar-
geted ozone release demonstrated a remarkable capacity to
increase reactive oxygen species production within tumor
sites, thereby augmenting the efficacy of anti-PD-1 antibod-
ies in TNBC mouse models [74]. Furthermore, the applica-
tion of nanotechnology through the deployment of recom-
binant nanoparticles and Mucin 1 mRNA nanovaccines has
been shown to improve drug delivery and biocompatibility,
thus underscoring the potential of combining ICIs with nan-
otechnological innovations to redefine BC treatment [75].

7.3 ICIs Combined With Microwave Ablation

Recent advances in oncological treatments have
shown the potent combination of localized thermal ther-
apies and systemic immunotherapy in combating early-
stage BC. Microwave ablation (MWA), a minimally inva-
sive technique, has been highlighted for its capacity to elicit
a significant systemic antitumor immune response. This
technique, when combined with ICIs, provides a promising
therapeutic paradigm, emphasizing less invasive yet highly
effective strategies for BCmanagement [76]. A noteworthy
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development in this arena is a prospective window WOO
clinical trial, which was highlighted at the 2023 San An-
tonio Breast Cancer Symposium. This trial showcased the
combined application of camrelizumab—a PD-1 inhibitor
developed in China—with MWA, marking a pioneering ef-
fort in the early-stage BC treatment landscape. The find-
ings confirm the feasibility and safety of this combination,
revealing a mechanism that enhances therapeutic efficacy
[77]. Thus, MWA combined with ICIs may be a promising
treatment for early-stage BC patients compared with con-
ventional surgery.

7.4 ICIs Combined With Traditional Chinese Medicine
In oncological research, the integration of traditional

Chinese medicine (TCM) with ICIs is emerging as a
promising avenue for enhancing cancer treatment efficacy
while concurrently addressing the challenge of irAEs [78].
This innovative approach leverages the IM properties of
TCM to potentiate the effects of ICIs. This synergistic ef-
fect has shown promising results in preclinical and clini-
cal settings across a spectrum of malignancies, including
lung, breast, colon carcinoma, melanoma, and ovarian can-
cer [79]. Among the various TCM compounds under in-
vestigation, salvianolic acid B plays a role in facilitating
endothelial protection and enhancing CD8+ T-cell infiltra-
tion within the TME. This action not only restores vascu-
lar function but also improves the efficacy of anti-PD-L1
therapies in BC mouse models. Despite the promising out-
look, the dual nature of TCM and ICI interactions, which
can both enhance immune function and induce irAEs, ne-
cessitates further research to fully harness their therapeutic
potential.

8. Predictive Biomarkers
8.1 Established Biomarkers

Identification of reliable biomarkers is essential to op-
timize patient selection and enhance the clinical efficacy
of immunotherapy in BC. Currently, PD-L1 IHC is the
only biomarker routinely used in clinical practice; how-
ever, its predictive value is limited by assay heterogene-
ity (e.g., 22C3, SP142, SP263, each with different scoring
systems, such as CPS vs TPS), variability in cutoff defini-
tions, and interobserver heterogeneity. Therefore, growing
efforts have focused on developing novel and integrative
biomarkers that better capture the complexity of the tumor
immune microenvironment (TIME) [80].

8.2 Tumor-Intrinsic Features
Emerging evidence suggests that tumor mutational

burden (TMB) and neoantigen load correlate with increased
tumor immunogenicity and favorable responses to ICIs
across cancers, including TNBC [81]. However, inter-
tumor heterogeneity and the lack of standardized cutoffs
hinder their routine use. Gene expression profiles (GEPs)
and T cell–inflamed signatures provide complementary in-

sights into the pre-existing immune activation within tu-
mors [82]. Tumor-infiltrating lymphocytes (TILs) remain
one of the most reproducible markers of antitumor immu-
nity, particularly in early-stage TNBC, where high TIL den-
sity predicts improved pathological complete response and
survival [4]. Meanwhile, circulating biomarkers, such as
circulating tumor DNA (ctDNA) and circulating immune
cell subsets, offer a noninvasive means of dynamically
monitoring immunotherapy response and resistance [83].

8.3 Tumor Microenvironment and Immune Signatures

Emerging multi-omics exploratory biomarkers have
enabled unprecedented spatial and temporal mapping of im-
mune - tumor interactions in breast cancer. Spatial mul-
tiplex immunofluorescence and single-cell transcriptomics
reveal the prognostic relevance of T cell localization, clonal
diversity, and immune cell heterogeneity within the tumor
microenvironment, providing insights into potential pre-
dictors of ICI response [84]. Genomic features, includ-
ing MHC genotype diversity and defects in antigen pre-
sentation machinery, represent underexplored determinants
of ICI sensitivity [85]. Metabolomic profiling and micro-
biome analyses have also emerged as systemic modula-
tors of immunotherapy efficacy, influencing T-cell prim-
ing and immune-related adverse events [86,87]. Integrating
these multi-omics datasets from tissue, blood, and micro-
biome sources offers a promising approach to identify novel
biomarkers of response and resistance, ultimately guiding
personalized ICI treatment strategies. Despite these ad-
vances, significant translational barriers persist, including
technical variability and a lack of large-scale validation.

8.4 Emerging Multi-Omics Biomarkers

Germline and somatic alterations in DNA repair genes
and other key oncogenic pathways may influence antitumor
immunity and response to ICIs. Tumors with homologous
recombination deficiency (HRD), resulting from defective
double-strand DNA repair, exhibit a distinctive mutational
landscape. Germline BRCA1/BRCA2 mutations are the
most studied aberration causing HRD, and these tumors
usually have a two-fold higher TMB than their wild-type
counterpart [88]. Notably, individual genes contributing
to HRD may confer differential sensitivity to ICI therapy.
Data from the IMpassion130 trial indicate that in metastatic
TNBC, somatic BRCA1/BRCA2 mutation status did not
significantly affect PD-L1 immune cell positivity or clin-
ical outcomes with atezolizumab plus nab-paclitaxel, com-
pared with the overall population [89]. While HRD and
BRCAmutations theoretically increase neoantigen load and
TIL infiltration, their predictive value in breast cancer re-
mains uncertain. Other somatic mutations, including those
in POLE, TP53, PIK3CA, and PTEN, may modulate the tu-
mor immune microenvironment and influence ICI respon-
siveness [90]. Prospective studies integrating comprehen-
sive germline and somatic genomic profiling with immune
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phenotyping are warranted to clarify their potential as pre-
dictive biomarkers.

9. Conclusions
We have meticulously examined the evolving role of

ICIs in the treatment of BC, emphasizing their integra-
tion with various therapeutic strategies. Among the nu-
merous combination regimens, the triplet combination of
ICIs, chemotherapy, and small-molecule targeted therapy
appears to have potential, although current evidence is still
limited. This regimen may offer benefit for patients who
have failed first-line treatment for advanced-stage cancer.

Comprehensive translational research and the use of
biomarkers are crucial to avoid the development of “add-on
designs” where a new immune drug is added to a clinically
established modality without adequate strategies for each
patient. Currently, only PD-L1 IHC expression is used to
select TNBC patients for ICI in BC. However, its applica-
tion in clinical practice remains controversial and is compli-
cated by the availability of various mAbs, diverse scoring
systems, and limited inter-observer agreement in PD-L1 as-
sessment. Further efforts are required to standardize PD-L1
assessment across platforms and clinical settings. In addi-
tion, emerging blood-based biomarkers and liquid biopsies
may offer a non-invasive approach for predicting and mon-
itoring treatment responses; however, these strategies re-
quire further validation. Immunotherapy is associated with
unique and sometimes severe irAEs, necessitating multi-
disciplinary collaborative efforts to manage the increasing
number of patients treated with ICI and to address emerg-
ing toxicities from new immunotherapy and chemotherapy.
Evidence-based guidelines recommend proactive monitor-
ing and early intervention, particularly in breast cancer pa-
tients receiving combined modalities. For grade 1 toxici-
ties, ICIs can typically be continued with close observation;
however, grade 2 or higher events often require temporary
treatment interruption and initiation of corticosteroids. Se-
vere manifestations such as pneumonitis, hepatitis, or coli-
tis may warrant high-dose steroids and, if refractory, addi-
tional immunosuppressive agents. Since some irAEs can
overlap with chemotherapy-related toxicities, routine as-
sessment of thyroid function, liver enzymes, and respira-
tory symptoms is essential. Real-world evidence is still
needed to refine risk stratification and long-term manage-
ment strategies. To more accurately evaluate the efficacy
of ICIs and identify the benefit population, the Immune
Response Evaluation Criteria in Solid Tumors (iRECIST)
has been developed as an extension of RECIST and is in-
creasingly used in clinical trials as a complementary frame-
work. While RECIST remains the standard in routine clin-
ical practice, iRECIST may provide additional value in re-
search settings and selected clinical scenarios involving im-
mune checkpoint inhibitors.

In summary, the clinical research landscape of im-
munotherapy in BC continues to evolve with the introduc-

tion of novel investigational therapies. However, the long-
term clinical benefit, optimal treatment combinations, and
appropriate patient selection remain uncertain and warrant
further investigation in ongoing trials.
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