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Abstract

Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype defined by the absence of
estrogen receptors, progesterone receptors, and human epidermal growth factor receptor 2 (HER2)
expression. Consequently, standard hormone and HER2-targeted therapies are ineffective, necessitating
reliance on chemotherapy, immunotherapy, antibody-drug conjugates (ADCs), and poly(ADP-ribose)
polymerase (PARP) inhibitors for BRCA-mutated cases. TNBC exhibits rapid growth, a high risk of early
recurrence, and disproportionately affects younger women, Black women, and BRCA1 mutation carriers.
Standard management typically involves neoadjuvant chemotherapy followed by surgery and potential
radiation. However, TNBC treatment remains challenging due to its severe biological heterogeneity, high
metastatic potential, and the toxicity associated with systemic therapies. This review discusses the current
understanding of TNBC biology, highlighting the urgent need for advanced diagnostics, integrated
molecular subtyping, and personalized targeted therapies.
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Introduction

Breast cancer (BC), a pathological condition, usually originates from the milk duct (ductal carcinoma) or,
less commonly, from the lobules (lobular carcinomas), and is characterized by the uncontrolled growth of
abnormal cells in the epithelial layers of breast tissue [1, 2]. It is the most common malignant tumor among
women worldwide and is the leading cause of mortality among women globally, accounting for
approximately one in eight cancer cases [2, 3]. BC remains one of the most commonly diagnosed cancers
worldwide and is the second leading cause of cancer-related death among women in the United States [2,
4-6]. The high mortality is compounded by the fact that, despite global advancements in early detection and
treatment, progress in managing advanced stages remains limited [2, 7]. Overall, the disease’s substantial

© The Author(s) 2026. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution
and reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the

original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.

Explor Target Antitumor Ther. 2026;7:1002372 | https://doi.org/10.37349/etat.2026.1002372 Page 1


https://orcid.org/0000-0001-6286-2341
mailto:vrai@westernu.edu
https://doi.org/10.37349/etat.2026.1002372
http://crossmark.crossref.org/dialog/?doi=10.37349/etat.2026.1002372&domain=pdf&date_stamp=2026-05-14

global burden is reflected in the estimated 2.3 million new BC diagnoses and 670,000 BC-related deaths
worldwide in 2022. Looking forward, the global incidence of BC is projected to reach 3.2 million cases by
2050, representing a 38% increase, while BC-related deaths are expected to rise by 68% to an estimated 1.1
million globally [8].

The molecular classification of BC is predicated upon the expression profiles of the estrogen receptor
(ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2), defining four
principal intrinsic subtypes: luminal A, luminal B, HER2-enriched, and triple-negative BC (TNBC) [2, 4, 6, 9-
12] (Table 1).

Table 1. Classification of breast cancer by molecular gene expression profiles.

Subtype Receptor status/Defining features Prognosis and key characteristics

Luminal A [2, ER+/PR+/HER2-, HR+/HER2-. Characterized by low  Most common subtype (up to 68% of all cases).

10, 1] Ki-67 proliferation marker and generally low grade. Associated with a favorable prognosis.

Luminal B [2, ER+, PR+/—, HER2—/+. Characterized by HR+/HER2+ Poorer prognosis compared to luminal A. Exhibits

10, 11] and/or high Ki-67 expression. Approximately 10-30%  aggressive behavior. Higher histological grade.
of cases.

HER2-enriched ER-/PR-/HER2+. Defined by HER2 overexpression or High Ki-67 expression, indicating aggressive

(HER2+)[2,4, ERBBZ2 gene amplification. Constitutes 12—-20% of behavior.

10, 1] cases.

TNBC (basal- ER-/PR-/HER2-. Lacks expression of all three Most aggressive subtype. High histological grade.

like) [1, 4,7, 13] receptors/markers. Overlaps significantly with the Associated with higher recurrence, high metastatic
basal-like molecular subtype (about 80% of TNBC potential, and dismal prognosis/poor overall
cases). survival.

This classification is crucial because the different subtypes have distinct oncogenic drivers, leading to significant variations in
clinical outcomes, tumor heterogeneity, and responsiveness to specific therapeutic interventions. The molecular heterogeneity
within TNBC is further elucidated by subtyping systems (e.g., Lehmann, Burstein), which identify specific targetable pathways
(e.g., luminal androgen receptor (LAR), immunomodulatory (IM), mesenchymal (M), and basal-like [BL1/BL2]) to guide precision
medicine efforts [4, 11, 14, 15]. ER: estrogen receptor; PR: progesterone receptor; HER2: human epidermal growth factor
receptor 2; ERBB2: Erb-B2 receptor tyrosine kinase 2 (also known as HER2); TNBC: triple-negative breast cancer.

While both luminal A and luminal B subtypes are hormone receptor (HR)-positive, they are primarily
stratified clinically by the expression of the Ki-67 proliferation index. Luminal A tumors are typically
characterized by low Ki-67 expression (defined as < 14%), indicating a lower proliferation rate and a more
favorable prognosis, whereas luminal B tumors present with higher Ki-67 levels (= 14%). This denotes
highly proliferative cells, a higher histological grade, and more aggressive clinical behavior [16].

These subtypes exhibit fundamentally distinct oncogenic drivers and thus require differential
therapeutic approaches [2, 4, 5, 9, 17]. Luminal A and B cancers (HR-positive) are driven by hormonal
signaling pathways, whereas the HER2-enriched subtype is characterized by the amplification or
overexpression of the ERBB2 gene [4, 6, 10, 11]. TNBC is defined by the absence of ER, PR, and HER2
expression (ER-PR-HER2-) and accounts for roughly 10 to 20 percent of BC cases [4, 6,7, 9, 11, 13-15, 17].
This subtype is distinguished by its aggressive clinical behavior, high histologic grade, rapid proliferation,
and early propensity for visceral and central nervous system metastasis [4, 6, 13]. TNBC also experiences
an early peak in recurrence, most often within five years of diagnosis, and is consistently associated with
shorter overall survival (0OS) compared with other BC subtypes [4-6, 9, 13, 14]. The lack of targetable
receptors renders TNBC unresponsive to endocrine therapy or HER2-targeted treatments, leaving cytotoxic
chemotherapy as the historical backbone of management [5, 11, 13, 14, 17].

The reason no single, standardized “targeted therapy” exists for the entire TNBC population is rooted
in the disease’s pronounced biological and molecular heterogeneity [5, 13, 17]. TNBC is an umbrella term
covering diverse and heterogeneous subtypes of BC [5], encompassing multiple distinct molecular subtypes
[e.g., basal-like, mesenchymal, luminal androgen receptor (LAR)] driven by diverse and complex oncogenic
pathways rather than a singular dominant receptor [18]. This intrinsic complexity means that a single drug
cannot target all TNBC tumors effectively [15, 19], limiting targeted interventions to small, biomarker-
defined subgroups [5, 15, 17].
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While chemotherapy has historically been the sole systemic option due to the lack of targetable
receptors, recent breakthroughs have established highly effective, precision-driven approaches for treating
TNBC. Currently, the most effective therapeutic strategies integrate immune checkpoint inhibitors (ICIs,
such as pembrolizumab) with neoadjuvant chemotherapy (NACT) for early-stage high-risk disease, utilize
targeted poly(ADP-ribose) polymerase (PARP) inhibitors for patients harboring germline BRCA1/2
mutations, and employ antibody-drug conjugates (ADCs) [such as sacituzumab govitecan (SG)] to overcome
chemoresistance in the metastatic setting [5, 20].

Biology and pathogenesis

The aggressive clinical nature of TNBC is directly rooted in its distinct intrinsic molecular landscape,
characterized by pervasive genomic instability and frequent pathogenic mutations in key regulatory
pathways (high incidence of BRCA1/2 mutations) [13, 15, 18]. At the molecular level, TNBC tumors exhibit a
significantly high tumor mutational burden (TMB) and genomic rearrangement rates compared to other BC
subtypes [13, 21]. The most common somatic alteration in TNBC is mutation of the tumor suppressor gene
TP53, with mutation rates frequently reported between 60% and 88% [12, 22]. Other frequently altered
pathways and oncogenes include phosphatidylinositol-3 kinase (PI3K)/protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) and mitogen-activated protein kinase (MAPK) signaling, which drive
proliferation and survival of tumor cells, as well as the overexpression of epidermal growth factor receptor
(EGFR) in a high percentage of tumors [1, 4, 13].

A critical genetic vulnerability that defines a major subset of TNBC is functional deficiency in DNA
repair pathways, specifically those related to the BRCA1 and BRCAZ tumor suppressor genes [4, 21].
Germline pathogenic variants in BRCA1/2 are strongly linked to the development of TNBC, occurring in
approximately 10% to 30% of cases. TNBC accounts for nearly 60% of BCs in premenopausal women
carrying BRCA1 mutations [4, 21]. BRCA proteins are essential components of the homologous
recombination repair (HRR) pathway, which is responsible for accurately fixing DNA double-strand breaks
(DSBs) [4, 11]. The resulting homologous recombination deficiency (HRD) in BRCA-mutated TNBC creates a
therapeutic weakness that can be exploited by PARP inhibitors [4, 6, 18]. PARP inhibitors block the repair
of single-strand breaks (SSBs); in the context of concurrent HRD, the resulting accumulation of lethal DSBs
leads to cancer cell death via synthetic lethality, making PARP inhibitors like olaparib and talazoparib
effective targeted therapies for this specific patient subgroup [4]. The reliance of TNBC on complex, non-
receptor-driven pathways (such as PI3K/AKT/mTOR and TP53) and its status as a heterogeneous
collection of diseases historically limited systemic treatment to conventional cytotoxic chemotherapy [18].

The tumor microenvironment (TME) is a dynamic ecosystem that governs the aggressive behavior and
therapeutic resistance of TNBC [7]. This extrinsic component consists of the extracellular matrix (ECM),
vasculature, cancer-associated fibroblasts (CAFs), and tumor-associated macrophages (TAMs) [7, 10, 23].
Pathologic remodeling of the ECM leads to dense, stiff stroma that actively promotes tumor progression,
invasion, and metastasis [7, 24]. Tumor stroma acting as a physical barrier restricts the effective
penetration and distribution of chemotherapeutic agents, thereby diminishing treatment efficacy [7, 10].
Furthermore, stromal cells are reprogrammed to drive malignancy. CAFs proliferate and suppress
antitumor immunity by secreting growth factors and inflammatory cytokines. TAMs, often polarized into
the M2-like pro-tumor phenotype, represent the most abundant immune cell population and actively
promote angiogenesis, metastasis, and drug resistance within this immunosuppressive niche [3, 7].

TNBC is the most immunogenic subtype, exhibiting higher TMB, which generates tumor-specific
neoantigens, and a pronounced infiltration of immune cells, particularly tumor-infiltrating lymphocytes
(TILs) [5, 21, 23]. These high TIL levels are strongly correlated with improved outcomes, including higher
pathological complete response (pCR) rates after chemotherapy, and elevated expression of immune
checkpoints like programmed death ligand 1 (PD-L1) [5, 6, 12]. This immunogenic profile provides a strong
rationale for ICI therapy, which aims to unleash the host’s anti-tumor T-cell response [13, 14]. However, the
immune response is often profoundly suppressed by the TME, which actively recruits regulatory T cells
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(Tregs) and M2-like TAMs, creating a cold or immunosuppressive landscape that blunts cytotoxic T
lymphocyte (CTL) function [19, 23]. Consequently, despite the potential, clinical outcomes remain
heterogeneous, and durable responses to ICls are restricted to a subset of patients, necessitating
sophisticated stratification strategies to overcome this complexity and realize the potential of precision
immunotherapy [13, 15, 19]. This complexity means that single-agent targeted therapies, including
immunotherapies, are not universally effective, limiting precision interventions to specific biomarker-
defined subgroups and underscoring the need for sophisticated stratification strategies [13, 17, 19].

Current management and limitations

The management of TNBC relies on an intensive, multimodal treatment strategy centered primarily on
systemic therapy [1, 5, 18]. The current standard of care for non-metastatic TNBC integrates surgery,

radiotherapy, and systemic therapy, with a strong preference for administering systemic therapy [4, 18]
(Figure 1).
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Figure 1. Evolution of therapeutic platforms in triple-negative breast cancer (TNBC). Schematic illustrating the progression
of TNBC treatment from non-specific chemotherapy toward biomarker-driven precision therapies, including immunotherapy,
poly(ADP-ribose) polymerase (PARP) inhibitors, and antibody-drug conjugates (ADCs). The therapeutic landscape for TNBC
has shifted from solely relying on chemotherapy to a personalized, multi-platform approach. Key advancements since 2018
include the integration of immune checkpoint inhibitors, ADCs, and PARP inhibitors. These innovations have significantly
improved pathological complete response (pCR) rates in early-stage disease and offered new treatment options for
advanced/metastatic stages. Created in BioRender. Alobaidi, A. (2026) https://BioRender.com/xx583es.

For operable stage II-1II TNBC, neoadjuvant systemic treatment (NAST), typically chemotherapy
combined with immunotherapy, is the preferred approach, followed by surgery and post-operative
radiation therapy [4-6] (Figure 2). Chemotherapy is the backbone of TNBC management because endocrine
therapy and anti-HER2 targeted monoclonal antibodies are ineffective [4, 5, 11]. Standard chemotherapy
regimens include combinations of anthracyclines, taxanes, alkylating agents, and sometimes platinum
agents [18, 25] (Figure 2). The contemporary treatment landscape has evolved to include precision
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therapies for specific patient subsets [5, 13, 24]. ICIs are integrated with neoadjuvant chemo-
immunotherapy standard for high-risk early-stage TNBC [4, 6]. PARP inhibitors like olaparib are used in
patients with germline BRCA1/2 mutations [4, 13, 22].

Screening
Clinical detection Treatment Plan Treatment
« (mammogram/clinical) Nonmetastatic TNBC
Neoadjuvant systemic therapy
\ Surgery @
8. Radiotherapy ;
/ Systemic therapy Anthracycline + Add Pembrolizumab for
Operable stage II-1ll taxane + platinum high-risk early stage
Neoadjuvant systemic therapy l
(chemo+immunotherapy) iy,

lfollowed by

Surgery and post-operation m/

Diagnosis : :
Biopsy + receptor status & radiotherapy Breast conserving surgery or
molecular profiling Chemotherapy agents mastectomy
3 ‘(}‘ anthracyclines, taxanes,
,J“f"" aIk;F;IIaa ?i?]%fngzg;ﬁt:nd Pathologic response
Immune checkpoint inhibitors l l
Pembrolizumab (Keytruda) ) )
Dostarlimab (Jemperli) PCR Residual disease
Other therapies :
Antibody-drug conjugate Routine follow-up capecitabine

(sacituzumab govitecan) if BRCA+ = Olaparib
T-Cell Engagers \/
Cancer Vaccines

MicrotT)ir:)me—Targeted Long-term surveillance and MRD
Slapies monitoring (ctDNA)

Figure 2. Clinical treatment flow for early-stage triple-negative breast cancer (TNBC). After diagnostic biopsy and
molecular profiling, most patients proceed to neoadjuvant systemic therapy (chemotherapy with or without immunotherapy),
followed by surgery. Pathologic complete response is associated with a favorable prognosis, while residual invasive disease
prompts adjuvant escalation strategies including capecitabine, olaparib for germline BRCA carriers, or enrollment in trials with
antibody-drug conjugates (ADCs) or combination regimens. Long-term surveillance increasingly includes ctDNA-based MRD
monitoring. HER2: human epidermal growth factor receptor 2; MRD: minimal residual disease; pCR: pathological complete
response; PD-L1: programmed death ligand 1. Created in BioRender. Alobaidi, A. (2025) https://BioRender.com/kkefeic.

The main limitations of cytotoxic chemotherapy include its non-specific action, causing systemic
toxicity and significant side effects, and the high rate of acquired resistance and relapse that follows initial
responsiveness [18, 26]. This propensity for relapses is primarily driven by the disease’s innate molecular
heterogeneity [19] and evolutionary dynamics, where cytotoxic chemotherapy acts as a selective pressure,
favoring the survival and expansion of pre-existing, chemo-resistant cell populations [19]. NACT is effective
in inducing a response, with pCR rates ranging from approximately 30-40% with traditional regimens [6,
12], increasing significantly (up to 40-65%) when platinum agents or ICls are added [6, 25]. Achieving pCR
is of critical prognostic importance [5, 6, 9]. Patients who attain pCR experience excellent long-term
outcomes and improved survival rates [4-6]. Conversely, those with residual invasive disease (pathologic
incomplete response, or pIR) face an unacceptably high risk of early tumor recurrence and significantly
worse survival outcomes [4, 5].

The integration of immunotherapy into the TNBC treatment paradigm represents a fundamental shift
away from chemotherapy as the sole systemic option, transforming the disease landscape toward precision
oncology [5, 17, 19]. As a class of monoclonal antibodies that block immune checkpoints (e.g., PD-1/PD-L1),
ICIs unleash the host’s anti-tumor T-cell response, providing a mechanism for durable, long-lasting clinical
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benefit previously unseen in this aggressive subtype. The most definitive proof of impact came from pivotal
trials such as KEYNOTE-522, where the addition of the anti-PD-1 agent pembrolizumab to NACT achieved
statistically significant improvements in both pCR rates and 3-year event-free survival (EFS) for patients
with high-risk, early-stage TNBC [5, 13]. This advancement has notably improved long-term outcomes,
especially for patients achieving pCR, a critical surrogate marker for survival [6, 13]. Inmunotherapy is
now a standard of care for specific patient groups across disease stages [13, 27]. In metastatic TNBC,
pembrolizumab combined with chemotherapy is approved for unresectable locally recurrent or metastatic
tumors with high PD-L1 expression (combined positive score = 10) [13, 15, 22].

In contrast, for early-stage high-risk disease (stage II-1II), pembrolizumab with NACT followed by
adjuvant monotherapy is approved regardless of PD-L1 status [5, 6, 25], underscoring its broad utility in
curative treatment. Atezolizumab previously had accelerated approval for PD-L1-positive metastatic TNBC,
but this indication was later withdrawn [28, 29], reflecting ongoing refinement of effective immunotherapy
agents and combinations. Despite these breakthroughs, not all TNBC patients respond to current
immunotherapies [15, 23]. The varying molecular subtypes of TNBC mean a single targeted approach lacks
universal efficacy. This inherent complexity underscores the need for comprehensive biomarker panels to
accurately predict therapeutic benefit [5, 6, 13, 15, 17]. Table 2 summarizes the five primary tumor-
intrinsic subtypes recognized in the refined Lehmann classification [4, 11], highlighting their molecular
characteristics and corresponding therapeutic vulnerabilities derived from the literature [4, 11, 19].

Table 2. Lehmann classification (Vanderbilt Classification) of TNBC subtypes.

Subtype Key molecular features/Characteristics Potential targeted therapy
Basal-like 1 High expression of DDR genes (e.g., ATR/BRCA pathway) PARP inhibitors, platinum-based
[6, 11] and proliferation genes; high genomic instability. chemotherapy (cisplatin, carboplatin),
’ Frequently associated with BRCA1/2 mutations. and DNA repair pathway inhibitors (e.g.,
ATM, DNAPK inhibitors).
Basal-like 2 Activation of growth factor signaling pathways (e.g., Growth factor inhibitors (e.g., lapatinib,
[6, 11, 26] EGFR, MET, IGF-1R, Wnt/B-catenin); enrichment of gefitinib, cetuximab), MAPK pathway
o glycolysis and gluconeogenesis pathways; expression of  inhibitors, mTOR inhibitors, and CDK4/6
myoepithelial markers. inhibitors.
Mesenchymal High expression of genes involved in EMT, motility, Src inhibitors (Dasatinib), PI3K/mTOR
6, 11] adhesion, and stem cell pathways (e.g., Wnt/B-catenin, inhibitors, inhibitors targeting EMT

TGF-B, VEGF, mTOR, PI3K/AKT). Exhibits sarcoma-like

pathways, Wnt pathway inhibitors, and

tissue characteristics and is associated with drug retinoic acid derivatives.

resistance.

Anti-AR therapies (e.g., bicalutamide,
enzalutamide, abiraterone),
PIBK/AKT/mTOR pathway inhibitors, and
potentially CDK4/6 inhibitors (ribociclib,
palbociclib).

Luminal androgen
receptor [6, 10, 11, 18]

High expression of AR and AR-activated signaling (e.g.,
steroid biosynthesis, androgen/estrogen metabolism);
frequently exhibits PIK3CA mutations.

Immunomodulatory [6,
11, 14, 18]

High levels of TILs; enriched for immune signaling
pathways (T-cell receptor, cytokine signaling); high
expression of immune checkpoints (PD-1/PD-L1).

ICls such as anti-PD-1 (pembrolizumab)
or anti-PD-L1 (atezolizumab) agents, and
potentially anti-CTLA-4 inhibitors.

AKT: protein kinase B; AR: androgen receptor; ATM: ataxia-telangiectasia mutated; ATR: ataxia telangiectasia and Rad3-
related; CDK: cyclin-dependent kinase; CTLA-4: cytotoxic T-lymphocyte-associated protein 4; DDR: DNA damage response;
EGFR: epidermal growth factor receptor; EMT: epithelial-to-mesenchymal transition; ICls: immune checkpoint inhibitors; IGF-
1R: insulin-like growth factor 1 receptor; MAPK: mitogen-activated protein kinase; MET: mesenchymal-epithelial transition;
mTOR: mammalian target of rapamycin; PI3K: phosphoinositide-3 kinase; TGF-f: transforming growth factor beta; TILs: tumor-
infiltrating lymphocytes; VEGF: vascular endothelial growth factor.

Adding to the Lehmann and Burstein frameworks, the Fudan University Shanghai Cancer Center
(FUSCC) classification system has been pivotal in translating transcriptomic subtyping directly into clinical
practice. Developed primarily from Asian cohorts, the FUSCC system categorizes TNBC into four therapeutic
subtypes: immunomodulatory (IM), LAR, mesenchymal-like (MES), and basal-like immune-suppressed
(BLIS) [30]. The clinical applicability of this framework was prospectively validated in the phase Ib/II
FUTURE umbrella trial. By matching heavily pretreated metastatic TNBC patients to targeted therapies
based on their FUSCC subtype and genomic biomarkers, the trial achieved a remarkable objective response
rate (ORR) of 29.0%; notably, the IM subtype achieved a 52.6% ORR when treated with anti-PD-1 therapy
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plus nab-paclitaxel [31, 32]. Building on this success, the phase Il FUTURE-SUPER trial evaluated first-line,
subtyping-based therapies, demonstrating a significantly prolonged median progression-free survival (PFS)
(11.3 months) compared to standard chemotherapy alone (5.8 months) [33]. These trials provide
compelling evidence that prospective molecular subtyping can be successfully translated into therapeutic
decision-making for metastatic TNBC.

Emerging therapies and research breakthroughs
Antibody-drug conjugates

ADCs are targeted chemotherapies composed of a monoclonal antibody (mAb) linked to a cleavable linker
and a potent cytotoxic payload. The mAb specifically recognizes and binds to an antigen overexpressed on
the tumor cell surface, allowing for the selective internalization and release of the cytotoxic agent at the
tumor site [19, 34, 35] (Figure 3).
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Adjacent Tumor Cell.

Bystander
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f Lysosomal
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Figure 3. Mechanism of action of Trop-2-directed antibody-drug conjugates (ADCs) in triple-negative breast cancer
(TNBC). The ADC (e.g., sacituzumab govitecan) is composed of a humanized monoclonal antibody targeting the trophoblast
cell-surface antigen 2 (Trop-2) bound to a highly potent cytotoxic payload (e.g., the topoisomerase | inhibitor SN-38) via a
hydrolyzable linker [11]. Upon binding to Trop-2 receptors—which are highly overexpressed on the TNBC cell surface—the
ADC-receptor complex is internalized into the cell via endocytosis [36]. Subsequent acidification within the intracellular
endolysosomal system triggers the cleavage of the linker, releasing the active SN-38 payload into the cytoplasm [11]. The
payload translocates to the nucleus, where it inhibits DNA ligation, ultimately causing double-strand DNA breaks and cellular
apoptosis [11]. Crucially, the membrane-permeable nature of the released payload allows it to diffuse out of the primary targeted
cell to exert a potent “bystander effect”, effectively eradicating adjacent tumor cells even if they lack Trop-2 expression [13, 37].
Created in BioRender. Alobaidi, A. (2026) https://BioRender.com/cp5r0xp.

SG (Trodelvy) was the first ADC approved for TNBC [11, 22]. It targets Trop-2 (expressed in > 90% of
TNBCs) and delivers the topoisomerase-I payload SN-38 [19, 27, 35]. The clinical impact of SG for
metastatic TNBC was demonstrated in the phase III ASCENT trial (NCT02574455) [29, 34], where it
significantly outperformed single-agent chemotherapy in pre-treated patients [19, 28, 29]. SG yielded a
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median PFS of 5.6 months and a median OS of 12.1 months versus 1.7 months (PFS) and 6.7 months (0OS)
with single-agent chemotherapy [19, 28, 29]. Other ADCs in development include trastuzumab deruxtecan
(T-DXd) targeting HER2 with a topoisomerase I payload and a high drug-to-antibody ratio (T-DXd delivers
a potent topoisomerase I inhibitor payload) that produces a membrane-permeable “bystander effect,”
killing adjacent cells regardless of high HER2 expression [10, 19, 34], thereby benefiting a subgroup of
patients historically considered HER2-negative [22, 34]. Other promising ADCs in development include
datopotamab deruxtecan (Dato-DXd), another Trop-2 targeting ADC utilizing a different payload [5, 13],
and ladiratuzumab vedotin (LV), which targets the zinc transporter protein LIV-1 and delivers a
microtubule inhibitor. Ongoing research is actively testing ADC combinations with targeted agents (e.g., SG
+ PARP inhibitors such as talazoparib) and with ICIs to enhance antitumor activity and exploit tumor
vulnerabilities [6, 19, 27, 35].

Recent therapeutic developments reported in 2025 highlight the rapid evolution of biomarker-
enriched trials and novel ADC combination strategies. For instance, the [-SPY2.2 trial utilized a novel
neoadjuvant sequential therapy platform to evaluate the Trop-2-directed ADC Dato-DXd combined with the
PD-L1 inhibitor durvalumab; this combination successfully graduated to phase 3 trials specifically for the
“immune-positive” BC subtype [13]. Consequently, major phase 3 trials such as TROPION-Breast02 and
TROPION-Breast03 are actively investigating Dato-DXd in the first-line metastatic and post-neoadjuvant
settings, respectively [13]. Furthermore, clinical trial designs are increasingly relying on real-time liquid
biopsies. Studies like the c-TRAK TN and ZEST trials are currently utilizing dynamic circulating tumor DNA
(ctDNA) monitoring to guide the escalation of targeted therapies or ICIs, representing a shift toward highly
personalized, adaptive treatment regimens [6].

Combination and immunomodulatory strategies

TNBC’s aggressive nature, heterogeneity, and propensity for chemo-resistance have necessitated the
exploration of synergistic combination strategies that leverage the IM effects of various therapeutic agents.
Combining ICIs, specifically PD-1/PD-L1 inhibitors such as pembrolizumab and atezolizumab, with
chemotherapy serves to raise tumor immunogenicity and has resulted in significantly higher neoadjuvant
pCR rates [6, 19, 35]. Furthermore, preclinical and early clinical data support the use of ICI in combination
with PARP inhibitors, as PARP inhibition can upregulate PD-L1 expression and subsequent tumor
immunosuppression, which may be circumvented by PD-1/PD-L1 blockade, thus potentially enhancing
efficacy [35, 38]. Combinations involving ADCs plus ICIs and ADCs plus targeted agents are also under
active investigation to leverage complementary anti-tumor mechanisms [6, 19, 27].

Other targeted pathways

The PI3K/AKT/mTOR pathway is also highly attractive due to its frequent activation (up to one-third of
cases) in TNBC, promoting survival and chemoresistance; AKT inhibitors like capivasertib and ipatasertib,
and PI3K inhibitors like alpelisib, are currently in trials [19, 26, 35]. AR is a potential target in the LAR
molecular subtype, which constitutes 20-40% of TNBCs, with AR antagonists (e.g., enzalutamide,
bicalutamide) being investigated, sometimes in combination with PI3K inhibitors or CDK4/6 inhibitors [19,
27, 35]. Research actively shows that detailed molecular profiling is now enabling a precision medicine
approach, guiding the use of targeted therapies for specific subtypes and revealing new vulnerabilities for
drug development [4, 13, 24, 27]. Despite a strong preclinical rationale, inhibitors of the PI3K/AKT/mTOR
pathway have not yet been approved for TNBC and are not currently recommended by major clinical
guidelines (such as ASCO, ESMO, or NCCN) for routine TNBC management [22, 26]. While the AKT inhibitor
capivasertib is FDA-approved for HR+/HER2- BC, preliminary results from the phase III CAPItello-290 trial
evaluating its efficacy in advanced TNBC were not satisfactory [22]. Currently, guideline-approved targeted
therapies for metastatic TNBC are limited to pembrolizumab for PD-L1-positive disease (NCCN, ESMO,
ASCO), PARP inhibitors such as olaparib and talazoparib for germline BRCA1/2 mutations (NCCN, ESMO),
and the ADC SG in the second-line setting and beyond [5].
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Al, radiomics, and the future of personalized care

The future trajectory of TNBC management is being reshaped by the convergence of advanced emerging
technologies such as artificial intelligence (AI) and machine learning (ML) [9, 13, 22, 24]. Al methodologies,
especially radiomics applied to imaging modalities like dynamic contrast-enhanced magnetic resonance
imaging (MRI) and ultrasound, offer a non-invasive means to elucidate molecular and anatomical
characteristics often imperceptible to the human eye [9, 10, 14, 15]. These computational approaches have
demonstrated promising performance in both the differential diagnosis of TNBC and the early, pre-
treatment prediction of pCR to NACT, thereby offering a crucial platform for personalized clinical decision-
making and early therapy adjustment [6, 9, 15, 24]. This technological integration accelerates the
refinement of biomarker-based approaches, moving treatment beyond the traditional three negative
receptor definition toward strategies guided by inherent molecular subtype classifications (e.g., LAR, BLIS,
MES) derived from genomic and transcriptomic analyses [5, 13, 15, 18]. By integrating multi-omics data,
scientists can identify highly specific vulnerabilities to guide the selection of appropriate targeted therapies,
ultimately ensuring a more effective and tailored therapeutic strategy for individual TNBC patients [13, 18].

Traditional diagnostic methods, such as tissue biopsies, are inherently invasive and often fail to capture
the full spectrum of spatial and temporal tumor heterogeneity [39]. To significantly improve diagnostic
specificity and reduce invasiveness, liquid biopsy can be used [7, 40]. Liquid biopsy can analyze ctDNA and
circulating tumor cells (CTCs) from a simple blood draw, and has emerged as a powerful, non-invasive
alternative. Liquid biopsies allow for real-time, dynamic monitoring of tumor evolution and the early
detection of minimal residual disease months before clinical relapse [7, 40]. Furthermore, integrating Al
and radiomics with standard imaging modalities (such as MRI and ultrasound) provides a non-invasive
method to extract deep molecular and anatomical features, improving the differential diagnosis and early
prediction of treatment response without the need for repeated invasive procedures [41].

Theranostics and nanomedicine platforms

To seamlessly integrate both diagnostic and therapeutic capabilities within a single TNBC intervention, the
field is rapidly advancing toward “theranostic” nanomedicine platforms [42]. Theranostics utilize
engineered nanoparticles designed to simultaneously detect malignant cells and deliver targeted therapies
[43]. For example, radionuclide-functionalized nanoparticles can be employed for high-resolution
molecular imaging [such as PET (positron emission tomography) or SPECT (single photon emission
computed tomography)] while simultaneously delivering targeted radionuclide therapy directly to the
TNBC microenvironment [43]. Similarly, conjugated polymer nanoparticles and gold nanoparticles serve as
dual-action platforms; they act as contrast agents for real-time fluorescent tumor imaging while
concurrently generating cytotoxic reactive oxygen species or localized hyperthermia upon near-infrared
light irradiation, thereby enabling precise, targeted photodynamic and photothermal therapies against
TNBC cells [44, 45]. These integrated approaches offer a promising strategy to maximize local drug
concentrations while minimizing off-target systemic toxicity [46].

Challenges, disparities, and clinical gaps

Racial, socioeconomic, and healthcare system disparities affect outcomes in TNBC, which
disproportionately impacts younger, premenopausal women and those from minority populations,
particularly non-Hispanic Black women [4, 13]. Non-Hispanic Black women have nearly double the
incidence of TNBC compared with White women and experience significantly higher mortality, a pattern
that persists even after adjusting for socioeconomic status and stage at diagnosis [4, 13, 26]. This elevated
risk arises from a complex interaction of factors, including higher prevalence of germline BRCA1 and BRCA2
mutations and distinct genetic and epigenetic features in Black women [2, 6, 13]. Non-biological factors
further worsen outcomes [13, 26]. Barriers such as delayed or limited access to screening, financial
obstacles to completing treatment, and a later stage at diagnosis are common among minority groups [5,
13, 26]. TNBC is also frequently identified as an interval cancer because of its rapid growth and the higher
mammographic density often present in younger women [4, 9]. Emerging multi-omics data from East Asian
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cohorts reveal distinct biological landscapes. Genomic profiling of Chinese TNBC patients has demonstrated
a significantly higher prevalence of the LAR subtype (23%) compared to African American (9%) or
Caucasian (12%) cohorts. Furthermore, East Asian TNBC tumors exhibit a higher frequency of PIK3CA
mutations (18% vs. 10%) and more frequent somatic copy-number gains on chromosome 22q11 compared
to Western cohorts from The Cancer Genome Atlas (TCGA) [30]. Similarly, analyses of Japanese TNBC
cohorts have identified significant differences in the amplification frequencies of specific driver genes, such
as MYC and PTKZ2, compared to non-Asian databases [47]. These ethnic and geographic genomic variations
highlight a clear need to integrate Asian-led clinical evidence into precision oncology strategies.
Additionally, racial and ethnic minorities remain significantly underrepresented in clinical trials, which
limits the generalizability of study findings and restricts access to emerging therapies [5, 13, 48, 49]. These
systemic disadvantages amplify both psychological distress and financial toxicity, including income loss and
treatment-related financial burdens, especially among young and Black women undergoing chemotherapy
[49].

Targeted research, health equity initiatives, and personalized care strategies are essential to reduce
these disparities and improve outcomes [2, 4, 13, 48]. A major obstacle to developing widely effective
therapies is the substantial molecular and biological heterogeneity of TNBC. This emphasizes a critical need
for reliable predictive biomarkers. Currently, biomarker-driven treatment selection is limited [6, 15, 24,
27]. Germline BRCA1 and BRCAZ2 mutations identify a small subset responsive to PARP inhibitors, and PD-
L1 expression is used to guide ICI therapy in the metastatic setting, although its predictive value varies
across clinical trials. Ongoing research aims to integrate multi-omics data and incorporate biomarkers such
as TILs, TMB, and molecular subtyping to develop more comprehensive predictive models [6, 11, 13-15,
19].

Future improvements in TNBC outcomes depend on advancing precision medicine and technology to
enable earlier detection and individualized intervention [13, 22, 24]. Liquid biopsy, particularly ctDNA,
provides an opportunity to detect minimal residual disease and molecular recurrence months before
clinical symptoms appear. This creates valuable lead time for intensifying therapy and optimizing post-
neoadjuvant risk stratification [5, 6, 15, 39]. Achieving equitable progress also requires addressing
persistent racial and socioeconomic disparities [4, 13, 26]. Precision oncology advances, including genomic
and molecular subtyping, must be paired with improved access to specialized therapies such as ADCs and
ICIs, expanded inclusion of minority patients in clinical trials, and systemic efforts to reduce the significant
financial and psychological burdens experienced by those diagnosed with TNBC [5, 13, 48, 49]. A
comprehensive and equitable model is essential to ensure that all women affected by this aggressive
disease subtype benefit from emerging scientific and clinical progress [4, 13, 18, 22].

Despite profound advances in defining the distinct molecular subtypes of TNBC, these classifications
remain largely theoretical and have not yet been incorporated into routine clinical practice or current TNBC
treatment guidelines [15, 36]. Routine clinical implementation is significantly hindered by the high cost and
limited accessibility of the RNA-sequencing required for tumor profiling, as well as a lack of consensus
among the various classification systems. Consequently, outside of clinical trials, TNBC is largely treated as
a single disease entity, with precision treatment decisions relying primarily on a few accessible biomarkers,
namely PD-L1 immunohistochemistry staining and germline BRCA1/2 mutational status [15].

Beyond traditional nanoparticles, the development of functional polymers and metal-organic
frameworks (MOFs) has introduced highly versatile nanoplatforms capable of integrating diagnosis and
therapy. Due to their unique two- and three-dimensional architectures, high specific surface area, and
tunable pore dimensions, MOFs and functional polymers are being extensively utilized for targeted drug
delivery, biosensing, and therapeutic monitoring across a variety of complex systemic diseases [50].
Adapting these advanced polymeric and MOF platforms to oncology holds immense promise for
overcoming chemoresistance. For instance, functional MOF-based nanocarriers have recently demonstrated
the ability to effectively ablate primary breast tumors and significantly inhibit lung metastasis in TNBC
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models while carrying diagnostic imaging agents [50]. Expanding the use of these reactive and functional
polymers could provide the precise, multi-target delivery systems needed to overcome TNBC'’s severe
heterogeneity.

Conclusions

The future of TNBC care requires a shift from empiric chemotherapy toward highly personalized strategies
informed by the disease’s complex and heterogeneous biological ecosystem [5, 19]. Therapeutic progress
will depend on rationally designed combination regimens, such as integrating ADCs, ICIs, and PARP
inhibitors, to overcome acquired resistance [6, 19]. This approach necessitates rigorous, multi-level clinical
trials to define optimal sequencing and timing of these agents [17, 34, 35]. Achieving truly individualized
care will require moving beyond single-biomarker selection toward multi-omics and transcriptomic
integration to refine molecular subtyping and match therapies to tumor-specific vulnerabilities [13, 15, 24].
Equally essential is the commitment to health equity. Eliminating racial and socioeconomic disparities
demands expanded access to screening, intentional inclusion of underrepresented minorities in clinical
trials, and comprehensive strategies to reduce financial toxicity, particularly for younger and Black women
who bear a disproportionate burden of TNBC [5, 13]. Emerging technologies, including Al and ML applied to
radiomics and histopathology, hold significant promise for enhancing diagnosis and predicting treatment
response [13]. Liquid biopsy and dynamic ctDNA monitoring offer new avenues for early, non-invasive
detection of recurrence and real-time adaptation of therapy, marking a pivotal step toward precision-
guided and equitable TNBC management [13]. TNBC remains one of the most challenging malignancies in
oncology, not because it is poorly understood, but because its biology is aggressive, heterogeneous, and
highly adaptable. Yet it has also become one of the most important drivers of innovation, transforming from
a subtype defined by the absence of therapeutic targets into one shaped by emerging opportunities in
immunotherapy, DNA repair inhibition, and ADCs.

Abbreviations

ADCs: antibody-drug conjugates

Al artificial intelligence

AKT: protein kinase B

BC: breast cancer

BLIS: basal-like immune-suppressed

CAFs: cancer-associated fibroblasts

ctDNA: circulating tumor DNA

Dato-DXd: datopotamab deruxtecan

DSBs: double-strand breaks

ECM: extracellular matrix

ER: estrogen receptor

FUSCC: Fudan University Shanghai Cancer Center
HER2: human epidermal growth factor receptor 2
HR: hormone receptor

HRD: homologous recombination deficiency

ICIs: immune checkpoint inhibitors

IM: immunomodulatory

LAR: luminal androgen receptor

Explor Target Antitumor Ther. 2026;7:1002372 | https://doi.org/10.37349/etat.2026.1002372 Page 11



mAb: monoclonal antibody

MES: mesenchymal-like

ML: machine learning

MOFs: metal-organic frameworks
MRI: magnetic resonance imaging
mTOR: mammalian target of rapamycin
NACT: neoadjuvant chemotherapy
ORR: objective response rate

0S: overall survival

PARP: poly(ADP-ribose) polymerase
pCR: pathological complete response
PD-L1: programmed death ligand 1
PES: progression-free survival

PI3K: phosphatidylinositol-3 kinase
PR: progesterone receptor

SG: sacituzumab govitecan

TAMs: tumor-associated macrophages
T-DXd: trastuzumab deruxtecan
TILs: tumor-infiltrating lymphocytes
TMB: tumor mutational burden
TME: tumor microenvironment

TNBC: triple-negative breast cancer

Declarations

Author contributions

AA: Conceptualization, Writing—original draft. VR: Conceptualization, Writing—original draft, Writing—
review & editing, Supervision. Both authors reviewed and approved the final version of the manuscript.
Conflicts of interest

The authors declare that they have no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Explor Target Antitumor Ther. 2026;7:1002372 | https://doi.org/10.37349/etat.2026.1002372 Page 12



Funding

The authors received no specific funding for this study.

Copyright
© The Author(s) 2026.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations

and maps. All opinions expressed in this article are the personal views of the author(s) and do not

represent the stance of the editorial team or the publisher.

References

1.

10.

11.

12.

13.

Almansour NM. Triple-Negative Breast Cancer: A Brief Review About Epidemiology, Risk Factors,
Signaling Pathways, Treatment and Role of Artificial Intelligence. Front Mol Biosci. 2022;9:836417.
[DOI] [PubMed] [PMC(]

Galappaththi SPL, Smith KR, Alsatari ES, Hunter R, Dyess DL, Turbat-Herrera EA, et al. The Genomic
and Biologic Landscapes of Breast Cancer and Racial Differences. Int ] Mol Sci. 2024;25:13165. [DOI]
[PubMed] [PMC]

Padzinska-Pruszynska I, Kucharzewska P, Matejuk A, Gérczak M, Kubiak M, Taciak B, et al.
Macrophages: Key Players in the Battle against Triple-Negative Breast Cancer. Int ] Mol Sci. 2024;25:
10781. [DOI] [PubMed] [PMC(C]

Adrada BE, Moseley TW, Kapoor MM, Scoggins ME, Patel MM, Perez F, et al. Triple-Negative Breast
Cancer: Histopathologic Features, Genomics, and Treatment. Radiographics. 2023;43:e230034. [DOI]
[PubMed] [PMC]

Leon-Ferre RA, Goetz MP. Advances in systemic therapies for triple negative breast cancer. BMJ. 2023;
381:e071674. [DOI] [PubMed]

Syeda MF, Santos RA, Sousa LM, Paiva AR, Castelo Branco N, Cunha Pereira T, et al. Immune
monitoring of neoadjuvant chemo-immunotherapy for triple-negative breast cancer. Front Immunol.
2025;16:1654748. [DOI] [PubMed] [PMC]

Brogna MR, Varone V, DelSesto M, Ferrara G. The role of CAFs in therapeutic resistance in triple
negative breast cancer: an emerging challenge. Front Mol Biosci. 2025;12:1568865. [DOI] [PubMed]
[PMC]

Kim ], Harper A, McCormack V, Sung H, Houssami N, Morgan E, et al. Global patterns and trends in

breast cancer incidence and mortality across 185 countries. Nat Med. 2025;31:1154-62. [DOI]
[PubMed]

Bhalla K, Xiao Q, Luna JM, Podany E, Ahmad T, Ademuyiwa FO, et al. Radiologic imaging biomarkers in
triple-negative breast cancer: a literature review about the role of artificial intelligence and the way
forward. BJR Artif Intell. 2024;1:ubae016. [DOI] [PubMed] [PMC(]

Guo L, Kong D, Liu ], Zhan L, Luo L, Zheng W, et al. Breast cancer heterogeneity and its implication in
personalized precision therapy. Exp Hematol Oncol. 2023;12:3. [DOI] [PubMed] [PMC(]

Mandapati A, Lukong KE. Triple negative breast cancer: approved treatment options and their
mechanisms of action. ] Cancer Res Clin Oncol. 2023;149:3701-19. [DOI] [PubMed] [PMC]

van den Ende NS, Nguyen AH, Jager A, Kok M, Debets R, van Deurzen CHM. Triple-Negative Breast
Cancer and Predictive Markers of Response to Neoadjuvant Chemotherapy: A Systematic Review. Int ]
Mol Sci. 2023;24:2969. [DOI] [PubMed] [PMC]

Agelidis A, Ter-Zakarian A, Jaloudi M. Triple-Negative Breast Cancer on the Rise: Breakthroughs and
Beyond. Breast Cancer (Dove Med Press). 2025;17:523-9. [DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2026;7:1002372 | https://doi.org/10.37349/etat.2026.1002372 Page 13


https://dx.doi.org/10.3389/fmolb.2022.836417
http://www.ncbi.nlm.nih.gov/pubmed/35145999
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8824427
https://dx.doi.org/10.3390/ijms252313165
http://www.ncbi.nlm.nih.gov/pubmed/39684874
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11642636
https://dx.doi.org/10.3390/ijms251910781
http://www.ncbi.nlm.nih.gov/pubmed/39409110
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11476577
https://dx.doi.org/10.1148/rg.230034
http://www.ncbi.nlm.nih.gov/pubmed/37792593
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10560981
https://dx.doi.org/10.1136/bmj-2022-071674
http://www.ncbi.nlm.nih.gov/pubmed/37253507
https://dx.doi.org/10.3389/fimmu.2025.1654748
http://www.ncbi.nlm.nih.gov/pubmed/41169398
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12568707
https://dx.doi.org/10.3389/fmolb.2025.1568865
http://www.ncbi.nlm.nih.gov/pubmed/40230452
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11994926
https://dx.doi.org/10.1038/s41591-025-03502-3
http://www.ncbi.nlm.nih.gov/pubmed/39994475
https://dx.doi.org/10.1093/bjrai/ubae016
http://www.ncbi.nlm.nih.gov/pubmed/40201726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11974408
https://dx.doi.org/10.1186/s40164-022-00363-1
http://www.ncbi.nlm.nih.gov/pubmed/36624542
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9830930
https://dx.doi.org/10.1007/s00432-022-04189-6
http://www.ncbi.nlm.nih.gov/pubmed/35976445
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10314854
https://dx.doi.org/10.3390/ijms24032969
http://www.ncbi.nlm.nih.gov/pubmed/36769287
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9918290
https://dx.doi.org/10.2147/BCTT.S516125
http://www.ncbi.nlm.nih.gov/pubmed/40599557
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12209529

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Jie H, Ma W, Huang C. Diagnosis, Prognosis, and Treatment of Triple-Negative Breast Cancer: A
Review. Breast Cancer (Dove Med Press). 2025;17:265-74. [DOI] [PubMed] [PMC]

Wang X, Collet L, Rediti M, Debien V, De Caluwé A, Venet D, et al. Predictive Biomarkers for Response
to Immunotherapy in Triple Negative Breast Cancer: Promises and Challenges. ] Clin Med. 2023;12:
953. [DOI] [PubMed] [PMC(]

Pai S, Murthy SV. Molecular Subtypes and Ki-67 index in Breast Carcinoma with Special Emphasis on
Triple Negative Breast Cancer. A 3-year Study in a Tertiary Care Center. Indian ] Surg Oncol. 2025;16:
478-90. [DOI] [PubMed] [PMC]

Tong L, Yu X, Wang S, Chen L, Wu Y. Research Progress on Molecular Subtyping and Modern
Treatment of Triple-Negative Breast Cancer. Breast Cancer (Dove Med Press). 2023;15:647-58. [DOI]
[PubMed] [PMC]

Xiong N, Wu H, Yu Z. Advancements and challenges in triple-negative breast cancer: a comprehensive
review of therapeutic and diagnostic strategies. Front Oncol. 2024;14:1405491. [DOI] [PubMed]
[PMC]

Bianchini G, De Angelis C, Licata L, Gianni L. Treatment landscape of triple-negative breast cancer -
expanded options, evolving needs. Nat Rev Clin Oncol. 2022;19:91-113. [DOI] [PubMed]

De Santis P, Perrone M, Guarini C, Santoro AN, Laface C, Carrozzo D, et al. Early-stage triple negative
breast cancer: the therapeutic role of immunotherapy and the prognostic value of pathological
complete response. Explor Target Antitumor Ther. 2024;5:232-50. [DOI] [PubMed] [PMC]

Zhou Z, Zhou Q. Immunotherapy resistance in triple-negative breast cancer: Molecular mechanisms,
tumor microenvironment, and therapeutic implications. Front Oncol. 2025;15:1630464. [DOI]
[PubMed] [PMC]

Lebedeva V, Ebbinghaus M, Hidalgo JV, Hardt O, Pfeifer R. Triple-Negative Breast Cancer Unveiled:
Bridging Science, Treatment Strategy, and Economic Aspects. Int ] Mol Sci. 2025;26:9714. [DOI]
[PubMed] [PMC]

Shatalov PA, Bukaeva AA, Veselovsky EM, Traspov AA, Bagdasarova DV, Leukhina IA, et al.
Neoantigen-Driven Immunotherapy in Triple-Negative Breast Cancer: Emerging Strategies and
Clinical Potential. Biomedicines. 2025;13:2213. [DOI] [PubMed] [PMC(]

Kong H, Pan M, Sun L. Identification and analysis of metabolic reprogramming-related genes in triple-
negative breast cancer. Clin Exp Med. 2025;25:332. [DOI] [PubMed] [PMC(]

Petrelli F, Tomasello G, Parati MC, Ghidini A, Ghidini M, Borgonovo K, et al. Different Chemotherapy
Regimens and Pathologic Complete Response in Triple-Negative Breast Cancer: An Updated Network
Meta-Analysis of Phase 3 Trials. Medicina (Kaunas). 2024;60:341. [DOI] [PubMed] [PMC(]

Obidiro O, Battogtokh G, Akala EO. Triple Negative Breast Cancer Treatment Options and Limitations:
Future Outlook. Pharmaceutics. 2023;15:1796. [DOI] [PubMed] [PMC(]

Pauls M, Chia S, LeVasseur N. Current and New Novel Combination Treatments for Metastatic Triple-
Negative Breast Cancer. Curr Oncol. 2022;29:4748-67. [DOI] [PubMed] [PMC]

Hammershgi Madsen AM, Lgvendahl Eefsen RH, Nielsen D, Kiimler I. Targeted Treatment of
Metastatic Triple-Negative Breast Cancer: A Systematic Review. Breast ]. 2024;2024:9083055. [DOI]
[PubMed] [PMC]

Bou Zerdan M, Ghorayeb T, Saliba F, Allam S, Bou Zerdan M, Yaghi M, et al. Triple Negative Breast
Cancer: Updates on Classification and Treatment in 2021. Cancers (Basel). 2022;14:1253. [DOI]
[PubMed] [PMC]

Jiang YZ, Ma D, Suo C, Shi ], Xue M, Hu X, et al. Genomic and Transcriptomic Landscape of Triple-

Negative Breast Cancers: Subtypes and Treatment Strategies. Cancer Cell. 2019;35:428-40. [DOI]
[PubMed]

Jiang YZ, Liu Y, Xiao Y, Hu X, Jiang L, Zuo W], et al. Molecular subtyping and genomic profiling expand
precision medicine in refractory metastatic triple-negative breast cancer: the FUTURE trial. Cell Res.
2021;31:178-86. [DOI] [PubMed] [PMC]

Explor Target Antitumor Ther. 2026;7:1002372 | https://doi.org/10.37349/etat.2026.1002372 Page 14


https://dx.doi.org/10.2147/BCTT.S516542
http://www.ncbi.nlm.nih.gov/pubmed/40124876
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11928298
https://dx.doi.org/10.3390/jcm12030953
http://www.ncbi.nlm.nih.gov/pubmed/36769602
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9917763
https://dx.doi.org/10.1007/s13193-023-01773-1
http://www.ncbi.nlm.nih.gov/pubmed/40337051
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12052743
https://dx.doi.org/10.2147/BCTT.S426121
http://www.ncbi.nlm.nih.gov/pubmed/37644916
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10461741
https://dx.doi.org/10.3389/fonc.2024.1405491
http://www.ncbi.nlm.nih.gov/pubmed/38863622
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11165151
https://dx.doi.org/10.1038/s41571-021-00565-2
http://www.ncbi.nlm.nih.gov/pubmed/34754128
https://dx.doi.org/10.37349/etat.2024.00215
http://www.ncbi.nlm.nih.gov/pubmed/38464390
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10918232
https://dx.doi.org/10.3389/fonc.2025.1630464
http://www.ncbi.nlm.nih.gov/pubmed/40936705
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12420258
https://dx.doi.org/10.3390/ijms26199714
http://www.ncbi.nlm.nih.gov/pubmed/41096979
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12524757
https://dx.doi.org/10.3390/biomedicines13092213
http://www.ncbi.nlm.nih.gov/pubmed/41007774
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12467711
https://dx.doi.org/10.1007/s10238-025-01870-1
http://www.ncbi.nlm.nih.gov/pubmed/41138014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12553602
https://dx.doi.org/10.3390/medicina60020341
http://www.ncbi.nlm.nih.gov/pubmed/38399628
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10890456
https://dx.doi.org/10.3390/pharmaceutics15071796
http://www.ncbi.nlm.nih.gov/pubmed/37513983
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10384267
https://dx.doi.org/10.3390/curroncol29070377
http://www.ncbi.nlm.nih.gov/pubmed/35877237
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9323790
https://dx.doi.org/10.1155/2024/9083055
http://www.ncbi.nlm.nih.gov/pubmed/39742383
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11257761
https://dx.doi.org/10.3390/cancers14051253
http://www.ncbi.nlm.nih.gov/pubmed/35267561
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8909187
https://dx.doi.org/10.1016/j.ccell.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30853353
https://dx.doi.org/10.1038/s41422-020-0375-9
http://www.ncbi.nlm.nih.gov/pubmed/32719455
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8027015

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

Liu Y, Zhu XZ, Xiao Y, Wu SY, Zuo WJ, Yu Q, et al. Subtyping-based platform guides precision medicine
for heavily pretreated metastatic triple-negative breast cancer: The FUTURE phase Il umbrella clinical
trial. Cell Res. 2023;33:389-402. [DOI] [PubMed] [PMC(]

Fan Y, He S. The Characteristics of Tumor Microenvironment in Triple Negative Breast Cancer. Cancer
Manag Res. 2022;14:1-17. [DOI] [PubMed] [PMC(]

Capici S, Ammoni LC, Meli N, Cogliati V, Pepe FF, Piazza F, et al. Personalised Therapies for Metastatic
Triple-Negative Breast Cancer: When Target Is Not Everything. Cancers (Basel). 2022;14:3729. [DOI]
[PubMed] [PMC]

LiY, Zhang H, Merkher Y, Chen L, Liu N, Leonov S, et al. Recent advances in therapeutic strategies for
triple-negative breast cancer. ] Hematol Oncol. 2022;15:121. [DOI] [PubMed] [PMC(]

Fertal SA, Poterala JE, Ponik SM, Wisinski KB. Stromal Characteristics and Impact on New Therapies
for Metastatic Triple-Negative Breast Cancer. Cancers (Basel). 2022;14:1238. [DOI] [PubMed] [PMC(]
Dent RA, Cescon DW, Bachelot T, Jung KH, Shao ZM, Saji S, et al. TROPION-Breast02: Datopotamab
deruxtecan for locally recurrent inoperable or metastatic triple-negative breast cancer. Future Oncol.
2023;19:2349-59. [DOI] [PubMed]

Clark CA, Yang ES. Harnessing DNA Repair Defects to Augment Immune-Based Therapies in Triple-
Negative Breast Cancer. Front Oncol. 2021;11:703802. [DOI] [PubMed] [PMC(]

Sheng ], Zong X. Liquid biopsy in TNBC: significance in diagnostics, prediction, and treatment
monitoring. Front Oncol. 2025;15:1607960. [DOI] [PubMed] [PMC]

Lin X, Liu B, Wu ], Shi L, Zhang Y, Yang Q, et al. Circulating tumor DNA in breast cancer: From

technological foundation to clinical implementation. Cancer Treat Rev. 2026;144:103108. [DOI]
[PubMed]

Cheng C, Wang Y, Zhao J, Wu D, Li H, Zhao H. Deep Learning and Radiomics in Triple-Negative Breast
Cancer: Predicting Long-Term Prognosis and Clinical Outcomes. ] Multidiscip Healthc. 2025;18:
319-27. [DOI] [PubMed] [PMC(]

Choi ], Kim H, Choi Y. Theranostic nanoparticles for enzyme-activatable fluorescence imaging and
photodynamic/chemo dual therapy of triple-negative breast cancer. Quant Imaging Med Surg. 2015;5:
656-64. [DOI] [PubMed] [PMC(]

Guglielmo P, Triumbari EKA, Cimini A, Camedda R, Urso L, Filippi L. Radionuclide-based
nanotechnologies in triple-negative breast cancer: current evidence and future perspectives. Clin
Transl Imaging. 2025;13:261-74. [DOI]

Jin G, He R, Liu Q, Dong Y, Lin M, Li W, et al. Theranostics of Triple-Negative Breast Cancer Based on
Conjugated Polymer Nanoparticles. ACS Appl Mater Interfaces. 2018;10:10634-46. [DOI] [PubMed]
Pereira R, Coelho JMP, Gaspar MM, Reis CP. Targeting Triple-Negative Breast Cancer: A Special Focus
on Phototherapy and Nanomaterials. Molecules. 2026;31:511. [DOI] [PubMed] [PMC(]

Miao L, Kang Y, Zhang XF. Nanotechnology for the theranostic opportunity of breast cancer lung
metastasis: recent advancements and future challenges. Front Bioeng Biotechnol. 2024;12:1410017.
[DOI] [PubMed] [PMC(]

Nagahashi M, Ling Y, Hayashida T, Kitagawa Y, Futamura M, Yoshida K, et al. Actionable gene
alterations in an Asian population with triple-negative breast cancer. JCO Precis Oncol. 2018;2. [DOI]
[PubMed] [PMC]

Rodriguez YM, Koomson AA, Perry R]. Breast cancer shares many epidemiological, lifestyle, and local
hormonal and metabolic underpinnings with endometrial and ovarian cancer: a narrative review.
Transl Breast Cancer Res. 2025;6:8. [DOI] [PubMed] [PMC(]

Zagami P, Carey LA. Triple negative breast cancer: Pitfalls and progress. NP] Breast Cancer. 2022;8:95.
[DOI] [PubMed] [PMC(]

Deng LE, Guo M, Deng Y, Pan Y, Wang X, Maduraiveeran G, et al. MOF-Based Platform for Kidney
Diseases: Advances, Challenges, and Prospects. Pharmaceutics. 2024;16:793. [DOI] [PubMed] [PMC(]

Explor Target Antitumor Ther. 2026;7:1002372 | https://doi.org/10.37349/etat.2026.1002372 Page 15


https://dx.doi.org/10.1038/s41422-023-00795-2
http://www.ncbi.nlm.nih.gov/pubmed/36973538
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10156707
https://dx.doi.org/10.2147/CMAR.S316700
http://www.ncbi.nlm.nih.gov/pubmed/35018117
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8740624
https://dx.doi.org/10.3390/cancers14153729
http://www.ncbi.nlm.nih.gov/pubmed/35954393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9367432
https://dx.doi.org/10.1186/s13045-022-01341-0
http://www.ncbi.nlm.nih.gov/pubmed/36038913
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9422136
https://dx.doi.org/10.3390/cancers14051238
http://www.ncbi.nlm.nih.gov/pubmed/35267548
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8909697
https://dx.doi.org/10.2217/fon-2023-0228
http://www.ncbi.nlm.nih.gov/pubmed/37526149
https://dx.doi.org/10.3389/fonc.2021.703802
http://www.ncbi.nlm.nih.gov/pubmed/34631532
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8497895
https://dx.doi.org/10.3389/fonc.2025.1607960
http://www.ncbi.nlm.nih.gov/pubmed/40831937
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12358491
https://dx.doi.org/10.1016/j.ctrv.2026.103108
http://www.ncbi.nlm.nih.gov/pubmed/41702297
https://dx.doi.org/10.2147/JMDH.S509004
http://www.ncbi.nlm.nih.gov/pubmed/39866348
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11762009
https://dx.doi.org/10.3978/j.issn.2223-4292.2015.08.09
http://www.ncbi.nlm.nih.gov/pubmed/26682135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4671977
https://dx.doi.org/10.1007/s40336-025-00693-0
https://dx.doi.org/10.1021/acsami.7b14603
http://www.ncbi.nlm.nih.gov/pubmed/29323875
https://dx.doi.org/10.3390/molecules31030511
http://www.ncbi.nlm.nih.gov/pubmed/41683487
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12899269
https://dx.doi.org/10.3389/fbioe.2024.1410017
http://www.ncbi.nlm.nih.gov/pubmed/38882636
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11176448
https://dx.doi.org/10.1200/po.17.00211
http://www.ncbi.nlm.nih.gov/pubmed/32529167
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7288901
https://dx.doi.org/10.21037/tbcr-24-39
http://www.ncbi.nlm.nih.gov/pubmed/39980815
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11836739
https://dx.doi.org/10.1038/s41523-022-00468-0
http://www.ncbi.nlm.nih.gov/pubmed/35987766
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9392735
https://dx.doi.org/10.3390/pharmaceutics16060793
http://www.ncbi.nlm.nih.gov/pubmed/38931914
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11207304

	Abstract
	Keywords
	Introduction
	Biology and pathogenesis
	Current management and limitations
	Emerging therapies and research breakthroughs
	Antibody-drug conjugates
	Combination and immunomodulatory strategies
	Other targeted pathways
	AI, radiomics, and the future of personalized care
	Theranostics and nanomedicine platforms

	Challenges, disparities, and clinical gaps
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

