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Abstract 

Triple-negative breast cancer (TNBC) is an aggressive and challenging type of cancer, characterized by the absence 
of specific receptors targeted by current therapies, which limits effective targeted treatment options. TNBC has a high 
risk of recurrence and distant metastasis, resulting in lower survival rates. Additionally, TNBC exhibits significant 
heterogeneity at histopathological, proteomic, transcriptomic, and genomic levels, further complicating the develop-
ment of effective treatments. While some TNBC subtypes may initially respond to chemotherapy, resistance frequently 
develops, increasing the risk of aggressive recurrence. Therefore, precisely classifying and characterizing the distinct 
features of TNBC subtypes is crucial for identifying the most suitable molecular-based therapies for individual patients. 
In this review, we provide a comprehensive overview of these subtypes, highlighting their unique profiles as defined 
by various classification systems. We also address the limitations of conventional therapeutic approaches and explore 
innovative biological strategies, all aimed at advancing the development of targeted and effective therapeutic strate-
gies for TNBC.
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Background
Triple negative breast cancer (TNBC) accounts for 
approximately 10% to 20% of all breast cancer cases, 
with notable characteristics among women who are 
young (under 40  years old) [1], African-American, pre-
menopausal, and from low socioeconomic backgrounds 
[2–4]. According to multivariable analysis, the inci-
dence of TNBC in the USA was reported to be 13.7 cases 
per 100,000 women in 2020 [4]. In a cohort study con-
ducted in Singapore, which included Chinese, Malaysian, 
and Indian populations, found a TNBC prevalence of 
approximately 13% [5]. TNBC is associated with a high 
likelihood of recurrence and distant metastasis, lead-
ing to lower survival rates. Nearly 40% of TNBC patients 
at stage I–III experience recurrence within the first 2 to 
3 years after standard treatment [6]. The average overall 
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5-year relative survival rate of TNBC patients is 77%, 
which is 8% to 16% lower than that for hormone recep-
tor-positive breast cancer [7]. However, it is well estab-
lished that TNBC encompasses a variety of molecularly 
distinct tumors. Consequently, treatment plans are now 
customized not only based on the stage of the disease but 
also on the specific molecular subtype of the tumor [8].

Clinically, the major diagnostic methods for TNBC 
include mammography, ultrasound, magnetic resonance 
imaging (MRI), biopsy and histopathological analysis. 
Unfortunately, mammography screening is not very 
sensitive for detecting TNBC, with an accuracy of only 
39.8% [9]. Ultrasound provides limited utility, primar-
ily distinguishing between benign and solid lesions, 
but it falls short in identifying for malignant features 
[10]. While MRI is more sensitive, biochemical testing 
remains essential for cross-check, optimizing treatment 
[11] and predicting prognosis [12]. Among these meth-
ods, biochemical detection has the potential for early 
screening and precise treatment on a larger scale and at 
a lower cost.

The lack of a standardized subtyping method for 
TNBC complicates screening, detection and treatment 
strategies, while also limiting the applicability of exist-
ing clinical trial outcomes to a small subset of patient 
characteristics, thereby exacerbating the challenges of 
non-responding patients [13]. This situation adds to the 
inherent complexities of understanding TNBC. Further-
more, the absence of definitive biomarkers for elucidating 
mechanisms, precise subtyping, and addressing subop-
timal responses to checkpoint inhibitors underscores 
the urgent need to deepen our understanding of TNBC. 
Gaining this insight is essential for advancing more per-
sonalized and effective therapeutic strategies [2, 5, 6].

The classification of TNBC is an ever-evolving field, as 
emerging insights from ongoing research are progres-
sively integrated into clinical practice. Understanding 
the divergence between the comprehensive molecular 
classifications developed in research and the practi-
cal approaches adopted in clinical settings is crucial for 
improving treatment strategies for TNBC patients. In 
preclinical research, molecular subtyping [14], integra-
tive approaches [15] and advanced techniques [16] are 
current methods to classify TNBC, while immunohis-
tochemistry (IHC) remains the primary method applied 
in clinical practice [7, 9]. Molecular subtyping, using 
techniques such as RNA sequencing and gene expres-
sion microarray analysis, is widely employed to identify 
detailed molecular profiles [15, 17, 18]. Integrative anal-
ysis combines transcriptomics, proteomics, and epig-
enomics to identify consensus from heterogeneity [19, 
20]. The latest techniques, including single-cell RNA 
sequencing and whole-genome sequencing (WGS), offer 

enhanced insights, although their clinical application 
is still in its early stage [11]. The development of TNBC 
classification methods highlights the importance of inte-
grating research findings into clinical practice, which in 
turn facilitates a more precise categorization of TNBC 
subtypes and their therapeutic implications.

In this review, we aim to provide a comprehensive 
overview of these subtypes, highlighting their unique 
profiles as defined by various classification systems. We 
also examine the limitations of conventional therapeutic 
modalities and explore innovative biological approaches, 
all with the goal of advancing the development of tar-
geted and effective therapeutic strategies for TNBC.

Current clinical practice guidelines
The National Comprehensive Cancer Network (NCCN) 
guidelines recommend assessing PD-L1 expression and 
BRCA  mutations in TNBC patients to guide the initial 
therapeutic decisions (Fig.  1). Treatments are subse-
quently adjusted based on disease progression, which 
involves monitoring tumor dynamics and metastatic 
status, yet further TNBC subclassification is not pur-
sued [21]. Similarly, the European Society for Medical 
Oncology (ESMO) guidelines provide an evidence-based 
framework for TNBC management, also prioritizing 
PD-L1 and germline BRCA (gBRCA ) biomarkers. How-
ever, for patients who test negative for both PD-L1 and 
gBRCA , the Magnitude of Clinical Benefit Scale does not 
recommend any first-line targeted therapies [22]. This 
broad-spectrum approach may pose the risk of inappro-
priate or unnecessary treatments for patients who do not 
respond to initial therapy due to its limited precision. 
Furthermore, it may lead to the oversight of nuanced 
clinical presentations, potentially leading to delayed 
or overlooked diagnoses. Beyond PD-L1, the Chinese 
Society of Clinical Oncology (CSCO) guidelines and the 
World Health Organization (WHO) classification also 
recommend reporting on Ki-67 and tumor-infiltrating 
lymphocytes (TILs) as additional markers to better deter-
mine the molecular characteristics of the tumor.

Systematic classifications and therapeutic 
approaches
To navigate the complexities of heterogeneity in TNBC 
and tailor optimal treatments for patients, several sys-
tematic classification strategies have been established 
[17, 23–30] (Table  1). These approaches involve a com-
prehensive analysis of genetic variations, including both 
inherited factors and spontaneous mutations, as well as 
the examination of transcriptomic differences. Addition-
ally, they focus on identification of biomarkers that are 
essential for modulating key cellular processes, such as 



Page 3 of 16Chen et al. Cell & Bioscience           (2025) 15:13  

kinase activity, cell cycle regulation, apoptosis, and DNA 
repair mechanisms.

PAM50 classification
The PAM50 assay, which assesses a group of 50 tran-
scriptomic factors, provides an intrinsic subtyping 
system that, while not limited to TNBC, commonly cat-
egorizes TNBC cases as basal-like (BL) subtypes due to 
their gene expression profiles [31, 32]. Through PAM50 
analysis, the risk of distant metastasis in breast can-
cer, measured by a recurrence score ranging from 0 to 
100, can be determined by analyzing the distribution of 
molecular subtypes and proliferation indices, which are 
then integrated with statistical weights. Traditionally, 
PAM50 classifies breast cancer into Luminal A, Luminal 
B, Normal-like, HER2-enriched and BL subtypes (the lat-
ter being commonly associated with TNBC), by compar-
ing the expression of a set of 10 representative genes out 
of the 50 genes for each subtype [32]. However, discrep-
ancies have been observed when PAM50 classifications 

based on single-gene expression scores for ESR1, PGR, 
and ERBB2 are compared to their corresponding IHC 
markers, resulting in misalignments that do not accu-
rately reflect prognostic outcomes [23, 33]. In the GEI-
CAM/CIBOMA trial, adjuvant therapy with capecitabine 
were recommended for PAM50 non-basal patients over 
PAM50-basal with early-stage TNBC (hazard ratio 0.19 
verse 0.90) [34].

Lehmann classification
In 2011, Lehmann et  al. classified TNBC into six dis-
tinct subtypes primarily based on gene expression pro-
files, with validation through IHC across various datasets 
[18]. This initial classification, known as TNBCtype, 
was developed to evaluate the effectiveness of subtypes 
in relation to standard treatments by attributing simi-
larities among them [17, 18]. The six subtypes include 
immunoregulation (IM), mesenchymal stem-like (MSL), 
mesenchymal (M), basal-like 1 (BL1) and basal-like 2 
(BL2) and luminal androgen receptor (LAR). Within this 

Fig. 1 Consensus guidelines for TNBC treatment. This figure illustrates the biomarker-driven approaches for managing mTNBC as outlined 
in various clinical practice guidelines. It emphasizes the role of PD-L1 expression and gBRCA  mutations as critical predictive biomarkers, reflecting 
a shared consensus among leading guidelines in optimizing treatment strategies for mTNBC
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framework, Lehmann proposed that pharmacologically 
targeting the predicted “drivers” in each signaling path-
ways could lead to distinct therapeutic selections. Fur-
thermore, the exploration of the IM and MSL subtypes 
has provided substantial insights into the characteristics 
of M subtype. For instance, the cellular morphology of 
IM and MSL subtypes predominantly exhibits a spindle-
like shape in two-dimensional cultures, along with lower 
proliferation rates. The MSL subtype is associated with 
epithelial-mesenchymal transition (EMT) through path-
ways such as TGFβ, ECM-receptor interaction, ALK, and 
Wnt/β-catenin. The IM subtype is distinguished not only 
by its unique immune features but also by the presence 

of interferon regulatory factors and tumor necrosis factor 
(TNF) [17, 18], which are fundamental in explaining the 
heterogeneity observed within the M subtype [17, 18]. In 
terms of drug response, the BL1 and BL2 subtypes prefer-
entially respond to cisplatin due to higher expression lev-
els of cell cycle and DNA damage response genes, while 
the M and MSL subtypes respond to phosphoinositide 
3-kinases (PI3K)/mammalian target of rapamycin 
(mTOR) inhibitor. The LAR subtype, on the other hand, 
shows decreased relapse-free survival (RFS) when treated 
with androgen receptor (AR) inhibitors [18]. Overall, the 
TNBCtype classification represents the first systematic 
classification approach to categorizing TNBC and has 

Table 1 Categories of TNBCs based on data sources and subtype characteristics

Category Data sources Subtypes

Cellular biological features

 Metastatic ability Metastatic TNBC (mTNBC); Solidary (in situ) TNBC

 Invasive ability Preinvasive TNBC; Invasive TNBC

Molecular features

 Origin of mutation Somatic TNBC; Germline TNBC

 PAM50 [23] IHC, Transcriptomic analysis Luminal A, Luminal B, Normal-like, HER2-enriched 
and Basal-like

 CNA characteristic [24] Gene Expression Amplification (MYC, PIK3CA, CDK6, MDM2);
Deletion (MAP2K4, TP53, NCOR1, BRCA, PTEN, 
INPP4B)

 Metabolic pathway [25] Mass Spectrometry on cell lines MPS1 TNBC (lipogenic subtype with upregulated 
lipid metabolism)
MPS2 TNBC (Glycolytic subtype with upregulated 
carbohydrate and nucleotide metabolism)
MPS3 TNBC (Mixed subtype with partial pathway 
dysregulation)

 Burstein classification[26] Genomic and Transcriptomic analysis 
from patient tumors

Luminal Androgen Receptor (LAR), Mesenchy-
mal (M), Basal-like Immunosuppressed (BLIS), 
and Basal-like Immune Activated (BLIA)

 Polar metabolite and lipid profiling [27] Genomic, transcriptomic from whole exome 
sequencing

Metabolomic C1 tumor: Sphingolipids and fatty 
acid enrichments
Metabolomic C2 tumor: Upregulated carbohy-
drate metabolism and oxidation reaction
Metabolomic C3 tumor: Mild metabolic differ-
ences

 FUSCC classification [28] IHC; Genomic and Transcriptomic from patient 
whole exome sequencing

Immunomodulatory (IM); Luminal Androgen 
Receptor (LAR); Mesenchymal subtype (MES); 
Basal-Like immunosuppressed subtype (BLIS);

 Immune effectors (CK5 antibody) [29] IHC; Genomic and Transcriptomic from patient 
DNA chip

C1: luminal subtypes and Luminal Androgen 
receptor (LAR)
C2: Almost Basal-Like cluster
C3: Basal-Like subtypes (BLS), 26% of claudin-low 
subtypes

 Lehmann classification [17] Histopathological, genomic, transcriptomic Basal-like 1/2 (BL1/2); Immunomodulatory (IM); 
Mesenchymal (M); Mesenchymal Stem-Like (MSL); 
Luminal Androgen Receptor (LAR); Unstable (UNS)
Mesenchymal (M), Immunomodulatory (IM), 
Luminal Androgen Receptor (LAR), BL includ-
ing BL1 and BL2

 Resistant to immune checkpoint inhibitors 
[30]

FACS and analysis on murine mammary tumor 
model

Neutrophil-enriched (NES); Macrophage-enriched 
subtype (MES)
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significantly advanced our understanding of TNBC het-
erogeneity and its therapy implications.

Later in 2016, Lehmann’s team improved their classi-
fication system. They identified a significant association 
between transcriptomic profiles and clinical features, 
which has important implications for guiding the selec-
tion of targeted treatments [17]. Therefore, they catego-
rized TNBC patients into four subtypes, including M, 
LAR, BL1 and BL2, collectively referred to as TNBC-
type-4. The M subgroup was expanded to include MSL 
and IM, characterized by the overactivation of similar 
traits within TNBCtype. This expansion added clinical 
predictions, such as a higher propensity for aggressive 
lung metastasis, which is associated with the lowest over-
all survival (OS) and RFS rates. These poor outcomes are 
partly attributable to a desert-like immune phenotype 
[17]. The M subtype is characterized by sarcoma-like 
or squamous epithelial cell-like features, also known as 
metaplastic breast cancer [33]. Lehmann highlighted cor-
relations among various indicators, noting that pathways 
such as Wnt, ALK, Rho are predominantly involved in 
maintaining a dedifferentiated state through EMT. EMT 
further promotes the proliferation of cancer stem cells 
(CSCs), which play a critical oncogenic role, especially 
in the MSL subtype [33]. CSCs represent a distinct sub-
set of cancer cells with unique properties, and targeting 
receptors and/or pathways that are dysregulated in CSCs 
is a promising strategy for developing targeted therapies 
[35]. For patients with M subtype TNBC, clinical recom-
mendations include considering inhibitors of the mTOR 
as part of neoadjuvant treatment [33, 36]. PI3K path-
way, an upstream regulator of mTOR, has inhibitors that 
demonstrated efficacy in targeting metaplastic subtypes. 
Additionally, sonidegib, which targets the hedgehog 
pathway, has been shown to decrease fibrillar collagen, 
thereby enhancing the efficacy of docetaxel and poten-
tially improving the clinical benefit rate (CBR) for patient 
to 25% [37].

LAR subtype is characterized by the presence of ARs, 
and hormone-regulated pathways, exhibiting features of 
apocrine differentiation, such as high or positive expres-
sion of luminal cytokeratins, frequent genetic mutations 
in PIK3CA or AKT, and low or absent basal cytokeratins 
and Ki-67 expression. Notably, a higher prevalence of the 
LAR subtype has been observed among Asian women 
[33]. Clinically, LAR cases are predominantly lobular 
carcinomas and are more likely to metastasize to lymph 
node and bones [17, 38]. The LAR subtype is more sen-
sitive to anti-AR therapies and traditional anti-estrogen 
therapies, demonstrating lower rates of pathological 
complete response (pCR) but improved OS, particularly 
in AR-positive patients following neoadjuvant chem-
otherapy [39]. In the context of targeted therapies, 

AR-positive patients within the LAR subtype benefit 
from a broader range of treatment options and superior 
outcomes compared to AR-negative patients. For exam-
ple, bicalutamide, an AR antagonist, has shown increased 
specificity for LAR cell lines [40]. Enobosarm combined 
with pembrolizumab has exhibited modest efficacy in 
AR-positive metastasis TNBC (mTNBC), with a notable 
CBR compared to pembrolizumab monotherapy (25% vs 
12%) [41]. The combination of enzalutamide and taselisib 
has achieved a CBR of 35.7% in evaluable patients [42]. 
Moreover, the efficacy of PI3K/AKT inhibitors in LAR is 
also notable, with a CBR of 75%, starkly contrasting with 
the 12.5% observed in the non-LAR groups [43]. How-
ever, in AR-negative patients, these therapeutics exhibit 
restricted efficacy. Ongoing research has identified 
ACSL4, SKP2, EGFR, and CD151 as potential therapeutic 
targets, with ACSL4 and SKP2 also showing potential as 
biomarkers for this subtype [44].

Nearly 75% of TNBC is classified as BL. This subtype 
is further divided into two distinct groups: BL1 and BL2. 
The BL1 subtype demonstrates increased activity in 
growth factor signaling, cell cycle progression, and DNA 
damage regulation pathways, with genetic alterations 
that include amplifications in MYC, PIK3CA and CDK6, 
as well as deletions in BRCA2, PTEN, MDM2, RB1, and 
TP53 [45]. In contrast, BL2 is characterized by abundant 
growth factor signaling and the presence of myoepithelial 
markers, including EGFR, MET, TGFβ, Wnt/β-catenin, 
and IGF-1R [17]. Both BL1 and BL2 subtypes show 
increased sensitivity to cisplatin compared to other 
subtypes [45]. Specifically, the BL1 subtype responds 
favorably to treatments with PARP inhibitors and geno-
toxic agents that target DNA repair mechanisms. For the 
BL2 subtype, clinical recommendations include the use 
of mTOR inhibitors and growth factor inhibitors [33]. 
Although BL2 typically presents a lower pCR rate, it is 
associated with a decreased rate of cancer recurrence fol-
lowing neoadjuvant chemotherapy [40].

The Lehmann classification includes the most sub-
groups, indicating initial treatment tendencies and 
predicting medication responses. This classification 
emphasizes the hormonally regulated features with a 
preference for bone metastatic in the LAR subtype and 
low lymph nodes involvement with lung metastasis in 
the M subtype helping physicians understand the het-
erogeneity of TNBC and identify differences in progno-
sis across subtypes. Additionally, a distinctive feature of 
the Lehmann classification is that it generated each sub-
type based on patients who receive neoadjuvant chemo-
therapy [18]. The analysis also validated that the degree 
of TILs was positively correlated with the efficacy of neo-
adjuvant chemotherapy. BL subcategories and charac-
terizations were the most prevalent in this classification. 
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However, the Lehmann classification lacks insufficient 
immune subclassification and presents a mismatch when 
simplifying from six to four subtypes. Limited external 
validation has made horizontal comparisons challenging. 
Furthermore, this classification is primarily based on data 
from the TCGA and METABRIC databases, which may 
lead to issues such as sample selection bias and insuffi-
cient sample sizes for specific cancer types when applied 
in clinical settings.

Burstein classification
In 2015, Burstein et al. reclassified a cohort of 198 TNBC 
patients into four distinct subgroups, including LAR, 
mesenchymal (MES), basal-like immunosuppressed 
(BLIS), and basal-like immune-activated (BLIA), utilizing 
PAM50 gene expression profiling and claudin-expression 
patterns [26]. The Burstein LAR subtype shows similari-
ties to the Lehmann LAR classification but includes with 
a small number of BL subtype cases. LAR is distinguished 
not only by androgen-related genes, but also by frequent 
amplification of genes such as CCND1, FGF family, 
MDGA2, and deletions in RAD17, the ERBB family and 
CCNT1. Despite aberrant expression of estrogen-regu-
lated genes (PGR, FOXA, XBP1, GATA3) and the estro-
gen receptor (ER) alpha-coding gene ESR1, LAR often 
scores as ER-negative in IHC due to unconventional 
expression patterns [26]. IHC features of LAR include 
the lower levels of stromal TIL and a lower Ki-67 labeling 
index compared to other subtypes. Clinically, LAR pre-
sents a prognosis comparable to BLIA subtype in terms 
of RFS. The occurrence of the LAR subtype is less likely 
in patients under the age of 50 [26, 46, 47]. Therapeuti-
cal strategies for the Burstein LAR subtype align with 
Lehmann LAR recommendations. For patients who are 
AR-negative and exhibit MUC1 overexpression, a MUC1 
vaccine is advised in addition to AR antagonists [26].

The MES subtype is characterized by a distinctive 
overexpression of genes typically associated with osteo-
cytes and adipocytes, along with the essential insulin-like 
growth factor 1 (IGF-1). This subtype is marked by sig-
nificant cellular signaling related to cell cycle regulation, 
mismatch repair, and DNA damage response mecha-
nisms. Pathologically, the MES subtype lacks luminal dif-
ferentiation markers and is linked to a worse prognosis 
compared to other subtypes, indicative of a more stem-
like phenotype. MES comprises MSL cells and a subset 
of claudin-low mesenchymal tumors. IHC analysis has 
identified reduced cell-to-cell adhesion and features of 
metaplastic and invasive lobular carcinoma, which are 
hallmarks of this subtype [26, 46, 48]. For the MES sub-
type, the potential therapeutic value of pathway-specific 
inhibitors, such as those targeting β-catenin, IGF, and 

PDGFR, have been highlighted, suggesting promise in 
treating this aggressive form of breast cancer [26, 46, 48].

The BLIS subtype is characterized by its gene expres-
sion profile, which mirrors that of BL cells, including the 
upregulation of various SRY-box (SOX) transcription 
factors [26]. Pathological analyses have revealed that the 
BLIS subtype exhibits a suppression of immune regula-
tory pathways involving B cells, T cells, and natural killer 
(NK) cells, as well as cytokine signaling pathways. This 
immunological deficit correlates with an increased tumor 
size, typically ranging between pT2 and pT3, and is linked 
to the poorest prognosis in terms of RFS among all sub-
types [46]. Given the immunosuppressive nature of the 
BLIS subtype, therapeutic strategies focusing on modu-
lating the immune response, such as the administration 
of PD-1 and VTCN1 antibodies, are recommended for 
clinical evaluation. These immunotherapies potentially 
counteract the intrinsic immune resistance of the BLIS 
subtype, offering a targeted approach to improve patient 
outcomes [46].

The BLIA subtype also shares BL cell signatures, but 
diverges significantly by upregulating immune regula-
tory pathways, including a distinctive activation of the 
STAT signaling pathway [26]. Tumors classified as BLIA 
are generally smaller in size (pT1) and exhibit a higher 
density of TILs, indicating immune engagement. This 
immune activation is associated with a more favora-
ble prognosis for BLIA, which demonstrates the lowest 
rates of recurrence among BL subtypes. Given the active 
immune landscape of BLIA tumors, therapeutic inter-
ventions such as CTLA4 inhibitors, aimed at amplifying 
the anti-tumor immune response, and STAT pathway 
inhibitors tailored to the activated signaling in these 
tumors, show considerable promise. Additionally, thera-
pies that modulate the immune environment, including 
those that involving cytokines or cytokine receptor anti-
bodies, could also prove advantageous [26, 46].

The Burstein classification is more concise, with sub-
type names reflect their characteristics and treatment 
options, making clinical application simpler and easier 
to implement in practice. Since this classification pre-
dominantly derived its samples from clinical patients, 
it emphasizes clinical relevance. A major contribution 
of Burstein’s work is the division of immunophenotyp-
ing into immuno-active and immune-suppressive cat-
egories. Furthermore, the extensive external validation 
of Burstein’s subtyping facilitated easy comparison of 
similarities and differences among datasets. However, the 
relatively small sample size may affect the generalizability 
of the results. Additionally, the lack of detailed analysis 
on the relationship between elevated and reduced genes/
proteins in each subtype and predictive analyses may 
limit its comprehensiveness. The classification also did 
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not include information on whether patients had a his-
tory of medication or specific treatment modalities.

Jézéquel classification
The Jézéquel group has incorporated a multifaceted anal-
ysis that includes the claudin-low type, immunological 
profiles, cellular functional tests, neurogenesis-related 
factors, and clinicopathological outcomes to classify 
TNBC into three clusters: cluster 1, 2 and 3 [29]. This 
comprehensive approach offers a comparative perspec-
tive against existing classification frameworks.

In Cluster 1 (C1), there is a strong correction in gene 
expression with the molecular apocrine subtype, particu-
larly concerning the PI3K pathway. This feature aligns 
with the LAR subtype in Lehmann’s system [18, 43]. C1 
is characterized by an enrichment of luminal signaling 
and a deficiency in BL signaling. It exhibits few signifi-
cant bio-functional traits and the lowest metabolic activ-
ity, suggesting that it may represent a less aggressive form 
of the disease. However, this does not necessarily lead to 
improved event-free survival (EFS) or RFS outcomes [49], 
which could be attributed to the absence of immune cell 
involvement, as TILs are generally associated with a more 
favorable prognosis [50]. Additionally, C1 encompasses A 
and B subtypes (as per PAM50) that carry a more pes-
simistic prognosis. When compared to other classifica-
tions, C1 includes the LAR, M and BLI subtype from the 
Lehmann classification. It is important to note that the 
inclusion of data from HER2-positive breast cancer cases 
within the study may dilute the specificity of TNBC sub-
typing. Therapeutic strategies for C1 may include the use 
of antiandrogens and agents targeting the PI3K or ERBB2 
pathways [17, 40, 41, 43].

Cluster 2 (C2) is characterized by low immune 
response and a high presence of M2-like macrophages, 
aligning with the BLIS subtype of Burstein classifica-
tion [26]. Given that the BL cellular composition of C2, a 
more precise genetic discrimination based on gene ontol-
ogy (GO) annotations for biological functions is advis-
able. C2 is distinguished by an elevated expression of 
genes associated with cell proliferation, including MKI67, 
UBE2C, and RACGAP1, along with reduced expression 
of genes linked to EMT, such as CDH2, TGFB1, as well 
as immune response genes including CD4, CD79A, IL6. 
Consequently, functional pathways involving E2F3, PNI, 
TGFβ, VEGF, and the YAP1-WWTR1 complex are nota-
bly active in C2. Immune cell profiling within this clus-
ter revealed a predominance of cells that facilitate tumor 
growth rather than combat it. Presenting high immune 
suppressive, high neurogenesis (nerve infiltration), and 
high biological aggressiveness, C2 is associated with 
the poorest prognosis among the three clusters, offer-
ing limited therapeutic avenues. VTCN1 stands out as 

a potential immune target with the capability to directly 
suppressing T-cell-mediated immune responses. Fur-
thermore, Jézéquel has proposed investigating anti-neu-
rogenic therapies as a novel approach to curtail cancer 
progression in C2.

Different from C2, Cluster 3 (C3) comprises of BL cells 
and demonstrates superior immune attributes, as evi-
denced by various indicators, including gene expression 
profiles, signaling pathways, pathologic assessments, and 
a positive response to immunotherapy. C3 is particularly 
notable for its high reactivity to B cells and presents a 
state of rest in cytotoxic T cells, major histocompatibil-
ity complex classes I and II (MHC-1 and MHC-2), along 
with an overexpression of lymphangiogenic chemokines. 
A significant finding within C3 is the identification of 
at least 34 immune checkpoints, including CD274 (PD-
L1), PDCD1 (PD-1), and the well-recognized CTLA-4, 
offering promising targets for therapy. Patients in C3 
often experience the most favorable outcomes in terms 
of OS and EFS due to their enhanced anti-tumorigenic 
capabilities.

The Jézéquel classification subdivided TNBC into three 
types, placing special emphasis on immune-relative fac-
tors. The hallmark of this classification is the grouping 
of patients based on macrophage responses in the tumor 
microenvironment, which facilitates the evaluation 
of patient survival and treatment response. With data 
source came from TNBC patients who had not received 
treatment, this classification may represent a more accu-
rate etiological analysis of the genome and transcrip-
tome. Moreover, it briefly mentions the metabolism and 
potential side effects of each subtype. Jézéquel was the 
first to systematically suggest that targeting neurogenesis 
may be beneficial for the immune-suppressive subtype 
of TNBC. Comprehensive external validation data also 
support meaning comparisons. However, the Jézéquel 
subtype exhibits inconsistencies in cytomorphology and 
classification. For instance, the overall analysis lacks clear 
delineation of mesenchymal-like cells, leading to confu-
sion when summarizing the characteristics of these cells. 
Additionally, C2 and C3 show high similarities in their 
immunological macroscopic classification sub-profiles, 
highlighting another instance of unclear distinction. 
Other limitations include a small sample size of 107 cases 
and the inability to provide suboptimal treatment options 
for patients already on medication who are not respond-
ing, as well as those with existing drug resistance.

FUSCC classification
The Fudan University Shanghai Cancer Center (FUSCC) 
classification for TNBC is a recognized system tailored 
specifically for Chinese patients. It integrates transcrip-
tome profiles of both mRNA and lncRNA to accurately 
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characterize TNBC into IM, LAR, MES and BLIS sub-
types [14, 28, 51]. The utility of this classification has 
been validated through radio-genomic analysis [52].

Aligned with the Lehmann classification, the IM sub-
type is delineated by an amplification in cytokine sign-
aling, immune cell signaling and TILs. This subtype 
shows a marked activation of pathways associated with 
the adaptive immune system, including those related to 
interferon-gamma. Furthermore, both clinical and omics 
data have evidenced the upregulation of the immunosup-
pressive enzyme IDO1 within IM subtype. Despite the 
presence of this immunosuppressive marker, the use of 
immune checkpoint inhibitors targeting PD-1, PD-L1, 
CTLA-4, and IDO1 is recommended for the IM subtype, 
as these treatments have been linked to promising thera-
peutic outcomes [28].

The LAR subtype is highly enriched in hormonally 
regulated pathways, with significantly elevated androgen 
and estrogen metabolism, steroid hormone biosynthesis, 
porphyrin and chlorophyll metabolism, and PPAR sign-
aling pathways. Compared to TCGA data, the FUSCC 
subtyping reveals a higher prevalence of the LAR subtype 
in Chinese patients (23% versus 9%). Upon examining 
the etiology of the condition, a small subset of LAR cases 
exhibited chromosomal instability, with approximately 1 
in 33 cases linked to mutations that cause homologous 
recombination deficiency (HRD). Genetic alterations, 
particularly in PIK3CA, PTEN, and PIK3R1, show a sig-
nificant correlation with the LAR subtype. Additionally, 
mutations in HRAS and ERBB2 although less common, 
are observed in 2% of cases. A noteworthy frequency 
of deletions was observed in CDKN2A (65%), and the 
authors also confirmed a reduced expression of CDKN2A 
and E2F3 transcripts, implicating their significance in cell 
cycle regulation. Beyond AR-targeted therapies, check-
point inhibitors such as CDK4/6 inhibitors and other cell 
cycle inhibitors may offer promising therapeutic alterna-
tives for the LAR subtype [51, 53].

In theory, patients with the BLIS subtype could poten-
tially benefit significantly from established chemother-
apy, such as doxorubicin and cyclophosphamide (AC), or 
docetaxel in combination with AC, as well as platinum-
based compounds like carboplatin and PARP inhibitors. 
The potential for this benefit is partly due to the fact 
that 65% of mutations in the HRD cancers are present in 
the BLIS subtype [51]. On the other hand, patients who 
exhibit resistance to treatments aimed at HRD-asso-
ciated cancers often have a poor prognosis [19, 51, 54]. 
Genomic profiling of these individuals tends to reveal 
a propensity for whole-genome doubling, a factor that 
complicates treatment, especially since targeted therapy 
options for this particular group within the BLIS popula-
tion are currently insufficient.

Aligned with the MES subtype in Burstein classification 
and the M subtype in Lehmann classification, the FUSCC 
MES subtype encompasses a broad spectrum of genomic 
alteration and exhibits an intermediate genomic profile. 
Upon analyzing the gene mapping, the MES subtype 
displays feature reminiscent of CSCs. Critical pathways, 
particularly JAK/STAT3, have been the focus of extensive 
investigation. Analysis has revealed that key participants 
of the JAK/STAT3 pathway, including agonists such as 
JAK1 and IL6, as well as the pathways marker pSTAT3, 
are overexpressed in the MES subtype [14]. Therefore, 
STAT3 inhibitors are recommended for this subtype [14, 
55].

Later, in 2022, the Fudan group further integrated 
metabolic profiling, including analyses of polar metabo-
lites and lipids, into the classification system to subgroup 
TNBC into distinct metabolic subtypes. By combining 
previously established transcriptomic/genomic data with 
polar metabolome and lipidome profiles, they classified 
the same cohort of patients into three distinct metabo-
lomic subgroups. Type C1 is distinguished by an abun-
dance of sphingolipid and fatty acid metabolism, whereas 
Type C2 is associated with elevated carbohydrate metab-
olism and oxidative activities. Type C3 is identified by 
more nuanced metabolic variations [27]. Analysis of 
ceramide metabolism revealed that the C1 subtype over-
laps with the LAR subtype and is characterized by abun-
dant sphingolipids, suggesting sphingosine-1-phosphate 
(S1P) as a potential therapeutic target for LAR subtype. 
The C2 and C3 subtypes include the BLIS subtype, and 
their pathological mutations lead to overexpression of 
N-acetyl-aspartyl-glutamate (NAAG), indicating that tar-
geting NAAG could be a feasible treatment strategy for 
both subtypes [27, 30].

The FUSCC classification differs from the models of 
Lehmann and Burstein by integrating comprehensive 
genomics with extensive clinical validation. It considers 
both clinicopathological and molecular tumor character-
istics, enhancing its practical application in the clinic. For 
instance, although the BLIS subtype accounts for 65% of 
TNBC due to HDR deficiency, HDR scores should also be 
considered in treatment, indicating limited benefits from 
DNA repair-targeting therapies. Additionally, this sub-
typing helps predict the most suitable drug for patients, 
guiding clinical treatment protocols. However, like other 
classification systems, FUSCC has limitations, includ-
ing potential selection bias from its focus on a Chinese 
population and reliance on transcriptome and signal 
transduction abnormalities, which may not fully capture 
the tumor’s biological features. Additionally, significant 
gaps remain between the metabolome classification [27] 
and the popular quadruple typing system [28]. This dis-
parity limits the generalizability of metabolic drugs, such 
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as glucocorticoid receptor drugs, regarding their efficacy 
and prognostic value.

Correlations among four classification systems
We have summarized and compared the characteristics 
of four classification systems (Fig. 2 and Table 2).

We identified four main TNBC categories: the LAR 
subtype, which had the highest consensus, the immune 
subtypes including immune-active subtype and immune-
suppressive subtype, as well as the mesenchymal-related 
subtype. These subtypes were classified based on molec-
ular features, AR positivity status, and luminal cyto-
logic morphology. Notably, ERBB2 gene expression was 
observed in Jézéquel and FUSCC classifications, even in 
cases that were IHC-negativity. The proliferative capac-
ity of LAR-type cells was debated, showing reduced cell-
cycle signals in the Burstein classification while exhibiting 
more active signals in the FUSCC classification. Gener-
ally, patients with the LAR subtype were significantly 
older and most of them had PIK3CA mutations (Fig. 3). 
The immune subtypes were classified based on immune 
characteristics, with most immune-active cells being BL. 
The Lehmann classification uniquely categorized them 

into BL1 and BL2 (TNBCtype-4), rather than active and 
suppressive types. All active subtypes demonstrated 
elevated immune checkpoints (PD-1, PD-L1, CTLA-4), 
a high TILs score, and enhanced T/B cell signals, corre-
lating with better prognosis and outcomes. Conversely, 
the immune-suppressive subtype showed a significant 
immune enrichment score but had reduced T/B/NK cell 
signaling and antigen-presenting capacity, along with 
higher tumor grade, increased metabolic and prolifera-
tive signaling, a relatively unstable genome, and a worse 
prognosis. Jézéquel was the first to propose the M2/
M1 ratio criterion and recommended anti-neurogenesis 
therapies. The FUSCC classification highlighted the pres-
ence of liver and brain metastases (Figs. 4 and 5). Mes-
enchymal typing was complex, existing across multiple 
subtypes, characterized by diverse morphologies, EMT-
CSC transformation, reduced cell cycle and proliferation, 
significantly elevated single checkpoints (EGFR, VEGF, 
IGF, DOGFR), and increased aggressiveness, positioning 
it between BL and Luminal-like subtypes (Fig. 6).

However, these classifications did not effectively pre-
dict tolerance, sensitivity to second-line drugs, or side 
effects that may arise from modulating aberrant pathway 

Fig. 2 Characteristics of TNBC subtypes and associated treatment options. This figure summarizes four distinct characteristics of TNBC subtypes, 
along with their corresponding treatment options
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models in patients of each subtype. Consequently, data 
collection and analysis on these factors need to be further 
accumulated to enhance the understanding of the con-
straints of the subtyping approach. To address these limi-
tations and improve patient outcomes, future research 
should aim at identifying more effective biomarkers 
or enriching biomarker profiling, and simplifying the 

experimental methods for TNBC subtyping. The devel-
opment of classification towards meeting individualized 
treatment and improve patient outcomes still requires 
a larger TNBC patient database. Therefore, clinical trial 
designs should consider evolving subtyping information, 
side effects, and adverse effects to better elucidate the 
heterogeneity of TNBC.

Table 2 Summary of the four TNBC classification systems

Sub-items Lehmann Burstein Jézéquel FUSCC

Data source TCGA TCGA+ patients TCGA+ patients TCGA+ patients

Initial classification criteria Transcriptional groups profil-
ing

RNA and DNA genomic 
profiling

Therapeutic outcomes Multiple-omic groups

Intentional Therapy NACT No No No

Subtype-relate therapy Yes Yes Yes Yes

External validation Yes Yes Yes Yes

Gene mutation Yes Yes Yes Yes

Pathways mutation Yes Yes Yes Yes

Metastasis preference Yes No No Yes

Metabolic characteristics No No Yes Yes

Histological differences Yes No No No

IHC validation Predicted Yes Yes Yes

Local clinical data No Yes Yes Yes

Adverse effects Not given Not given Yes Yes

Relative cell lines Yes No No Yes

Characteristics More transcriptional; cellular 
details

More epigenetic analysis More immune modulation 
details
More external validation 
details

Asian patients
Multi-omics data
More mesenchymal-like 
details

Fig. 3 Consistency and differences in LAR characteristics. Venn diagram illustrates the consistency and differences among four TNBC classification 
systems regarding LAR subtype characteristics. Controversial points for the typologies are highlighted in bold brown
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Fig. 4 Consistency and differences in immunomodulatory characteristics. Venn diagram illustrates the consistency and differences of four TNBC 
classification systems regarding immunomodulatory active characteristics

Fig. 5 Consistency and differences in immunomodulatory characteristics. Venn diagram illustrates the consistency and differences of four TNBC 
classification systems regarding immunomodulatory suppressive characteristics
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Single biomarkers for TNBC profiling 
and therapeutics
PD-1 and PD-L1 are well established biomarkers in 
tumor therapies, primarily utilized to predict progno-
sis and clinical outcomes. Incorporating PD-L1 testing 
into current diagnostic workflows allows for the clas-
sification of patients’ subgroups that may benefit from 
anti-PD-1/PD-L1 treatment. Atezolizumab (an anti-PD-
L1 antibody) and pembrolizumab (an anti-PD-1 anti-
body) are two FDA-approved drugs for the treatment of 
TNBC. In patients with early-stage TNBC, neoadjuvant 
treatment with atezolizumab in combination with nab-
paclitaxel and anthracycline-based chemotherapy has 
been shown to significantly enhance pCR in those with 
PD-L1-positive tumors, based on the promising results 
from IMpassion130 clinical trial. PD-L1-positivity is 
defined as PD-L1-expressing tumor-infiltrating immune 
cells covering at least 1% of the tumor area [56], and 
thus neoadjuvant atezolizumab combined with chemo-
therapy is recommended for these patients [57, 58]. For 
pembrolizumab, the combined positive score (CPS), 
which quantifies the number of PD-L1-staining cells, 
is used to assess PD-L1 expression in TNBC patients. 
In phase III KEYNOTE-355 trial, patients with advance 
TNBC whose tumors expressed PD-L1 with a CPS ≥ 10 
experienced significantly longer OS when treated with 
pembrolizumab plus compared to chemotherapy alone. 
Consequently, a CPS of ≥ 10 has been established as 
an appropriate criterion for recommending pembroli-
zumab in combination with chemotherapy for patients 
with advanced TNBC [59]. On the other hand, the FDA 

has approved pembrolizumab in combination with 
chemotherapy for high-risk early-stage TNBC patients, 
irrespective of tumor PD-L1 expression, based on the 
promising results from the KEYNOTE-522 trial [60].

The discovery of BRCA  genes marks a significant 
advancement in the field of cancer genetics. The BRCA  
gene family consists of BRCA1 and BRCA2, both of 
which serve as tumor suppressor genes involves in DNA 
repair [61]. Mutations in these genes lead to HRD, which 
has important implications for the treatment of TNBC 
[62]. Approximately 10% to 20% of TNBC cases exhibit 
BRCA  mutations, with BRCA1 mutations being particu-
larly associated with a high lifetime risk of developing 
breast cancer [63]. Almost all patients with BL TNBC 
have been found to carry BRCA1 mutation [64]. There-
fore, considering BRCA  status when classifying TNBC 
is essential for developing effective treatment strategies. 
The U.S. FDA has approved two PARP inhibitors, Olapa-
rib [65] and Talazoparib [66], for use in BRCA -mutated 
TNBC. Both drugs have demonstrated prolonged OS, 
PFS in patients with HER-2 negative, gBRCA  mutated 
tumors, highlighting their potential effectiveness in treat-
ing TNBC. The efficacy of Olaparib and Talazoparib in 
TNBC is still being studied. In PETREMAC trial, the 
respond rate of Olaparib in BRCA  mutation carriers was 
88.9%, compared to 28.6% without mutations, with no 
significant chemotherapy toxicities reported [67]. Addi-
tionally, early-stage patients with gBRCA1 or gBRCA2 
mutations who underwent neoadjuvant chemotherapy 
experienced an average tumor volume reduction of 78% 
(range: 30–98%) [68].

Fig. 6 Consistency and differences in MES characteristics. Venn diagram shows the consistency and differences of four TNBC classification systems 
regarding Mesenchymal subtype characteristics. Controversial points for the typologies are highlighted in bold brown
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AR is a nuclear receptor that primarily functions as 
a DNA-binding transcription factor to regulate gene 
expression [69]. AR expression is observed in approxi-
mately 20%–30% of TNBC patients. There has been a 
viewpoint suggesting that TNBC can be further subclas-
sified, with the AR considered as the fourth receptor in 
this classification, known as quadruple negative breast 
cancer (QNBC) [44]. Comprehensive gene expression 
profiling has identified a distinct molecular subtype of 
TNBC characterized by AR expression. AR-positive 
TNBC predominantly exhibits a reduced rate of prolifer-
ation, improved disease-free survival, lower nodal meta-
static rate, and older age at diagnosis, which are similar 
to LAR subtype [62]. It also shows increased chemore-
sistance and overactivation of the PI3K pathway [70]. 
AR positivity is tested evaluated in some patients by IHC 
measurement. However, there is currently no standard 
scoring method for AR, with different recommend cut-
off value varied from 1 to 10% [44]. In a phase II clini-
cal trial patients received enzalutamide (ENZA), an AR 
inhibitor, had a higher CBR at 16 weeks (33% verse 25%), 
longer mPFS (3.3  months verse 2.9  months) and mOS 
(17.6 months verse 12.7 months) [71]. In adjuvant ther-
apy, ENZA combined with a PI3K inhibitor showed a 
CRB of 35% and a higher mPFS with 4.6 months in AR 
positive mTNBC compared to 2 months in AR negative 
mTNBC [42]. Enobosarm (an AR-targeted drug) com-
bined Pembrolizumab for treating mTNBC demonstrated 
an OS with 25.5 months [41]. In neoadjuvant chemother-
apy, the Arness trial initially highlights the effectiveness 
of ENZA plus paclitaxel against TNBC [72].

Trophoblast cell-surface antigen-2 (TROP-2) is a cell-
surface glycoprotein that plays multiple roles in cellu-
lar functions, including the regulation of cytoplasmic 
 Ca2+ levels. Due to its high expression in multilayered 
epithelial tissues and trophoblast cells, TROP-2 overex-
pression has been consistently linked to various type of 
tumors, making it a significant biomarker associated 
with tumor aggressiveness and poor prognosis [73]. In 
TNBC, TROP-2 is associated with tumor progression, 
and its overexpression is linked to increased malignancy 
and a higher likelihood of metastasis [74]. Approximately 
86% of TNBC patients display TROP-2 positivity [75]. A 
notable example of anti-TROP2 therapy is Sacituzumab 
govitecan (SG), a Trop-2-directed antibody and topoi-
somerase inhibitor conjugate, which was approved in 
2021 for the treatment of mTNBC [76–78]. In Phase I and 
II clinical trials, 108 heavily pre-treated mTNBC patients 
treated with SG reported an ORR of 33%, a CBR of 45%, 
a PFS of 5.5  months, and a median OS of 13.0  months, 
indicating its outstanding performance [79]. In the Phase 
III ASCENT study, SG demonstrated comparable effi-
cacy, with 468 pre-treated patients showing a median 

PFS of 5.6  months compared to 1.7 months using the 
treatment of physician’s choice (TPC). Additionally, the 
median OS was 12.1  months versus 6.7  months, along 
with a manageable safety profile. Notably, this trial also 
included patients who did not initially have a diagnosis 
of TNBC [79, 80]. As of December 2022, there have been 
19 ongoing or completed clinical trials involving SG [81], 
highlighting the unparalleled future applications and 
prospects of Trop-2 inhibitor in the treatment of TNBC.

Single biomarkers for TNBC profiling and therapeu-
tics often provide limited insights into disease progres-
sion and treatment outcomes compared to systematic 
classifications and therapies. This highlights the neces-
sity of pursuing straightforward methodologies that pre-
serve accuracy to facilitate the identification of reliable 
biomarkers.

Conclusion
Systematic classification reveals important molecu-
lar characteristics across various domains, including 
genes, proteins, biological pathways, RNA transcripts, 
metabolites, and immune responses. This comprehen-
sive approach facilitates the subclassification of TNBC 
by identifying mutations, dysregulated pathways, and 
potential therapeutic targets. As a result, it fosters more 
personalized treatment options for TNBC patients and 
improves the effectiveness of therapies for specific sub-
types. Despite these advantages, the practical applica-
tion of systematic classification in clinical settings is still 
limited, with many approaches remaining theoretical, 
and standard chemotherapy continues to be the pri-
mary treatment. Future efforts should focus on advanced 
methodologies for biomarker identification and quan-
tification, as well as developing novel targeted therapies 
for TNBC, to address the current ongoing challenges in 
TNBC management.
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