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Abstract: Triple-negative breast cancer (TNBC) is the most aggressive breast cancer subtype. Despite

the progress made in precision treatment of cancer patients, targeted treatment is still at its early stage in

TNBC, and chemotherapy remains the standard treatment. With the advances in next generation sequencing

technology, genomic and transcriptomic analyses have provided deeper insight into the inter-tumoral

heterogeneity of TNBC. Much effort has been made to classify TNBCs into different molecular subtypes

according to genetic aberrations and expression signatures and to uncover novel treatment targets. In this

review, we summarized the current knowledge regarding the molecular classification of TNBC and explore

the future paradigm for using molecular classification to guide the development of precision treatment and

clinical practice.
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Introduction

Triple-negative breast cancer (TNBC) encompasses a
subset of breast cancers that lack expression of the estrogen
receptor (ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2). TNBC
accounts for 15% to 20% of newly diagnosed breast cancer
cases (1,2), and is known for its aggressive biological
behavior and poor patient outcomes compared with
hormone receptor-positive breast cancer (2-4). It has also
been of special interest to breast cancer researchers due to
its varying response towards standard chemotherapy, and its
lack of other effective treatment options.

Advances in sequencing technologies have allowed for
comprehensive characterization of tumor molecular features.
TNBC has been increasingly recognized as a heterogeneous
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disease that exhibits substantial differences in terms of
genomic and transcriptomic profiles (5,6). The extreme
heterogeneity of TNBC has led to difficulties in finding
suitable molecular targets in preclinical studies and has
been reflected in the limited benefit from targeted therapies
observed in clinical trials for unselected TNBC patients.
Therefore, TNBC subtyping based on the biologically and
clinically relevant characteristics may contribute to the
identification of therapeutic targets, optimization of clinical
trial designs, and patient risk stratification. In this study, we
discuss the current status of TNBC molecular subtyping
and its relevance to prognostication and therapeutic
strategies, including our own application of molecular
subtyping to establish a treatment paradigm incorporating
precision medicine for refractory TNBC patients.
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Histological classification

TNBC encompasses a variety of histologic types. While
invasive carcinoma of no special type (NST) comprises
the vast majority of TNBC, other histologic types, which
are referred to as special histologic types, account for
approximately 10% of all TNBC (7). Invasive carcinoma
NST represents a heterogeneous group of tumors that fail
to exhibit sufficient histological features to be classified as
any special type. The morphological features of this subtype
vary vastly among different cases. The most common special
histological types of TNBC include metaplastic carcinoma,
medullary carcinoma, invasive lobular carcinoma, apocrine
carcinoma and adenoid cystic carcinoma (8). Several
studies have reported the prognostic implications of special
histological types in TNBC. Compared with invasive
carcinoma NST, metaplastic and invasive lobular carcinoma
were associated with a poorer prognosis, while medullary,
apocrine and adenoid cystic carcinoma indicated a better
prognosis (8-10).

Classification of TNBC based on histopathological
features has been well described in past literature.
However, very little treatment recommendations are made
in current guidelines according to the histological type
of breast cancer. The prognostic implications of certain
histologic types may be valuable in making clinical decisions
regarding patient follow-up and therapeutic approaches,
for example the dose intensity and the duration of adjuvant
chemotherapy.

Molecular classification
Somatic genomic alterations

Cancer genomes harbor a large number of somatic
alterations, but only a few of them play a role in driving
carcinogenesis by conferring selective advantage to tumor
cell growth (11-13). Genomic profiling studies of human
TNBC, including whole-exome and whole-genome
analyses, have identified numerous recurrent alterations
in these cancer driver genes. Somatic mutations and copy
number alterations (CNAs) account for most genomic
alterations in TNBC. TP53 is the most frequently mutated
gene, but at present no drugs targeting TP53 have been
approved for clinical practice. Aside from TP53, a handful
of genes which mutated at >5% prevalence in TNBC have
been identified including PIK3CA, PTEN, KMT2C and
RBI (14-16). MYC amplification is the most frequent CNA
event in TNBC. Other genes frequently affected by somatic
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CNAs include EGFR, PTEN, CCNDI, RB1 and CCNEI
(14,15,17).

Due to the complexity of the genomic landscape, analysis
of alterations in single genes is often insufficient for TNBC
classification. Thus, effort has been made to group the
aberrations of individual genes according to the molecular
pathways, such as PDGEF/VEGF signaling, PI3K/AKT/
mTOR signaling, JAK/STAT3 signaling and cell cycle
pathways to achieve better classification (14,18). Such
grouping has helped us better understand the tumor biology
and facilitated the development of drugs targeting these
pathways.

Different mutational processes often generate different
combinations of mutation types, which is termed
“signature” (19). In the past decade, large-scale sequencing
studies have revealed many mutational signatures across
the spectrum of human cancer types (19-21). For example,
Nik-Zainal et al. analyzed whole genome sequences of
560 breast cancers and identified twelve base substitution
and six rearrangement signatures (17). Based on these
established mutational signatures, Jiang er /. (15) classified
TNBC into the following four mutation subtypes: (I)
APOBEC, characterized by APOBEC-related signatures 2
and 13; (II) HRD, by homologous recombination deficiency
(HRD)-related signature 3; (III) Clock-like: by clock-like
signatures 1 and 5; and (IV) Mixed: no dominant signature.
The mutational signature-based subtyping advances our
understanding of the mutational processes underlying
"TNBC carcinogenesis.

HRD status in TNBCs
Defects in BRCA1/2 lead to HR DNA repair deficiency

(22,23) and are associated with increased tumor sensitivity
to DNA damaging agents, such as platinum salt and
poly(ADP-ribose) polymerase (PARP) inhibitors (24,25). In
breast cancer, several clinical trials have demonstrated the
efficacy of DNA damaging agents in patients with germline
mutations in BRCAI or BRCA2 (BRCA1/2) (26-29).
Previous studies reported that 10-20% TNBCs have
germline mutations in BRCA1/2 (30-33). These tumors
typically exhibited HR deficiency, but some sporadic
(BRCAI and BRCA?2 germline wild-type) TNBCs can also
display functional BRCA1/2 deficiency and harbor DNA
repair defects through, for instance, mutations of HR
pathway genes (34,35). These tumors may be also sensitive
to DNA-damaging agents (27). Thus, researchers sought to
uncover additional biomarkers indicative of HR deficiency
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beyond germline BRCA1/2 mutations. Three quantitative
metrics have been developed to measure the genomic
instability that is the consequence of HR deficiency: loss
of heterozygosity (LOH) score (36), telomeric allelic
imbalance (TAI) score (37) and large-scale state transitions
(LST) score (38). A combined HRD score is defined as the
arithmetic mean of these three scores (39). Several studies
defined a group of HR deficiency TNBCs as TNBCs with
a high HRD score (>42) and/or the presence of BRCA1/2
mutations (26,40,41). In the neoadjuvant setting, either
HR deficiency in all TNBCs or a high HRD score in the
BRCA1/2 wild-type subgroup predicted better response
towards platinum (26,40,41). However, in the metastatic
setting, different studies reported conflicting data. For
example, the TNT trial indicated that the HRD score
assessed by Myriad HRD assay was not predictive of
platinum response (42), while the TBCR009 trial found
that HRD-LOH and HRD-LST assays can discriminate
platinum responders and non-responders (43). The
discrepancies between trials may be attributed to the
different measures of HR deficiency status used in these
studies, and further research or a unified method of
measurement may remedy this problem.

By analyzing the whole genome sequencing data of 560
breast cancer samples, Davies ez /. developed a mutational-
signature-based predictor of BRCA1/2 deficiency called
HRDetect (44). A followi6ng study demonstrated that
in advanced-stage breast cancers, elevated HRDetect
was associated with clinical benefit from platinum-based
therapy independent of BRCAI/2 mutation status (45).
More recently, Staaf et al. applied the HRDetect algorithm
to 254 TNBC samples with whole genome sequencing
data and classified them into HRDetect-high, HRDetect-
intermediate and HRDetect-low subgroups (16).
The HRDetect-high subgroup contained nearly 33%
cases without germline/somatic mutations in BRCA1/
BRCA2, BRCAI promoter hypermethylation, RADSIC
hypermethylation or biallelic loss of PALB2. Compared with
the HRDetect-low subgroup, the HRDetect-high subgroup
was associated with a better prognosis and a higher degree
of sensitivity to standard adjuvant chemotherapy. The
HRDetect-intermediate and HRDetect-low subgroups were
characterized by the enrichment of CCNEI amplifications
and PIK3CA/AKT1 pathway abnormalities respectively.
With the progress in sequencing technology and reduced
sequencing costs, the HRDetect model may be used in the
future to inform trial stratification and improve clinical
decision-making.
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Transcriptome-based classification

Transcriptome profiling analysis provided great insight into
the molecular heterogeneity of TNBCs and enabled robust
and unbiased classification. Lehmann et al. first initiated
the molecular subtyping of TNBC based on transcriptome
profiling data (5). They analyzed gene expression profiles
of 587 TNBCs from 21 microarray data sets, performed
k-means clustering on the most differentially expressed
genes and classified TNBC tumors into 6 clusters: basal-
like 1 (BL1), basal-like 2 (BL2), immunomodulatory (IM),
mesenchymal (M), mesenchymal stem cell-like (MSL),
and luminal androgen receptor (LAR). These six TNBC
subtypes were characterized by distinct gene ontologies and
gene expression patterns. The BL1 subtype was enriched
for gene ontologies involving cell cycle and cell division.
The BL2 subtype displayed gene ontologies involving
growth factor signaling, glycolysis and gluconeogenesis.
The IM subtype was enriched for gene ontologies in
immune cell processes. Both MSL and M subtypes were
enriched in gene expression for cell motility, but the
MSL subtype can be distinguished by the low expression
of proliferation and high expression of stem cell-related
genes. The LAR subtype was characterized by androgen
receptor signaling and showed luminal gene expression
patterns. Another important contribution of Lehmann ez
al. was that they aligned representative TNBC cell lines to
each of the 6 TNBC subtypes and uncovered that the cell
lines displayed different sensitivities to therapeutic agents.
Their results showed that identifying the unique expression
of cellular components and presence of mutations in
key oncogenes and tumor suppressors in each subtype
may help understand the heterogeneity of TNBC and
provide clues for the development of effective precision
treatment. In a follow-up study, the same research team
amended their classification from the previous six subtypes
to four tumor-specific subtypes (BL1, BL2, M and LAR),
because they found that the transcripts of the IM and
MSL subtypes were contributed from tumor infiltrating
lymphocytes (TILs) and tumor-associated stromal cells,
respectively (46). They further pointed out that these four
tumor-specific subtypes differed in response to standard
neoadjuvant chemotherapy. Another highly important
study on transcriptome-based TNBC subtyping was by
Jiang er al. (15), where they comprehensively analyzed
clinical, genomic and transcriptomic data of 465 primary
TNBCs treated at Fudan University Shanghai Cancer
Center (FUSCC). They classified TNBCs into four
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Figure 1 Schematic representation of TNBC molecular subtypes. This figure shows the association of the transcriptomic TNBC subtypes

with other tumor characteristics. The BLIS subtype is correlated with enrichment of HRD mutation signature and high chromosomal

instability. The LAR subtype and MES subtype present high frequency of PI3K pathway mutations. The IM subtype is characterized by

high immune infiltration and good prognosis. TNBC, triple-negative breast cancer; HRD, homologous recombination deficiency; HER2,

human epidermal growth factor receptor 2.

mRNA-based subtypes: (I) a LAR subtype characterized by
androgen receptor signaling; (II) an IM subtype showing
high immune cell signaling and cytokine signaling gene
expression; (III) a basal-like and immune-suppressed
(BLIS) subtype characterized by activation of DNA repair
and downregulation of immune response genes; and 4) a
mesenchymal-like (MES) subtype enriched in breast cancer
stem cell pathways. Distinct genomic alterations and clinical
features were identified in the four subtypes (Figure I).
Two aspects of this study distinguish it from the previous
work. First, they analyzed TNBCs from an East Asian
population, which demonstrated the similarity in molecular
features among different ethnic groups and at the same time
identified subtle difference, including a higher frequency
of PIK3CA mutation and a higher proportion of LAR
subtype in their Asian TNBC cohort. This large collection
of comprehensively profiled TNBCs with well-documented
clinical information will be an important supplement to
the international compendium of molecular information
regarding human breast cancer. Second, this study laid
down the groundwork for subtype-specific treatment
strategies for TNBC patients and a subsequent clinical trial
is currently underway (NCT3805399) pending publication
of preliminary results.

Other works concerning the transcriptome-based
classification of TNBCs include studies by Burstein ez al.
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and Liu er al. Burstein et al. classified TNBCs into four
subtypes using array-based RNA profiling data and
summarized the highly expressed molecules in specific
TNBC subtypes that can be targeted (47). Liu et al.
developed a classification system characterized by the
integration of transcriptome profiles of both messenger
RNA and long noncoding RNA (48). Despite the
differences in the classification methods and nomenclature
used in the above studies, the classification results showed
obvious correlations between each other. International
effort to sharing and merging large-scale data and cross-
comparison of different classification approaches may lead
to a final consensus.

Tumor microenvironment (TME) classification

The TME has been increasingly recognized as an
important indicator for patient prognosis and the efficacy of
immunotherapy (49,50). The prevalence of TILs basically
characterizes the phenotype of TME and can be easily
assessed on haematoxylin and eosin stained sections. Several
studies classified TNBCs according to the TILs levels.
High levels of TILs were associated with a better prognosis
in patients with early-stage TNBC, regardless of whether
the patients received chemotherapy (51,52). TILs were
also a predictor of response to neoadjuvant chemotherapy
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in TNBCs (53,54). In the metastatic setting, high levels
of TILs correlated with a higher tumor response rate to
immunotherapy and longer survival (55). Except TILs, one
recent study concentrated on tumor-infiltrating myeloid
(neutrophils and macrophages) and classified TNBCs into
neutrophil-enriched and macrophage-enriched subtypes.
While the macrophage-enriched subtype exhibited
varying responses to immune checkpoint inhibitors (ICI),
neutrophil-enriched subtype is resistant to immune
checkpoint blockade (ICB) due to the enrichment of
immunosuppressive neutrophils (56).

The transcriptome profiling of tumor tissue provides
information on both tumor and microenvironment cells
and allows for systematic analysis on the TME. Xiao ez al.
performed expression profile-based estimation of the
abundance of microenvironment cells in tumor tissue and
classified TNBCs into three microenvironment clusters: (I)
the “immune-desert” cluster, with low microenvironment
cell infiltration; (IT) the “innate immune-inactivated”
cluster, with resting innate immune cells and nonimmune
stromal cells infiltration; and (IIT) the “immune-inflamed”
cluster, with abundant adaptive and innate immune cells
infiltration (57). Based on the multi-omics profiling data,
they hypothesized that the MYC amplification, hyper-
activated PI3K-AKT pathway and high expression of
immune checkpoint molecules were the mechanisms of
immune escape for each of the three clusters, respectively.
He et al. classified TNBC into immunity high, immunity
medium, and immunity low subgroups based on the
expression of immune signatures, which may facilitate
the optimal stratification of TNBC patients responsive to
immunotherapy (58). Saleh ez 4/. analyzed the transcriptome
of tumor-associated stroma and characterized the TME of
TNBC using four stromal axes: T cells, B cells, epithelial
markers, and desmoplasia. The combination of these axes
generated a novel TNBC classification approach and
informed patient prognosis (59).

Recently, digital image analysis has been used to study
the spatial structure of TME (60-63). Through multiplexed
ion beam imaging, Keren et 2/. demonstrated the variability
in the cellular composition and spatial organization of
TNBC TME across individuals and divided TNBC
tumors into cold (no infiltrate), mixed (immune cells mixed
with tumor cells), and compartmentalized (immune cells
spatially separated from tumor cells) subtypes. These three
subtypes were associated with distinct tumor and immune
populations expressing immunoregulatory proteins and with
patient prognosis (64). The combination of transcriptomic
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analysis and digital image analysis on pathological
phenotype may better reveal the TME heterogeneity
of TNBC and contribute to realizing the personalized
immunotherapy for patients with TNBC.

Therapeutic implications

Targeting deregulated signaling pathway in the context of
transcriptomic subtypes

The genomic alterations in certain genes drive carcinogenesis
by deregulating signaling pathways involving cellular
differentiation, proliferation and apoptosis. The PI3K
signaling pathway plays an important role in the regulation
of cell growth and survival (65). Its activation is associated
with tumor evolution and chemotherapy resistance, and is a
common genomic abnormality detected in TNBCs (66,67).
Multiple genomic aberrations contribute to the PI3K
pathway activation, including PIK3CA activating mutations,
AKTI activating mutations, 72TOR activating mutations,
and PTEN loss. Taken together, the PI3K pathway is altered
in approximately 25% of primary TNBCs, and the rate is
even higher in metastatic TNBCs (67). Multiple clinical
trials have been conducted to test the efficacy of different
PI3K pathway inhibitors.

Buparlisib, a pan-PI3K inhibitor, has been demonstrated
efficacy in PIK3CA-mutated HR+HER?2- breast cancer (68).
However, interim analysis of the BELLE-4 trial indicated
that the addition of buparlisib to paclitaxel led to a worse
progression free survival (PFS) in patients with advanced
TNBC, and no benefit was found in patients with PIK3CA
mutation or PTEN loss (69). Two phase II clinical trials
suggested promising efficacy of AK'T inhibitors in the
first line treatment of metastatic TNBCs. In the LOTUS
trial, median PFS in the intention-to-treat population was
6.2 months with ipatasertib plus paclitaxel versus 4.9 months
with placebo plus paclitaxel. According to the preliminary
analysis of overall survival (OS), the addition of ipatasertib
to paclitaxel improved OS from 16.2 to 23.1 months (70).
In the prespecified analysis of patients with PIK3CA/
AKT1/PTEN-altered (genetic PIK3CA/AKT1-activating
mutations or PTEN-inactivating alterations) tumors, PFS
was improved from 4.9 to 9 months with the addition of
ipatasertib to paclitaxel (71). The PAKT trial tested another
AKT inhibitor, capivasertib. The capivasertib plus paclitaxel
group showed a median PFS of 5.9 months, while the PFS
in the placebo plus paclitaxel group was 4.2 months. At the
same time, median OS was 19.1 months with capivasertib
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plus paclitaxel and 12.6 months with placebo plus paclitaxel.
In patients with PIK3CA/AKT1/PTEN-altered tumors, an
improvement in PFS was observed from 3.7 to 9.3 months
with the addition of capivasertib to paclitaxel (72). The
results of the PAKT trial were quite consistent with those
of the LOTUS trial, which provided additional evidence
supporting the use of AKT inhibitors in TNBC. In the
neoadjuvant setting, the FAIRLNE trial indicated that the
addition of ipatasertib to 12 weeks of paclitaxel improved
the overall response rate but did not significantly increase
pathological complete response (pCR) rate (73). Except for
ipatasertib and capivasertib, MK-2206, a selective allosteric
inhibitor of AKT, was also tested in patients with advanced
breast cancer selected for PIK3CA/AKT1 or PTEN
mutations or PTEN loss, but it showed limited clinical
activity (74). Everolimus, a selective mTOR inhibitor,
showed promising antitumor activity in hormone receptor
positive and HER2 positive metastatic breast cancers
(75,76). However, most clinical trials testing everolimus in
combination with chemotherapy did not demonstrated clear
efficacy in advanced HER2-negative or TNBCs (77-80).

Since the frequency of PI3K pathway alterations varied
in TNBC subtypes (5,15), the efficacy of PI3K pathway
inhibitors was examined in certain TNBC subtypes. For
example, a phase I trial examined the combinadon of mTOR
inhibitors, temsirolimus or everolimus, with liposomal
doxorubicin and bevacizumab in advanced metaplastic
TNBC, which was used as a surrogate of MES TNBC. A
21% objective response rate was observed and the PI3K
pathway activation was found to be associated with an
improved response rate (81). In addition, Lehmann ez a/.
recently demonstrated in a phase II clinical trial that patients
with LAR subtype metastatic TNBC tended to have better
response to enzalutamide in combination with taselisib (a
PI3K inhibitor) than those with non-LAR tumors (clinical
benefit rate at 16 weeks, 75.0% vs. 12.5%) (82).

Aside from the PI3K signaling pathway, alterations in
the EGFR, VEGF JAK/STAT and NOTCH pathways
were also enriched in TNBCs. EGFR overexpression and
high EGFR gene copy number were found in a substantial
percentage of TNBCs (83). Several phase II trials evaluated
the addition of monoclonal antibody against EGFR
(cetuximab or panitumumab) to chemotherapy in patients
with metastatic TNBC. Despite modest improvement
on overall response rate or PFS, prespecified end points
of these studies were not met (84-88). Nabholtz et 4l
carried out two phase II trials to investigate anti-EGFR
monoclonal antibodies in combination with chemotherapy
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as neoadjuvant therapy for operable, stage II-III TNBC.
The addition of panitumumab to anthracycline/taxane-
based chemotherapy appeared efficacious (more than
25% absolute increase in pCR) (89), but cetuximab in
combination with docetaxel showed modest activity (less
than 15% increase in pCR) (90). TNBCs exhibit high
levels of vascular endothelial growth factor (VEGF)
and enhanced angiogenesis (91-93). Bevacizumab is a
monoclonal antibody against VEGFA. The addition of
bevacizumab to standard neoadjuvant chemotherapy
increased the pCR rate in patients with TNBC (94-97).
Patients with metastatic TNBC derived PFS and response
benefits from the combination of bevacizumab with either
first-line or second-line chemotherapy (98-101). However,
the addition of bevacizumab to chemotherapy resulted in
an increased rate of serious adverse events and bring no
benefit in OS for breast cancer patients (102). In addition,
in the adjuvant setting, the addition of bevacizumab to
chemotherapy did not improve invasive disease-free survival
(IDFS) or OS in unselected patients with TNBC (103).
The mitogen-activated protein kinase (MAPK; also known
as RAS-RAF-MEK-ERK) pathway plays a critical role
in TNBC progression and chemoresistance. MEK is a
key component of this pathway and MEK inhibitors have
demonstrated anticancer efficacy against TNBC cells in
preclinical studies (104-107). Nevertheless, clinical trials
reported limited efficacy of MEK1/2 inhibitors in TNBC
(108-110). Preclinical studies reported the activation of
JAK/STAT signaling pathway in TNBC and the antitumor
efficacy of JAK/STAT pathway inhibition (30,111,112).
However, A phase II study observed no objective responses
in metastatic TNBC patients treated with ruxolitinib, a
selective JAK1/2 inhibitor, as a single agent (113). The
activation of NOTCH signaling pathway has also been
identified in TNBC, especially in the mesenchymal of
mesenchymal stem-like TNBCs (5,114), but the treatment
of PF-03084014, a selective gamma-secretase inhibitor,
in combination with docetaxel demonstrated limited
preliminary antitumor activity in patients with advanced
TNBC (115).

Although researchers have made much effort to find
genetically altered signaling pathways and to develop
targeted therapies for TNBC, many clinical trials failed
to demonstrate a statistically significant improvement in
patient outcome by targeting these pathways. These limited
benefits from targeted therapies observed in clinical trials
for unselected TNBC patients further highlighted the
molecular heterogeneity of TNBC and suggested a subtype-
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specific treatment paradigm for TNBC patients.

ICB immunotberapy in the context of TME clusters

Immunotherapy refers to any approach aimed at
manipulating or amplifying the host immune system to
better fight disease (116). ICB immunotherapy has become
of special interest for cancer treatment in the past decades.
Programmed cell death protein 1 (PD-1) and its ligand
programmed death-ligand 1 (PD-L1) are the most studied
targets of ICIs. Atezolizumab is a monoclonal antibody
targeting PD-L1. The phase 3 study IMpassion130
evaluated atezolizumab plus nab-paclitaxel compared with
placebo plus nab-paclitaxel as the first-line treatment for
patients with unresectable locally advanced or metastatic
TNBC. The analysis of PFS demonstrated that the
addition of atezolizumab plus nab-paclitaxel prolonged
PFS in both the intention-to-treat population (median
PFS: 7.2 vs. 5.5 months) and the subgroup of patients with
PD-L1 immune cell-positive tumors (median PFS: 7.5 vs.
5.0 months) (117). The recently updated data on OS
suggested that although the difference between the
treatment groups in the intention-to-treat population was
not statistically significant, a clinically meaningful OS
benefit with atezolizumab plus nab-paclitaxel was observed
in patients with PD-L1 immune cell-positive tumors
(median OS: 25.0 vs. 18.0 months) (118). Another phase I
study PCD4989¢ investigated single-agent atezolizumab
therapy in patients with metastatic TNBC and reported
durable clinical activity and encouraging survival benefit,
particularly in first-line patients or those with tumors of
high levels of immune cells and PD-L1-positive immune
cells (55). The GeparNuevo study examined another PD-L1
inhibitor, durvalumab, and suggested that the addition of
durvalumab to anthracycline-/taxane-based neoadjuvant
therapy increases pCR rate (119). Pembrolizumab is
a highly selective, humanized monoclonal antibody
against PD-1. The phase II KEYNOTE-086 study
investigated pembrolizumab as a monotherapy in patients
with metastatic TNBC. Pembrolizumab monotherapy
demonstrated durable antitumor activity either in patients
with previously untreated, PD-L1-positive mMTNBC or
in patients with previously treated metastatic TNBC
regardless of the PD-L1 expression (120,121). The phase
IT TOPACIO study indicated that the combination of
niraparib and pembrolizumab provided promising antitumor
activity in patients with advanced or metastatic TNBC,
especially in those with tumor BRCA mutations (122).
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JS001, another humanized monoclonal antibody for PD-1
was investigated in a phase I trial and showed a moderate
response in advanced TNBC patients(123). The results of
these studies suggested that targeting PD-1 and PD-L1
may be a promising therapeutic strategy for patients with
TNBC.

Identification of robust biomarkers that can assist
prediction of response to ICB is essential to further advance
precision immunotherapy. The results of clinical trials
highlighted the predictive value of immune cell PD-L1
expression (117). Besides PD-L1 expression, many other
biomarkers have been suggested to predict tumor response
to ICIs including TILs, tumor mutation burden and several
single-gene biomarkers, such as EGFR amplification and
IFN-y expression (55,124-128). Due to the complexity of
anti-cancer immunity, the use of a single marker may not be
able to effectively identify tumors that respond well towards
ICIs. The study by Xiao er al. initiated a new concept for
guiding individualized immunotherapy. They performed a
comprehensive analysis by integrating multi-omics profiles
of TNBC with clinical and pathological information and
classified TNBCs into three TME clusters. They suggested
the selective application of ICIs to the “immune-inflamed”
cluster, which is characterized by high infiltration of innate
and adaptive immune cells, and high expression of immune
checkpoint molecules (57). The classification by Xiao ez al.
simultaneously informed multiple aspects of TME and
might be used to more effectively predict response and
clinical benefits from IClIs.

Summary: subtyping-based TNBC precision medicine
paradigm

Combining all the analytical assumptions of preclinical
studies and the results of clinical trials, we suggested the
shifting of TNBC precision treatment paradigm from the
biomarker-based paradigm to a subtyping-based paradigm
(Figure 2). That is, first, TNBCs are classified into
molecular subtypes with enrichment of certain actionable
genomic alterations. Then, subtype-specific therapeutic
targets and biomarkers are detected. The combination of
these two methods would prompt a targeted treatment
suitable for this individual disease.

On the basis of such precision medicine paradigm,
FUSCC has recently launched a study for precision
treatment of refractory TNBC, called the FUSCC
Refractory TNBC Umbrella (FUTURE) study (NCT
03805399). This study is a Phase Ib/II, open-label, umbrella
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BRCA 1/2-mutated == platinum, PARP inhibitor BLIS

Figure 2 Transformation of precision medicine patterns for TNBC. This figure shows the evolution of precision treatment paradigm

for TNBCs from biomarker-based targeted therapy to subtyping-based targeted therapy. The subtyping-based paradigm provides deeper

insight to the molecular essence of patient tumors and contributes to more efficient target identification and drug development. TNBC,

triple-negative breast cancer; HRD, homologous recombination deficiency; PD-1, programmed Cell Death 1; PD-1, programmed Cell

Death ligand 1; AR, androgen receptor.

study evaluating the efficacy and safety of multiple targeted
treatment in patients with metastatic TNBC which had
progressed during or following standard treatment with
chemotherapy including anthracyclines, taxanes, platinums,
vinorelbine, capecitabine, and gemcitabine. Refractory
TNBC patients will be screened and tumor specimens of
entered into different treatment arms according to their
molecular subtype and the results of their gene panel
testing. The FUTURE trial aims to provide refractory
TNBC patients with precision treatment targeting their
specific molecular characteristics to achieve better survival.
Currently, treatment arms include: (I) pyrotinib with
capecitabine, for the LAR subtype with ERBB2 activated
mutation; (IT) AR inhibitor with mTOR inhibitor, for
the LAR subtype without ERBB2 activated mutation, but
with a PIK3CA mutation; (IIT) AR inhibitor with CDK4/6
inhibitor, for the LAR subtype with neither ERBB2
activated mutation nor PIK3CA mutation; (IV) anti PD-1
with nab-paclitaxel for IM subtype (CD8 positive T cell
more than 20%); (V) PARP inhibitor included therapy, for
BLIS subtype with BRCA1/2 gene pathogenic mutation;
(VI) anti-VEGEFR included therapy, for the BLIS subtype

© Annals of Translational Medicine. All rights reserved.

without BRCA1/2 gene pathogenic mutation and for the
MES subtype without PI3K/AKT pathway activation; (VII)
mTOR inhibitor with nab-paclitaxel, for the MES subtype
with PI3K/AKT pathway activation.

The FUTURE trial is still currently enrolling, with
primary results yet to be reported (unpublished manuscript),
but there is no doubt that this precision treatment paradigm
will continue to evolve with increased understanding of this
heterogeneous disease and increase in precision following
our progress in biomarker and drug development.

Clinical transformation challenge

Molecular subtyping of TNBC via gene expression
profiling is essential for deconstructing the molecular
portraits of this heterogeneous disease and for developing
individualized treatment. However, the high cost,
complicated technological process and potential batch
effects make its use in routine clinical practice less feasible.
Thus, there is a need for a simplified approach to classify
TNBCs into molecular subtypes for clinical use, and our
research team has recently devised a surrogate IHC-based
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classification method on the basis of the transcriptome-
based subtyping system proposed by Jiang er a/. By taking
full advantage of the gene expression profiling data and
tumor tissue samples, we determined the markers that can
be used to identify specific molecular subtypes through THC
test and developed an IHC-based classifier (unpublished
manuscript). We demonstrated a substantial agreement
(Cohen’s kappa coefficient >0.6) between the results
of the IHC-based classification and the mRNA-based
classification. In addition, most molecular features and
therapeutic implications of different mRNA-based subtypes
are preserved in the corresponding IHC-based subtypes.
Our IHC-based classification allows for subgrouping of
TNBC patients in large clinical trials and evaluating the
efficacy of targeted therapies within certain subtypes. It will
facilitate the translation of TNBC molecular classification
into clinical practice.

Conclusions

TNBC has been increasingly recognized as a heterogeneous
disease. Although progress in next generation sequencing
technology has facilitated identifying potentially actionable
targets, few of the findings have been translated into
daily clinical practice due to limited benefit from targeted
therapy observed in clinical trials for unselected TNBC
patients. The molecular subtyping of TNBC enables
the identification of molecularly homogeneous groups
with enrichment of certain genomic alterations. The
subtype-specific clinical investigations may be an effective
method for drug development. With the increasing data
accumulation from clinical trials, a precision medicine
paradigm in the context of transcriptomic subtyping can be
developed and fine-tuned for patients with TNBC.
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