(2022) 15:121
Li et al. Journal of Hematology & Oncology
https://doi.org/10.1186/s13045-022-01341-0

Open Access

REVIEW

Recent advances in therapeutic strategies
for triple‑negative breast cancer
Yun Li1†, Huajun Zhang1†, Yulia Merkher2, Lin Chen1, Na Liu3, Sergey Leonov2,4* and Yongheng Chen1,5*

Abstract
Triple-negative breast cancer (TNBC) is the most malignant subtype of breast cancer (BC) with a poor prognosis.
Current treatment options are limited to surgery, adjuvant chemotherapy and radiotherapy; however, a proportion of
patients have missed the surgical window at the time of diagnosis. TNBC is a highly heterogeneous cancer with specific mutations and aberrant activation of signaling pathways. Hence, targeted therapies, such as those targeting DNA
repair pathways, androgen receptor signaling pathways, and kinases, represent promising treatment options against
TNBC. In addition, immunotherapy has also been demonstrated to improve overall survival and response in TNBC. In
this review, we summarize recent key advances in therapeutic strategies based on molecular subtypes in TNBC.
Keywords: Triple-negative breast cancer, Targeted therapy, Immunotherapy, Combination therapy
Introduction
Breast cancer (BC) is the most commonly diagnosed cancer among women and the second leading cause of cancer-related mortality worldwide [1]. Based on molecular
markers, including estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2), BC is categorized into three major
subtypes: hormone receptor (HR)-positive, HER2-positive, and triple-negative breast cancer (TNBC). TNBC
accounts for approximately 15% to 20% of all breast carcinomas [2]. Compared with HR-positive BCs, TNBC has a
worse prognosis. Greater than 50% of patients experience
a relapse in the first 3 to 5 years after diagnosis [3], and
the median overall survival (OS) based on current therapies is 10.2 months [4].
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Patients with TNBC do not benefit from established
endocrine or HER2-targeted drugs due to a lack of
related receptor markers. Therefore, the standard of
care for nonsurgical TNBC remains nonspecific chemotherapy. TNBC is the subtype with the best response to
standard chemotherapy regimens, such as taxanes or
anthracyclines. However, less than 30% of patients with
TNBC achieve a complete response, and the recurrence
and mortality rates remain higher than those of nonTNBC subtypes. Although TNBC is a clinical tumor
entity, whole-genome sequencing studies have shown
extensive intertumoral and intratumor molecular heterogeneity and have facilitated classifications of tumor subtypes [2]. The most recognized subtypes were Lehmann’s
six clusters in 2011, which include two basal-like (BL1
and BL2), immunomodulatory (IM), luminal androgen
receptor (LAR), mesenchymal (M), and mesenchymalstem-like (MSL) subtypes [5]. Previously, a few smallmolecule inhibitors, bromodomain and extra-terminal
domain inhibitors, have demonstrated efficacy in TNBC.
However, rapid resistance to these drugs develops via
multiple mechanisms [6]. Therefore, determining the
molecular characteristics of TNBC, targeting specific
changes in the internal and external tumor environment, and developing new treatment regimens represent
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demands in this field that must be urgently met. Considering the malignancy, heterogeneity, and drug resistance,
multiple targeted therapeutic approaches and combinations of regimens are essential to improve the outcome
of TNBC. In this review, we summarize some promising
approaches to address the unmet needs of TNBC subtypes based on integrated omics data for recent treatment progress.

Molecular subtypes and characteristics
of triple‑negative breast cancer
To avoid blindly developing therapeutic strategies, identifying the complex TNBC subtypes and molecular hallmarks is necessary given that these features are closely
linked with clinical outcomes, for example, response to
chemotherapy, the pattern of recurrence, and prognosis.
Different approaches, including somatic DNA mutation,
copy number aberrations, gene expression profiling, and
immune metagene information, were applied to analyze
TNBCs as a highly diverse group of cancers.
Initially, six clusters were distinguished from 21 breast
cancer datasets by Lehmann in 2011 [5]. Gene Ontology analysis showed that BL1 and BL2 subtypes were
involved in the DNA damage response and cell cycle
genes, preferentially responding to cisplatin. The LAR
subtype exhibits high expression of genes associated with
increased androgen receptor (AR) signaling and response
to AR antagonism. The M and MSL subtypes were manifested by increased expression of genes involved in cell
differentiation and growth factor pathways. The sensitivity of these subtypes to the phosphoinositol-3 kinase
(PI3K)/mammalian target of rapamycin (mTOR) inhibitor and the ABL/SRC inhibitor was demonstrated in cell
models. The IM cluster was enriched in multiple immune
signaling pathways. This work made outstanding contributions to shedding light on drug design and clinical
therapy. In 2016, TNBC was subdivided into four groups
(BL1, BL2, M, and LAR) for the selection of neoadjuvant chemotherapy (NAC) [7]. According to a previous
description, the IM and MSL subtypes originate from
infiltrating lymphocytes and tumor-associated stromal
cells, respectively. In the revised classification, groups
differed in response to chemotherapy, local and distant
disease progression, and prognosis. Combined analysis
showed that the highest and lowest pathological complete response (pCR) rates were 41% for BL1 patients
and 18% for BL2 patients administered similar NAC regimens [7]. Burstein and colleagues also sought to redefine
four clusters, including LAR, mesenchymal, basal-like
immune-suppressed (BLIS), and basal-like immune activated. The BLIS cluster had the worst prognosis in terms
of disease-free survival (DFS), suggesting the important
role of the immune system in TNBC [8]. Yi-Zhou Jiang
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et al. classified TNBCs into 4 subtypes, including LAR,
immunomodulatory, basal-like immune-suppressed, and
mesenchymal-like, based on RNA sequencing, exome
sequencing, and copy number array analyses of TNBC
cases in China in 2019 [9]. In addition, these researchers found increased frequencies of PIK3CA mutations
and LAR subtypes compared with that noted in previous
data from The Cancer Genome Atlas (TCGA), offering
potential clinical management with subtype-specific and
molecular targeted therapies. Immune metagene information clustered TNBC into three subtypes: C1 (LAR),
C2 (BL with a low immune response but high M2-like
macrophages), and C3 (BL with a high immune response
but low M2-like macrophages). C3 patients had significantly better event-free survival than C2 patients [10].
Additionally, molecular alterations were assessed to
explore various potential targets for TNBC treatment.
It is worth mentioning that a deficiency in homologous
recombination, which is partly associated with the loss
of breast cancer susceptibility gene (BRCA) function in
BC, is correlated with a good response to cisplatin treatment [11]. In an early phase II clinical trial, patients with
BRCA-mutant TNBC showed an overall response rate
(ORR) of 80% with single cisplatin therapy [12]. A deficiency in homologous recombination means failure to
repair DNA double-strand breaks and damaged DNA
replication forks. Therefore, these individuals are also
sensitive to poly-adenosine diphosphate [ADP]-ribose
polymerase (PARP) inhibitors (PARPi), as PARP is the
enzyme that responds to repair DNA single-strand
breaks and maintain genome stability.
As summarized by Denkert, augmented proliferative
activity, increased immune cell infiltration, basal-like
and mesenchymal phenotypes, defective homologous
recombination partly associated with loss of function of
BRCA1, and the androgen receptors overexpression are
all distinctive features of TNBC [11]. Therefore, valuable knowledge of subtype characteristics and molecular
alterations has shed light on several promising directions,
such as molecular-based precise therapies and immunotherapeutic interventions. An overview of the classifications and approaches to treat TNBC is shown in Fig. 1.

Molecular targeted therapy and potential
treatment regimens
Conventional neoadjuvant chemotherapy yielded pCR
in approximately 35–45% of patients with TNBC in
2020 [13]. In addition, the majority of patients responsive to standard therapeutic options were limited to the
nonmetastatic stage; however, the standard therapeutic
options have not significantly changed the overall survival rate. Therefore, analyzing the molecular footprint
driving treatment resistance is highlighted. This was a
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Fig. 1 Classification and therapeutic options for TNBC. ADC: antibody‒drug conjugates; AR: androgen receptor; LAR: luminal androgen receptor;
M: mesenchymal; MSL: mesenchymal-stem-like; PARP: poly-adenosine diphosphate ribose polymerase; PI3K: phosphoinositol-3 kinase; TKI: tyrosine
kinase inhibitor; and TNBC: triple-negative breast cancer

great contribution of Balko and colleagues, who identified the molecular profile of residual TNBC after NAC
[14]. Interestingly, they found significant alterations in
gene expression after NAC compared with TCGA dataset
findings. Of note, great than 90% of the residual patients
harbored pathway changes with available targeted treatments, guiding the best selection of targeted therapies.
These findings also suggest that combination therapy
is likely to solve the problem of incomplete remission.
In this molecular profiling study, five key pathways or
functional alterations were identified, including cell
cycle alterations, PI3K/AKT/mTOR and/or phosphatase
and tensin homolog (PTEN) alterations, growth factor

receptor amplification, RAS/mitogen-activated protein
kinase (MAPK) alterations, and DNA repair alterations.
Significantly enriched myeloid cell leukemia-1, myc,
and cell cycle-related regulators were found in postNAC residual TNBC compared with TCGA basal-like
tumors. Alterations in PTEN and Janus protein tyrosine
kinase 2 (JAK2) were also observed. Furthermore, clinical analysis showed that PTEN alteration predicted a better prognosis for OS, whereas JAK2 amplification and
BRCA1 mutation or truncation were regarded as poor
prognosis factors [2]. This categorical molecular profile has led to the exploration of rational clinical options
for targeted intervention, including cell cycle inhibition,
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anti-angiogenesis, MAPK and PI3K pathway inhibition,
DNA damage response blockade, and their combination.
Table 1 summarizes phase II to phase IV clinical trials for
molecular targeted therapy based on molecular profiling.
Figure 2 shows major therapeutic targets or oncogenic
vulnerabilities and their representative agents in TNBC.
Cell cycle retardants

Under physiological conditions, the normal cell cycle
is tightly regulated by various factors, such as cyclindependent kinases (CDKs), cyclin, and CDK inhibitors.
However, the G1-S transition is significantly promoted
in the tumor cell cycle, as noted in TNBC. In residual
TNBC, the expression of CDKs, including CDK1/2,
CDK4, and CDK6, is altered. Inhibitors of CDK1/2 cause
cell cycle arrest and apoptosis, and CDK4/6 inhibition
leads to G1 arrest [15].
Gemcitabine

Gemcitabine, a widespread chemotherapeutic agent
mainly acting on the G1/S phase, has already been investigated for combination therapy in patients with TNBC.
Gemcitabine with carboplatin and trilaciclib (G1T28,
a CDK4/6 inhibitor) has been active in NCT02978716
among cases with metastatic TNBC (mTNBC). Preliminary studies have reported that the cell cycle-related
inhibitors, palbociclib, abemaciclib, and ribociclib, also
achieved promising antitumor activity in breast cancer, and partial CDK inhibitors were approved by the
Food and Drug Administration (FDA) for ER+ HER2−
advanced or metastatic BC.
CDK inhibitors

Several preclinical studies have evaluated CDK inhibitors
in TNBC with tyrosine kinase inhibitors (TKIs) in vivo
and in vitro. Palbociclib, a CDK4/6 inhibitor, together
with a second-generation dual mTOR kinase inhibitor
MLN0128, has demonstrated a cooperative suppressed
tumor growth effect in retinoblastoma (Rb) protein‑expressing TNBC patient-derived tumor xenograft
(PDX) tumors, characterized by a suppressed mTOR
pathway and G1/S transition [16]. Palbociclib in combination with the novel PI3K/mTOR inhibitor samotolisib
(NCT04032080) is active in a phase II clinical study.
Another cell cycle-specific antitumor drug, etoposide, in
combination with the multitargeted TKI anlotinib, has
also been assessed in TNBC patients (NCT04452370).
The therapeutic effect of CDK 4/6 inhibitor on TNBC
is closely related to its substrate Rb [16], while Rb protein expression is closely related to AR positivity (> 10%)
[17, 18]. According to previous analysis, activation of
AR signaling is an important feature of LAR subtype of
TNBC [5]. Therefore, CDK inhibitors combined with
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AR inhibitors are potential combination strategies,
such as palbociclib with AR inhibitors (bicalutamide)
in AR+ mTNBC (NCT02605486) and in metastatic BC
(NCT02605486). Besides, ribociclib plus bicalutamide for
advanced AR+ TNBCs (NCT03090165) and abemaciclib
for Rb protein-positive mTNBCs (NCT03130439) have
been used. Other novel CDK inhibitors, such as dinaciclib, PF-06873600, and trilaciclib, have been analyzed in
clinical trials to assess the antitumor activity of TNBC
[19] (https://clinicaltrials.gov/).
Microtubule inhibition

Microtubule inhibition is another effective type of chemotherapy that affects mitosis. The following agents are
noted: taxane with an anti-microtubule depolymerization
effect and a broader antitumor spectrum; vincristine,
a plant chemotherapeutic drug with the ability to alter
tubulin polymerization equilibrium; and eribulin, a nontaxane microtubule depolymerizing agent that binds to
tubulin and microtubules to inhibit proliferation. These
drugs are usually not prescribed alone but in combination with other chemotherapy drugs or immunotherapies. An early preclinical study found that eribulin could
inhibit the phosphorylation of AKT (also called protein
kinase B, PKB). When administered in combination with
the mTOR inhibitor everolimus, eribulin synergistically
suppressed tumor growth in vitro as well as in orthotopic mouse models, providing a mechanistic foundation
for the treatment of refractory TNBC [20]. Currently,
several registered clinical trials on eribulin are going
(NCT04502680, NCT01372579, and NCT02225470).
There is continuous research to develop new and different types of microtubule inhibitors. Additional research
focuses on coupling these toxic microtubule inhibitors with some antibodies into new antibody‒drug conjugates (ADCs), such as mirvetuximab soravtansine,
CX-2009, and SAR566658. Newly designed compounds,
such as AMXI-5001, combine the characteristics of several small-molecule inhibitors to achieve dual or multiple
target functions. AMXI-5001 is a novel dual microtubule
polymerization and PARP1/2 inhibitor [21]. AMXI-5001
showed an inhibitory effect comparable with that of clinical PARP inhibitors and polymerization inhibitors, and
was assessed in a phase I/II trial in 2020 (NCT04503265).
Ixabepilone (BMS-247550) is an analog of epothilone
B, an orally bioavailable microtubule inhibitor, that also
induces cell arrest at the G2-M phase of the cell cycle
and subsequent apoptotic cell death in MDA-MB-468
(468) cells. A phase III trial in locally advanced or metastatic TNBC showed a longer progression-free survival
(PFS, 4.2 months vs. 1.7 months) and a double objective
response rate (RR) (31% vs. 15%) when ixabepilone was
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Table 1 Ongoing phase II–IV trials based on molecularly targeted therapies
Target

Drugs

Cell cycle

Trilaciclib
Etoposide

Design
Trilaciclib with gemcitabine and carboplatin

NCT02978716 II

Trilaciclib

NCT04799249 III

Recruiting

Etoposide plus anlotinib

NCT04452370 II

Recruiting

Active

PF-06873600

PF-06873600 plus endocrinotherapy

NCT03519178 II

Recruiting

Abemaciclib

NCT03979508 II

Recruiting

Prexasertib plus samotolisib

NCT04032080 II

Recruiting

Prexasertib

NCT02203513 II

Active

NCT04502680 II

Not yet recruiting

Eribulin mesylate, apatinib, and camrelizumab

NCT04303741 II

Recruiting

Anlotinib plus etoposide

NCT04452370 II

Recruiting

Anlotinib and penpulimab plus chemotherapy

NCT04877821 II

Not yet recruiting

Apatinib combined with paclitaxel and carboplatin

NCT03735082 II

Unknown

Apatinib plus capecitabine versus capecitabine

NCT03775928 II

Recruiting

Apatinib combined with paclitaxel

NCT03348098 II

Unknown

Apatinib combined with albumin paclitaxel, and carboplatin NCT03650738 II

Unknown

Apatinib with camrelizumab, and eribulin mesylate

NCT04303741 II

Recruiting

Vinorelbine with or without apatinib mesylate

NCT03932526 II

Not yet recruiting

Afatinib with paclitaxel

NCT02511847 II

Unknown

Microtubule dynamics Eribulin mesylate Eribulin mesylate
Anlotinib
Apatinib

Afatinib

EGFR

Phase Status

Abemaciclib
Prexasertib

VEGF/VEGFR

Register ID

Lenvatinib

Lenvatinib plus pembrolizumab

NCT03797326 II

Recruiting

Erlotinib

Erlotinib with neoadjuvant chemotherapy

NCT00491816 II

Unknown

NCT04395989 II

Recruiting

Famitinib

Famitinib with camrelizumab and nab-paclitaxel

Pyrotinib

Pyrotinib with capecitabine

Bevacizumab

Bevacizumab and nab-paclitaxel
Bevacizumab

NCT03577743 II

Completed

Bevacizumab

NCT00528567 III

Completed

Bevacizumab with taxane

NCT01094184 IV

Completed

Bevacizumab, abraxane, and carboplatin

NCT00479674 II

Completed

Bevacizumab with nab-paclitaxel followed by bevacizumab
and erlotinib

NCT00733408 II

Completed

Bevacizumab together with docetaxel, and carboplatin

NCT01208480 II

Completed

Bevacizumab, pegylated liposomal doxorubicin, and
everolimus

NCT02456857 II

Active, not recruiting
Recruiting

Bintrafusp alfa

Bintrafusp alfa (M7824)

NCT04489940 II

Dasatinib

Dasatinib

NCT02720185 II

Active

Gefitinib

Gefitinib

NCT01732276 II

Unknown

Sorafenib

Sorafenib and pemetrexed

NCT02624700 II

Terminated

Nimotuzumab

Nimotuzumab plus docetaxel, and capecitabine

NCT01939054 II

Unknown

Panitumumab

Panitumumab, carboplatin, and paclitaxel

NCT02593175 II

Recruiting

SCT200

SCT200

NCT02876107 II

Recruiting

NCT03692689 II

Unknown
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Table 1 (continued)
Target

Drugs

Design

Register ID

PI3K/AKT/mTOR

Alpelisib

Alpelisib and nab-paclitaxel

NCT04216472 II

Alpelisib with nab-paclitaxel

NCT04251533 III

Recruiting

Buparlisib

Buparlisib plus capecitabine

NCT02000882 II

Completed

Eganelisib

Eganelisib with front-line regimens

NCT03961698 II

Recruiting

Sapanisertib

TAK-228 and TAK-117 followed by cisplatin and nab-paclitaxel

NCT03193853 II

Active, not recruiting

Samotolisib

Samotolisib and prexasertib

NCT04032080 II

Recruiting

Ipatasertib

Ipatasertib with nontaxane chemotherapy agents

NCT04464174 II

Recruiting

Ipatasertib with paclitaxel versus placebo with paclitaxel

NCT03337724 III

Active

Ipatasertib with atezolizumab, and paclitaxel

NCT04177108 III

Active

Uprosertib

Uprosertib with trametinib

NCT01964924 II

Completed

Capivasertib

Capivasertib plus paclitaxel or paclitaxel plus placebo

NCT02423603 II

Active, not recruiting

Capivasertib with paclitaxel versus placebo with paclitaxel

NCT03997123 III

Recruiting

Everolimus

Everolimus plus cisplatin

NCT01931163 II

Has results
Recruiting

HDAC
Endocrinotherapy

Phase Status
Recruiting

Everolimus plus carboplatin compared with carboplatin

NCT02531932 II

Entinostat

Entinostat with atezolizumab

NCT02708680 II

Unknown

Chidamide

Chidamide with Cisplatin

NCT04192903 II

Not yet recruiting

Estradiol

Estradiol

NCT03941730 II

Recruiting

Crizotinib

Fulvestrant and crizotinib

NCT01083641 II

Terminated

NCT03620643 II

Recruiting

Goserelin

Additional goserelin to the neoadjuvant chemotherapy

NCT03444025 II

Not yet recruiting

Mifepristone

Nab-paclitaxel with or without mifepristone

NCT02788981 II

Recruiting

Neratinib

Paclitaxel and carboplatin plus neratinib

NCT03812393 II

Recruiting

Anastrozole

Anastrozole and entinostat

NCT01234532 II

Terminated

Anastrozole/toremifene

NCT02089854 IV

Unknown

Other targets
γ-secretase

AL101

AL101

NCT04461600 II

Recruiting

PF-03084014

PF-03084014

NCT02299635 II

Terminated

AXL kinase

Bemcentinib

Bemcentinib in combination with pembrolizumab

NCT03184558 II

Terminated

Hedgehog pathway

Vismodegib

Additional vismodegib to neoadjuvant chemotherapy

NCT02694224 II

Unknown

CXCL8 and CXCR1/2

Reparixin

Paclitaxel with or without reparixin

NCT02370238 II

Completed

MEK and ERK

Selumetinib

Neoadjuvant chemotherapy docetaxel with or without
selumetinib

NCT02685657 II

Unknown

AKT: serine/threonine kinase; CXCL: chemokine (C-X-C motif ) ligand; CXCR: C-X-C motif chemokine receptor; EGFR: epidermal growth factor receptor; HDAC: histone
deacetylase; mTOR: mammalian target of rapamycin; MEK: MAP kinse-ERK kinase; PIK3: phosphoinositide-3-kinase; and VEGFR: vascular endothelial growth factor
receptor

added to capecitabine compared to capecitabine alone
[22].
Targeting deficiency in homologous recombination

TNBC tumors are commonly linked with pathogenic
mutations of BRCA1 and BRCA2. In total, 7–20% of
patients with TNBC have BRCA1 or BRCA2 hereditary
variants, and approximately 80% of BRCA1 mutations are
detected in TNBCs [23]. BRCA1/2 mutations typically

cause homologous recombination deficiency (HRD);
thus, these tumors are susceptible to DNA crosslink
agents or PARP inhibitor therapy. Table 2 presents phase
III trials targeting homologous recombination in TNBC
patients.
Platinum‑based chemotherapy

Platinum salts can induce DNA crosslinking events subsequently leading to cell death. A phase II clinical trial
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Fig. 2 Potential therapeutic targets and appropriate drugs in TNBC. The schematic shows several major abnormal signaling pathways (green),
excessive activated receptors (purple), and other key molecules involved in proliferation and progression (blue) in TNBC. Drugs specifically targeting
molecules are indicated by red arrows, and the number represents the following agents: (1) VEGFR inhibitors (cediranib, apatinib, lenvatinib) and
VEGFR mAb (bevacizumab); (2) EGFR inhibitors (afatinib, gefitinib), EGFR mAbs (nimotuzumab, panitumumab, cetuximab, and SCT200) and ADCs
(anti-EGFR-IL-dox and U3-1402); (3) IGF1R blocking drugs (linsitinib, NVP-AEW541, and BMS-754807); (4) CXCR4 antagonists (balixafortide) and
CXCR4-binding peptide (DV1); (5) Src inhibitors (dasatinib and BJ-2302); (6) MEK inhibitors (trametinib and binimetinib); (7) ERK inhibitors (BL-EI001
and nifetepimine); (8) PI3K inhibitors (alpelisib and buparlisib); (9) AKT inhibitors (ipatasertib and capivasertib); (10) mTOR inhibitors (everolimus
and MLN0128); (11) CYP17 inhibitors (abiraterone acetate and orteronel); (12) AR inhibitors (bicalutamide, enzalutamide, and enobosarm); (13)
microtubule stabilizer (taxanes, vincristine, and eribulin); multiple target inhibitors (AMXI-5001 and ixabepilone); and ADCs (mirvetuximab,
soravtansine, CX-2009, and SAR566658); (14) endocrinotherapy (tamoxifen and letrozole); (15) HDAC inhibitors (panobinostat, belinostat, chidamide,
romidepsin, entinostat, and CUDC-907); (16) PARPi (olaparib, veliparib, talazoparib, niraparib, and rucaparib) and platinum-based agents (cisplatin
and carboplatin); (17) CDK inhibitors (trilaciclib, palbociclib, abemaciclib, ribociclib, dinaciclib, and PF-06873600); and (18) p53 agonist (PRMIA-1
and APR-246). ADCs, antibody‒drug conjugates; AR: androgen receptor; AXL: AXL receptor tyrosine kinase; BRCA: breast cancer susceptibility gene;
BRD4: bromodomain containing 4; CDK: cyclin-dependent kinases; CXCR4: C-X-C chemokine receptor type 4; CYP17: 17-[α]-hydroxylase/17:20-lyase
(CYP17); ER: estrogen receptor; DHT: dihydrotestosterone; EGFR: epidermal growth factor receptor; FGFR: fibroblast growth factor receptor; HDAC:
histone deacetylase; IGF1R: type 1 insulin-like growth factor receptor; PARP: poly-adenosine diphosphate ribose polymerase; and VEGFR: vascular
endothelial growth factor receptor

(NCT00483223) with platinum monotherapy for mTNBC
found that the patient RR was 25.6% in the overall population. For those with germline BRCA1/2 mutations, the
RR was increased to 54.5% (95% confidence interval,
CI, 23.4 to 83.3%), signifying that a proportion of germline BRCA1/2 mutations benefits most from platinum
and that examination of tumor DNA repair function is

necessary. This study also found that cisplatin was more
active with an RR of 32.6% compared with 18.7% for carboplatin [23].
Currently, some cases without BRCA mutation exhibit
biological features similar to those of BRCA-associated
TNBCs called BRCAness, including BRCA1 mRNA-low,
BRCA1 methylation, and HRD mutational signatures. In
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Table 2 Unpublished phase III trials targeting deficiency in homologous recombination
Drugs

Intervention

Olaparib

Olaparib to platinum-based neoadjuvant chemo- NCT03150576 TNBC and/or germline BRCA BC
therapy

II/III

Recruiting

Olaparib plus pembrolizumab versus chemoNCT04191135 Locally recurrent inoperable or metastatic TNBC
therapy plus pembrolizumab after induction with
first-line chemotherapy plus pembrolizumab

II/III

Recruiting

Carboplatin Paclitaxel and carboplatin with Olaparib

Register ID

Study population

Phase Status

NCT03150576 TNBC and/or germline BRCA BC

II/III

Recruiting

Doxorubicin, cyclophosphamide, paclitaxel, and
carboplatin; or doxorubicin, cyclophosphamide,
and paclitaxel

NCT02488967 Node-positive or high-risk node-negative TNBC

III

Recruiting

Epirubicin and cyclophosphamide followed by
paclitaxel with paclitaxel plus carboplatin

NCT03876886 TNBC with homologous recombination repair
deficiency

III

Recruiting

Doxorubicin, cyclophosphamide, and taxane;
or doxorubicin, cyclophosphamide, taxane, and
carboplatin

NCT02441933 TNBC

III

Recruiting

Epirubicin, anthracycline, and paclitaxel; or epiru- NCT04296175 High-risk TNBC
bicin, anthracycline, paclitaxel, and carboplatin

III

Recruiting

Weekly paclitaxel; or weekly paclitaxel and
carboplatin

NCT03168880 Large operable or locally advanced TNBC

III

Active

Carboplatin

NCT01752686 TNBC with pathologic residual cancer after neoadjuvant chemotherapy

III

Unknown

BC: breast cancer; BRCA: breast cancer susceptibility gene; and TNBC: triple-negative breast cancer

another phase III trial, unselected advanced BRCA1/2
mutated and BRCAness TNBC subgroups were treated
with a platinum agent or docetaxel [24]. No significant
differences in RR (31.4% vs. 34.0%), mean PFS (3.1 m
vs. 4.4 m), or median OS (12.8 m vs. 12.0 m) were noted
between carboplatin and docetaxel among all patients.
The objective RR showed evidence of superiority with
carboplatin (68.0%, 17/25) compared with docetaxel
(33.3%, 6/18) in a BRCA1/2 germline mutation subgroup
(p = 0.01). Similarly, a significantly longer PFS (6.8 m vs.
4.4 m) was also observed with carboplatin. However,
patients with BRCA1 methylation did not benefit from
carboplatin (21.4%) compared with docetaxel (42.1%,
p = 0.28). The same result was observed in BC patients
excluding those with BRCA1/2 mutation, indicating
that not all BRCAness patients were suitable for platinum treatment. PrECOG 0105 focused on the genomic
instability of BRCA1/2 mutation-associated breast cancer and TNBC in a phase II trial [25]. After neoadjuvant
therapy consisting of carboplatin plus gemcitabine and
iniparib (not a PARP1 inhibitor but involved in producing reactive oxygen), 36.3% (29/80) of patients achieved
a pCR. The pCR rate was highest in TNBC patients with
BRCA1/2 mutation (56%) followed by BRCA1/2 BC carriers (47%), and the lowest rate was noted in wild-type
populations (33%). These findings support the view that
identifying targeted populations is suitable for developing therapeutic strategies for HRD tumors.
The application of a platinum regimen in neoadjuvant therapy has been demonstrated to be an effective

chemotherapy choice for patients beyond germline
BRCA-mutated TNBC at the same time. In a phase
II trial (GeparSixto; GBG 66, NCT01426880), nonmetastatic TNBC patients received carboplatin or
no carboplatin with basic neoadjuvant paclitaxel and
doxorubicin and additional bevacizumab [26]. A total
53.2% (84/158) of patients with carboplatin and 36.9%
(58/157) of patients without carboplatin experienced a
pCR (p = 0.005). In a secondary analysis of the GeparSixto trial, TNBC patients without germline BRCA1/2
mutations benefited from the addition of carboplatin.
An increased pCR rate of 55% (66/120) was observed for
patients with carboplatin compared with 36.4% (44/121)
for patients without (p = 0.004) [27]. A similar benefit from carboplatin was observed in a phase III study
(NCT01216111) among 647 operable TNBCs, comparing paclitaxel plus carboplatin (PCb) and cyclophosphamide, epirubicin, and fluorouracil followed by docetaxel
(CEF-T). Increased 5-year DFS (86.5% vs. 80.3%, stratified log-rank p = 0.03), 5-year relapse-free survival (91.2%
vs. 84.4%, p = 0.01), and distant DFS (92.6% vs. 87.9%,
p = 0.05) were noted in the PCb group compared with in
the CEF-T group [28]. For patients with stages II to III
TNBC, a phase II trial (NCT00861705) aimed to evaluate carboplatin and/or bevacizumab on pCR after neoadjuvant therapy (paclitaxel followed by doxorubicin and
cyclophosphamide) [29]. A total of 443 patients were
randomly assigned into four arms to receive carboplatin
and/or bevacizumab. According to the results, either
carboplatin or bevacizumab significantly increased the
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pCR in the breast, whereas both agents achieved a 67%
pCR breast rate. Approximately 60% (n = 221) of patients
with carboplatin and 46% (n = 212) of patients without
carboplatin achieved pCR (odds ratio = 1.76); simultaneously, 59% of patients in the bevacizumab treatment group achieved pCR compared with 48% (odds
ratio = 1.58) of patients with TNBC who did not receive
bevacizumab. Carboplatin alone significantly improved
the pCR in the breast/axilla from 41 to 54%. Lobaplatin,
another platinum agent, was tested in the clinical stages
I to III TNBC ChiCTR-TRC-14005019 trial [30]. The
addition of lobaplatin to NAC (docetaxel plus epirubicin)
increased pCR in the breast and axilla as well as the overall RR. A significantly higher pCR rate (38.7% vs. 12.7%,
odds ratio = 4.342, p = 0.001) and a better ORR (93.5%
vs. 73.0%, odds ratio = 5.359, p = 0.003) were obtained in
patients treated with the lobaplatin regimen. The hazard
ratios of recurrence and metastasis were lower (p = 0.028)
than those of docetaxel plus epirubicin alone in the follow-up. For histology-confirmed mTNBC, a phase III
trial (NCT01287624) compared PFS with cisplatin or
paclitaxel plus gemcitabine [31]. The median PFS (7.73 m
vs. 6.47 m, hazard ratio of 0.692, p = 0.009) was superior
for cisplatin plus gemcitabine compared to paclitaxel
plus gemcitabine after follow-ups of 16.3 m and 15.9 m,
respectively. Those studies have validated that the inclusion of platinum agents for early-stage TNBC and BRCAmutated mTNBC could benefit long-term outcomes.
PARP inhibitors

The PARP cluster of polymerase enzymes controls
genetic stability and DNA repair via the base excision
repair pathway. Inhibition of PARP contributes to BRCAmutated tumor cell death due to synthetic lethality. Currently, PARPi (e.g., olaparib, talazoparib, and veliparib)
have been extensively applied in multiple cancers; however, those agents were not FDA approved for the treatment of locally advanced or metastatic breast cancer
(mBC) until 2018.
The first PARPi assessed in a clinical study was olaparib, and its efficacy in BRCA1/BRCA2-mutated advanced
BC was reported in 2010 [32]. Niraparib, veliparib, and
talazoparib were subsequently developed and tested in
different phases of clinical trials. Currently, talazoparib,
which is derived from a by-product, is known as the
most potent PARPi. Twenty operable HER2− BC patients
(15 TNBC) with germline BRCA positivity (16 germline BRCA1-positive and 4 germline BRCA2-positive
patients) received talazoparib for six months and underwent a definitive surgical excision [33]. Residual cancer
burden (RCB) was the primary endpoint. In this research,
53% (10/19) achieved RCB-0, indicating pCR, and 63% of
patients were assessed as RCB-0/I. Among the different
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germline BRCA types, 53% of BRCA1-positive patients
achieved RCB-0/I, and 100% (4/4) of BRCA2-positive
patients had RCB-0/I. Subgroup analysis also showed
that a higher RCB-0/I percentage was obtained in earlier
stages (83% in T1, 54% in T2). These limited cases indicate that early PARPi intake may provide better benefits.
The main toxic and adverse effects are associated with
the hematologic system and are manageable by delayed
delivery or supportive treatments. Four larger-scale multicenter phase II trials on talazoparib (NCT02401347,
NCT04690855, NCT04755868, and NCT03901469) are
ongoing.
Despite the promising efficacy of PARPi in TNBC,
partial PARP-insensitive BRCA mutations of TNBC and
acquired therapeutic resistance have been problematic in
long-term studies [2]. Therefore, PARPi combined with
platinum or other homologous recombination disrupting strategies for breast cancers have been researched to
sensitize cancer cells. A phase II trial (NCT01042379)
has been performed to evaluate veliparib plus carboplatin
in HER2− stage II or III breast cancer patients [34]. The
percentage of patients who achieved a pCR was higher in
the veliparib–carboplatin group (n = 72) than in control
patients receiving standard neoadjuvant therapy (n = 44;
33% vs. 22%). Further analysis TNBC patients showed
that pCR rates were 51% and 26% in the veliparib–carboplatin group and the control group, respectively.
Nevertheless, studies on the addition of veliparib to carboplatin and standard chemotherapy in stage IIb–IIIc
breast cancer and TNBC (NCT01818063) and the addition of veliparib to cisplatin (NCT02595905) in BRCA
mutation-associated BC and/or mTNBC have been completed without published data. In 2018, a related phase III
trial of veliparib–carboplatin in TNBC (NCT02032277)
was reported [35]. In addition to the fundamental paclitaxel agent, carboplatin significantly improved the outcomes in pCR, RCB-0/I, a clinical breast tumor response,
and eligibility for breast-conservation surgery. However,
the addition of veliparib to carboplatin and paclitaxel
did not significantly improve the outcome. In addition
to the PARPi mentioned above, a study on rucaparib
(NCT01074970) was completed in TNBC or ER/PR+,
HER2− patients with BRCA1/2 mutations.
PARP inhibitors in combination with immunotherapy
have been further explored and apparently demonstrated
superior antitumor activity. Niraparib plus pembrolizumab showed a 47% (7/15) objective RR, 80% (12/15)
disease control rate, and 8.3 months of median PFS in
patients with BRCA-mutated advanced or metastatic
TNBC [36]. Several combinational therapies with smallmolecule inhibitors, such as tyrosine kinase inhibitors
(TKIs), have been evaluated in ongoing clinical trials
given that preclinical studies have shown that inhibiting
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the PI3K pathway is likely to increase the response to
PARPi. Olaparib and alpelisib (an inhibitor of α-specific
PI3K) were evaluated in a dose-escalation and doseexpansion phase Ib trial among patients with epithelial
ovarian cancer and breast cancer (NCT01623349). The
results showed that 50% (14/28) of patients achieved
stable disease and 36% (10/28) had a partial response
according to response evaluation criteria [37]. Cediranib,
an anti-angiogenic agent against vascular endothelial
growth factor receptor (VEGFR) 1–3, was assessed with
olaparib in a phase I trial (NCT03330847). Moreover, the
combination of PARPi with an inhibitor of ATR serine/
threonine kinase (ceralasertib, NCT03330847), a bromodomain and extra-terminal domain family of protein inhibitors (ZEN003694, NCT03901469), and an
inhibitor of WEE1 G2 checkpoint kinase (adavosertib,
NCT03330847) were evaluated under phase II studies. Table 2 presents unpublished phase III trials targeting deficiency in homologous recombination for TNBC
patients.
Androgen receptor targeted therapy

According to microarray analysis of TNBC molecular
subtypes, the prognosis of LAR is related to decreased
disease-free survival and poor overall survival. However,
LAR subtype expresses androgen receptor, and its growth
is driven by androgen signaling [38]. Meta-analyses noted
that 27.96% (1315/4703) of TNBC patients expressed AR
[39]. In a phase II study (NCT01889238) that evaluated
the expression of nuclear AR to screen eligible population candidates for AR inhibition, approximately 80%
(n = 368) of patients with TNBC expressed AR in the
nucleus, and approximately 55% of patients expressed AR
greater than 10% of cells [38]. In this trial, enzalutamide,
an AR antagonist that potently plays multiple roles in the
AR signaling pathway, was tested in advanced AR-positive (nuclear AR ≥ 10%) patients with TNBC. The 118
AR-positive patients were treated in the intent-to-treat
population, and 78 patients were treated in the evaluable subgroup. Clinical benefit rates of 33% and 28% were
observed at 16 weeks and 24 weeks, respectively, and 8%
achieved CR or PR in the evaluable subgroup. The secondary endpoints, including median PFS and OS, were
3.3 m and 17.6 m, respectively, suggesting that enzalutamide is effective in the treatment of advanced AR+
TNBC.
Gucalp and colleagues reported the results of bicalutamide treatment for 424 patients with A
 R+ER−PR− mBC,
and 12% of these were AR > 10%. Finally, 26 cases completed the study regimen with a clinical benefit rate of
19% at 6 months and a median PFS of 12 weeks [40]. In
addition, some promising AR inhibitors are currently in
preclinical studies that are also expected to be introduced
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to TNBCs. For example, ZETA55, a novel dual AR and
histone deacetylase (HDAC) 6 inhibitor, is a promising
therapeutic agent that selectively inhibits HDAC6 activity, leading to AR degradation and preventing its nuclear
translocation [41].
Abiraterone acetate irreversibly inhibits cytochrome
P450 family 17 subfamily A, polypeptide 1 (CYP17A1, a
rate-limiting enzyme in androgen synthesis) enzymatic
activity and is widely prescribed for resection-resistant
prostate cancer. Abiraterone acetate plus prednisone was
assessed in 30 patients with AR+ advanced mTNBC. This
trial observed that the clinical benefit rate (CBR) at 6 m
was 20.0%, the median PFS was 2.8 m, and the objective RR was 6.7% [42]. Other drugs, such as inhibitors
of cytochrome p450 family 17 (VT-464, orteronel) and
dehydroepiandrosterone, are being assessed in clinical
trials, and the results are eagerly awaited.
Enobosarm (GTx-024), a nonsteroidal selective androgen receptor modulator, has been shown to be effective
in AR+ BC. Recently, enobosarm in combination with
pembrolizumab was reported to have good tolerability
in 16 cases with AR+ mTNBC (NCT02971761) [43]. The
results revealed that 4 of 16 (25%) patients achieved a
CBR at 16 weeks with a PFS of 2.6 m and an OS of 25.5 m.
Unfortunately, the study was terminated prematurely due
to the GTx-024 drug supply. In future trials, the combination of antiandrogen-related targeted therapy with
immune checkpoint blockade (ICB) for AR+ TNBC is
worthy of attention. In addition to AR-positive TNBC
subtypes, partial LAR subtype cell lines have a high frequency of PIK3CA mutations with AR dependency,
resembling ER-positive breast cancers. In addition, a
synergistic effect of combining bicalutamide with a PI3K
inhibitor was observed in preclinical data [44]. Related
AR-positive TNBC clinical trials are shown in Table 3. To
conclude, AR targeted therapy has high potential to treat
AR-positive TNBC subtypes.
PI3K/AKT/mTOR pathway inhibition

The PI3K/AKT/mTOR signaling pathway is frequently
activated in processes involved in tumorigenesis, cancer cell proliferation, survival, and resistance to anticancer therapies. The pathway also plays a crucial role in
TNBC as mutations and activation in PI3K or AKT1 and
loss of PTEN are often noted in TNBC. The frequency
of genomic alteration in PI3K is second after TP53 in
TNBC, and interestingly, it is significantly rarer (~ 10%)
[45] in TNBC compared to other breast cancer subtypes
(34.5% in HR+ BC and 22.7% in HER2+ BC) [46]. The
incidence rate of PIK3CA mutation is more common in
residual TNBC and AR-positive TNBC, whereas amplification of AKT3 and deletion of PTEN are elevated in
the basal subtype. Patients with PIK3CA-mutated TNBC
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Table 3 Ongoing clinical trials aimed at androgen receptor-positive TNBC
Drugs

Pharmacological mechanism

Register ID

Phase

Status

Bicalutamide

AR antagonists

NCT02348281

II

Terminated

NCT03055312

III

Terminated

NCT02353988

II

Unknown

IIb

Recruiting

Enzalutamide

AR pathway inhibitors

NCT02689427
NCT02750358

II

Active

Seviteronel

A potent CYP17 lyase inhibitor

NCT02130700

II

Completed

NCT02580448

I/II

Completed

MK-2866

A nonsteroidal selective AR modulator

NCT02368691

I

Terminated

Darolutamide

Competitively inhibiting AR binding, translocation, and transcription

NCT03383679

II

Recruiting

Dehydroepiandrosterone

Intermediates of steroid hormones

NCT00972023

I

Terminated

Orteronel

CYP17 inhibitors

NCT01990209

II

Active

AR: androgen receptor; CYP17: 17-[α]-hydroxylase/17:20-lyase (CYP17)

have a longer median OS after targeted treatment than
those with PIK3CA wild-type TNBC (NCT02299999)
[47]. Inhibitors of this pathway, such as ipatasertib (an
AKT inhibitor), buparlisib (a PI3K inhibitor), everolimus
(an mTOR inhibitor), and capivasertib (an AKT inhibitor), have been evaluated for their antitumor response in
clinical trials.
PI3K inhibitors

Class I PI3K inhibitors, such as buparlisib (BKM120),
have been shown to be effective in inducing TNBC
tumor regression. The phase II clinical trial on buparlisib
has been launched, showing a median OS of 11.2 m, a
median PFS of 1.8 m, and a clinical benefit rate of 12% in
50 cases with mTNBC. Regarding the safety of treatmentrelated adverse events, the most common symptoms
included fatigue (58%), hyperglycemia (34%), nausea
(34%), and anorexia (30%) [48]. BELLE-4 is a phase II/
III study (NCT01572727) for the treatment of advanced
HER2− BC patients with buparlisib combined with paclitaxel; however, no improvement in PFS either in the
recruited population or in the activated PI3K population was achieved compared with placebo; in addition,
the occurrence of adverse events could not be neglected
[49]. Buparlisib plus LDE225 (vismodegib, a smoothened
inhibitor) has been evaluated in NCT01576666, and the
results have not been made public.
Previous studies verified sensitization to PARP inhibitors after PI3K inhibition in BRCA-proficient TNBC and
TNBCs without BRCA mutations, providing a rational
theoretical basis for combining PI3K and PARP inhibitors [50, 51]. A phase I clinical trial with buparlisib and
olaparib was initiated and observed a 9/12 response in
BC patients with germline BRCA mutation and a 3/5
response in patients with wild-type BRCA [52]. The

application of alpelisib monotherapy or other PI3K inhibitors plus PARPi applied in TNBC still warrants further
investigation.
AKT inhibitors

Ipatasertib, a potent small-molecule kinase inhibitor
that is highly specific to AKT and competes for ATP,
demonstrates efficacy in various cancer cells, e.g., ovarian, colorectal, non-small cell lung, and breast cancers. Early studies concluded that ipatasertib sensitivity
was mainly related to high phosphorylated AKT levels,
PIK3CA mutation, and PTEN mutation or deficiency,
whereas resistance to ipatasertib tended to be associated with KRAS and BRAF mutations. In a phase II
randomized placebo-controlled LOTUS trial [53], ipatasertib was additionally added to paclitaxel as first-line
therapy in TNBC patients. These results preliminarily suggested that targeted AKT benefits patients with
TNBCs given that the median PFS was prolonged in the
ipatasertib group (6.2 m vs. 4.9 m, p = 0.037). Moreover,
in the subgroup of PIK3CA/AKT/PTEN-altered tumors,
the median PFS was 6.2 months with ipatasertib versus
3.7 months without ipatasertib (p = 0.041), revealing significantly improved survival outcomes. However, in the
FAIRLANE trial, ipatasertib did not demonstrate a statistically significant increase in the pCR rate in early TNBC
[54].
Capivasertib is another highly selective small-molecule
inhibitor targeting AKT1-3. Similar to ipatasertib, the
sensitivity to capivasertib mainly depends on PI3K/AKT
activation and/or PTEN status. The preclinical antitumor
activity of capivasertib was first tested in animal models;
furthermore, the PAKT trial (NCT03997123) evaluated
the efficacy and safety of the addition of capivasertib to
paclitaxel among TNBC patients [55]. After a median
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follow-up of 18.2 months, the median PFS, OS, and duration of response tended to be longer with capivasertib
compared with placebo in the intent-to-treat group.
In the intent-to-treat group, 28 patients with PIK3CA/
AKT mutations or PTEN alterations comprised 25% of
the total analyzable samples. In this genetically abnormal subgroup, capivasertib significantly enhanced the
benefits in PFS and duration of response: 9.3 months
of median PFS with paclitaxel plus capivasertib and
3.7 months with paclitaxel plus placebo; 13.3 months
of median duration of response with capivasertib and
3.5 months with placebo. Regarding the safety of capivasertib, the most common grade ≥ 3 adverse events were
acceptable: diarrhea, infection, neutropenia, rash, and
fatigue. Both phase II (NCT02423603) and phase III
(NCT03997123) studies of the addition of capivasertib
to paclitaxel have been registered on the clinical trials
website.
mTOR inhibitor

The mTOR inhibitor, everolimus, has been applied in
combination with lapatinib (NCT01272141), cisplatin
(NCT01931163), and carboplatin (NCT02531932) in
TNBC-related trials. An open-label phase II clinical trial
aimed to assess RCB with everolimus plus cisplatin treatment among 24 stage II/III TNBC patients after NAC
[56]. In this trial, 22 cases were enrolled in the efficacy
analysis and 5 cases achieved RCB-0/I at surgery with
an RR of 23%. These RCB-I patients were analyzed by
somatic mutation testing and germline mutation testing, revealing actionable somatic PIK3CA mutations in
2 cases and germline partner and localizer of BRCA2
(PALB2) mutation in 2 cases. Given limited enrollment
in this trial, further investigation of the relationship
between efficacy and PI3KCA mutations is needed to
optimize the treatment regimen.
The PI3K pathway is not only involved in drug resistance; inhibitors, including PI3K inhibitors, are also prone
to intrinsic tolerance. Some progress has been made
regarding the issue of drug resistance in TNBC patients.
Juric et al. found that resistance to PI3K/AKT inhibitors mainly relied on PTEN deficiency, which accounts
for 35% of TNBCs [57, 58]. Histone demethylase lysine
demethylase 4B (KDM4B) represents an important target, leading to preferential apoptosis in PTEN-altered
TNBC. Moreover, synergistic effects are noted when
combined with the PI3K inhibitor pictilisib [59]. The
frequently activated Notch pathway in breast cancers
has also been involved in resistance to PI3K inhibitors
[60]. Residual mTORC1 activity was sustained with the
3-phosphoinositide-dependent kinase 1-serum/glucocorticoid-regulated kinase 1 axis, and suppression of either
the 3-phosphoinositide-dependent kinase 1 or serum/
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glucocorticoid-regulated kinase 1 could restore sensitivity to PI3K inhibition in resistant cells [61]. Therefore, the
combination of drugs is a principal method to avoid drug
resistance [59].
Antitumor angiogenesis agents
Bevacizumab

Vascular endothelial growth factor and its tyrosine kinase
receptor VEGFR play an important role in the invasiveness of a variety of solid tumors. Anti-angiogenic therapies, i.e., the monoclonal antibody bevacizumab and
several small-molecule tyrosine kinase inhibitors, such
as apatinib have become available and have generated
dramatic therapeutic responses [62]. However, targeted
therapy with VEGF and VEGFR has yielded contradictory results in breast cancer. Bevacizumab benefited
patients with breast cancer in early research and was rapidly approved by the FDA, but the subsequent data did
not support its ability to boost overall survival or quality of life [63]. The combination of bevacizumab with
chemotherapy was demonstrated to improve pCR in
stage II to III TNBC, as mentioned before [29]. Bevacizumab has also been shown to improve pCR (39.3%
vs. 27.9%, p = 0.003) when added to NAC treatment in
patients with TNBC [63]. In the GeparQuinto phase III
trial (NCT00567554), TNBC patients were treated with
anthracycline and taxane, and the addition of bevacizumab yielded a higher pCR rate in BRCA1/2 mutation carriers (61.5% vs. 35.6% in the nonmutated group,
p = 0.004). However, the overall pCR rate in the BRCA1/2
alteration subgroup was essentially improved compared
with those without mutations (OR, 2.17; p = 0.001) [64].
No statistically significant benefit was found in CALGB
40,603, and the lack of long-term survival rate data failed
to support its use in combination with bevacizumab. In
addition, the risk–benefit ratio was also questioned due
to clearly increased toxicity after the addition of bevacizumab [29]. In general, bevacizumab still rarely meets
patient expectations.
VEGFR inhibitors

VEGFR kinases such as apatinib and lenvatinib represent
substitutes for bevacizumab. Apatinib is a novel highly
selective antitumor agent that blocks VEGFR2 signaling.
It was found that pVEGFR2 is a biomarker of populations
sensitive to anti-VEGF agents based on Cox and logistic
regression models in 80 apatinib-pretreated advanced BC
patients [65]. Forty patients with advanced TNBC were
enrolled in a phase II clinical trial. The patients were
treated with camrelizumab as well as continuous dosing
or intermittent dosing of apatinib to evaluate the disease
control rate and PFS [66]. The continuous dosing cohort
had a higher disease control rate (63.3% vs. 40.0%) and
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longer PFS (3.7 m vs. 1.9 m) than the apatinib intermittent dosing cohort, supporting the use of camrelizumab
combined with apatinib in patients with advanced
TNBC. ENMD-2076 is an aurora-A kinase inhibitor with
anti-angiogenic properties that has shown activity in preventing proliferation and promoting apoptosis in preclinical models of TNBC. A single-arm, two-stage phase
II trial aimed to treat ENMD-2076 until unacceptable
toxicity or disease progression occurred in patients with
previously treated advanced TNBC or mTNBC [67]. A
total of 2/41 of patients exhibited partial responses, and
16.7% of patients achieved a 6-month clinical benefit rate,
demonstrating favorable therapeutic effects.
Epigenetic modifications inhibiting

Epigenetic modifications, including DNA modifications
(such as DNA methylation) and histone modifications
(such as histone deacetylation and lactylation), often regulate gene expression, which may represent a promising
therapeutic strategy to make hormone negative TNBC
susceptible to endocrine therapy. Laboratory studies have
demonstrated that ER was present in some TNBCs, but it
was “silenced” due to inactivation by methyl and histone
groups. Particular drugs called demethylating inhibitors
(such as decitabine) and HDAC inhibitors can remove
these methyl and histone groups and reactivate the ER,
thus providing an opportunity for epigenetic therapy
and reintroduction of endocrine therapy for TNBC [68].
Decitabine (5-aza-2′-deoxycytidine) is an FDA-approved
DNA methyltransferase inhibitor that has demonstrated antitumor activity in hematological neoplasms.
The application of decitabine to treat breast cancer has
revealed an acquired response in patients, but the main
limitation is due to the small sample size. NCT04722978
is a phase III study planned to treat mTNBC with
moxifloxacin, gemcitabine, and carboplatin. A study
(NCT01105312) focused on panobinostat (LBH589, an
HDAC inhibitor) combined with letrozole and published
its safety and recommended dose in mBC [69]. However,
given the limited number of cases, especially those with
measurable disease, the therapeutic response of the combination lacks strong evidence. CUDC-907 (a dual-action
inhibitor of HDAC1/2/3/10 and PI3Kα, NCT02307240)
is another HDAC inhibitor studied in clinical trials as a
monotherapy. Other combination therapy trials containing HDAC inhibitors include NCT04315233 (belinostat
in combination with ribociclib), NCT04192903 (chidamide plus cisplatin), NCT02393794 (romidepsin with
nivolumab), and NCT02708680 (entinostat in combination with atezolizumab).
In addition to being epigenetically involved in gene
repression and phenotype features, CDK2 also modulates phosphorylation of the zeste homolog 2 enhancer
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to maintain the TNBC phenotype. Inhibition of CDK2
transforms TNBC into the luminal ERα-positive subtype
and makes it sensitive to tamoxifen [70]. The combination of a CDK2 inhibitor or zeste homolog 2 enhancer
inhibitor with tamoxifen markedly suppresses tumor
growth and effectively improves the outcomes of mice
bearing TNBC tumors. Zhang et al. identified a new
ER-α36, which was named based on its molecular weight
at of 36 kDa, and this protein differs from the commonly
studied ER-α66. ER-α36 was discovered in both ER-positive breast cancer cells and TNBC cell lines, and a subsequent study in TNBC identified a positive feedback loop
of ER-α36/EGFR, indicating responsiveness to mitogenic
estrogen signaling in ER-α36 expressing TNBC [71, 72].
Roswall et al. demonstrated that inhibition of the paracrine platelet-derived growth factor-CC signaling between
stromal and cancer cells in the microenvironment could
enhance the previously resistant basal-like, hormone
receptor-negative BC subtype, which is more sensitive to
endocrine therapy [73].
Other antitumor targets
EGFR

Epidermal growth factor receptor (EGFR) is overexpressed in approximately 70–78% of basal-like TNBC
samples [74], thus providing a therapeutic target for
EGFR-related targeted therapy, although TNBC is characterized by a lack of HER2. A preclinical investigation
demonstrated that afatinib has good antitumor activity in
14 TNBC cell lines with IC50 values ranging from 0.008
to 5.0 µM, especially in the basal-like subtype of TNBC
[75]. Combining afatinib with other targeted drugs could
enhance growth inhibition. Mechanistically, afatinib
exerts its antiproliferative effects on dasatinib by arresting the G1 cell cycle and inhibiting both pERK (T202/
T204) and pAkt (S473) signaling. EGFR-based nimotuzumab (NCT01939054), panitumumab (NCT02876107,
NCT02593175), and SCT200 (NCT03692689) have
already been evaluated in clinical studies. Inhibitors such
as dasatinib (BMS-354825) and gefitinib have been tested
in advanced TNBC. In a phase II study (NCT00371254),
the objective RR for dasatinib with advanced TNBC
was 4.7%, demonstrating the limited therapeutic activity of single-agent dasatinib [76]. An early phase II clinical study showed no complete or partial response in 31
patients with advanced BC treated with gefitinib monotherapy [77].
In addition, EGFR-targeted nanoparticles with paclitaxel and cetuximab enhanced mitotic catastrophe and
apoptosis, providing a feasible strategy for TNBC therapy [78]. Liposomal targets of EGFR (anti-EGFR-IL-dox,
NCT02833766) and ADCs to human epidermal growth
factor receptor 3 (U3-1402, NCT04699630) are being
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tested in patients with advanced BC. Unfortunately, these
trials are under recruitment or have been terminated,
and data have not been published.
FGFR

Activation of fibroblast growth factor receptor (FGFR) is
common in many tumor types, and a good response to
FGFR inhibition might be beneficial. FGFR is amplified
in greater than 10% of breast cancers and approximately
4% of TNBC. However, FGFR is thought to regulate the
development of TNBC. Higher-level clonal amplification
of FGFR, especially FGFR2, has a higher RR to selective
FGFR inhibitors [79, 80]. In this translational clinical
trial, 8 breast cancer patients had FGFR1 amplification
and were treated with an FGFR inhibitor (AZD4547), and
a respond was confirmed in one patient. Erdafitinib, the
first approved FGFR-targeted agent in urothelial carcinoma, followed by the FGFR-targeted selective inhibitors
dovitinib and lucitanib were also applied in FGFR pathway-amplified breast cancer [81]. FGFR-TKI resistance
caused by gatekeeper residue mutations has raised concern in other cancers [82]. Therefore, novel FGFR inhibitors, such as LY2874455 [83] and 7v [84], do not target
gatekeeper residues, and multitarget kinase inhibitors,
such as ponatinib [85], have been developed to overcome
mutation-based FGFR-TKI resistance. However, antiFGFR target treatment requires strict long-term assessment processes before being widely used in TNBC.
CXCR4

C-X-C chemokine receptor type 4 (CXCR4) is overexpressed in over 20 cancer types, including breast cancer,
and is a key mediator of cancer intracellular signaling
pathways and cell trafficking, correlating with aggressive phenotypes and poor prognosis. The novel CXCR4
antagonist balixafortide (POL6326, NCT01837095) was
assessed in combination with eribulin in patients with
pretreated, relapsed metastatic HER2-negative BC [86].
The preliminary antitumor activity seems promising in
evaluated patients. A clinical benefit was observed in 44%
(24/54) of patients, and the objective RR was 30% (16/54).
In the dose-escalation assessment, the tolerability and
safety of balixafortide plus eribulin were acceptable and
similar to monotherapy with eribulin or balixafortide. In
addition, the development of a receptor-based peptide,
a CXCR4-binding peptide (DV1), has been shown to
be associated with reduced cell migration and inhibited
metastasis in vitro and in preclinical models [87]. CXCR4
also mediates sensitivity to endocrine and anti-PDL-1
therapy in vitro [88]; thus, inhibiting CXCR4 with endocrine therapy and immune checkpoint therapy represents
the direction of future exploration.
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TP53‑related rescue

The human tumor suppressor gene TP53, which is frequently mutated or inactivated in approximately 60% of
cancers, was also found to be the most common alteration in both post-NAC TNBC (72–89%) and TCGA
(~ 85%) [14, 89]. Therefore, TP53-targeted therapy is currently under development, especially inhibitors with a
synthetic lethality effect. Compounds such as PRMIA-1
and APR-246 were previously reported to rescue mutant
TP53 TNBC cells by inhibiting cell proliferation and
migration and inducing apoptosis and exhibited synergistic therapeutic effects with olaparib [90]. The antitumor activity and safety of AZD1775, an inhibitor of
WEE1, were assessed in a phase Ib study of patients with
advanced solid tumors (NCT02482311).
Emerging metabolism‑related strategies

Other precise treatments have not yet been applied
in the clinic but have been shown to be promising in
basic research, such as inhibition of the unique reactivated pathway, metabolic biosynthesis pathway, endocrine therapy after induction, epigenetic treatment, and
autophagy initiator. Metabolic disturbance is one of the
top ten hallmarks of tumors. Excessive accumulation of
cholesterol esters and metabolites in cancer cells promotes malignant activity, such as proliferation, metastasis, and therapeutic resistance [91]. Interest in fatostatin,
a small molecule that targets sterol regulatory elementbinding proteins, has waned given its toxicity. The cholesterol-biosynthesis pathway is also correlated with the
responses and activities of tumor microenvironments;
thus, developing novel low-toxicity inhibitors of the metabolic pathway would provide a new therapeutic strategy. Several novel targeted small-molecule drugs have
been discovered to induce cancer cell death, such as the
autophagy initiator LYN-1604 (unc-51-like autophagy
activating kinase 1 activator) [92], smoothened inhibitor
NVP-LDE225 (sonidegib) [85], myeloid cell leukemia-1
inhibitor S63845 [93], and antioxidative stress oral goldcontaining drug (auranofin) [94]. These drugs exerted
antitumor activity in vitro either alone or in combination
with currently used chemotherapy agents. These agents
are likely to be used in therapeutic strategies for TNBC
and are worthy of further assessment in preclinical and
clinical studies.
Cancer stem cells‑related strategies

Cancer stem cells (CSCs), which are also known as tumorinitiating cells, have the ability to self-renew to drive the
process of tumorgenesis and differentiation, contributing to cancer cells heterogeneity [95]. Compared to
nonstem tumor cells, BC CSCs proliferated more slowly
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and exhibited a higher degree of chemoresistance [96].
Evidence from multiple studies suggests that the TGF-β
pathway is involved in the maintenance of BC CSCs
[97–99]. TNBC chemoresistance is highly correlated
with CSCs. Chemotherapy-induced TGF-β signaling promotes tumor recurrence via IL-8-dependent CSC expansion, and inhibition of TGF-β stops the development of
drug-resistant CSCs [100]. Furthermore, the presence of
TGF-β in the breast tumor microenvironment induced
angiopoietin-like 4 expression through the Smad pathway
and initiated metastasis of cancer cells to the lung [101].
All of these findings suggest that there is an opportunity
for TGF-β pathway intervention in TNBC. A clinical trial
is currently investigating the side effects and optimal
dose of galunisertib (TGF-β inhibitor) in combination
with paclitaxel in the treatment of patients with metastatic AR-negative TNBC (NCT02672475). Bintrafusp
alfa (M7824) is a bifunctional fusion protein targeting
TGF-β and PD-L1 that is currently being evaluated. A
phase Ib trial (NCT03579472) is assessing the side effects
and optimal dose of bintrafusp alfa in combination with
eribulin mesylate for the treatment of metastatic TNBC,
and a phase II trial (NCT04489940) is testing its efficacy
as a monotherapy in TNBC patients.
In addition, different studies have shown that the
Notch [102], Wnt [103], and JAK/STAT [104] pathways
are involved in the maintenance of BC CSCs, and the corresponding inhibitors are under clinical investigation. A
phase II trial (NCT04461600) is currently investigating
the efficacy and safety of the Notch inhibitor AL101 as
monotherapy, whereas clinical trials of two other inhibitors, PF-03084014 (NCT02299635) and RO4929097
(NCT01151449), have been terminated. LGK974, a Wntspecific acyltransferase, effectively inhibits the Wnt/βcatenin pathway, and a phase I trial (NCT01351103)
is currently assessing its recommended dose in TNBC
patients. Based on the results of ruxolitinib, a JAK1/2
inhibitor that has shown good tolerability in combination
with paclitaxel for HER2-negative BC treatment [105], a
phase II trial (NCT02876302) of ruxolitinib plus paclitaxel for TNBC is underway. TTI-101 is a competitive
inhibitor of the STAT3 pathway and has been shown to
have powerful antitumor activity in preclinical studies in
several cancer models, including non-small cell lung cancer [106], head and neck squamous cell carcinoma [107],
hepatocellular carcinoma [108], and palbociclib-resistant ER-positive BC [109]. A phase I trial of TTI-101 in
advanced tumors, including TNBC, is currently recruiting patients (NCT03195699).
Other important pathways

Inhibitors of apoptosis proteins (IAPs) are the key negative regulators of programmed cell death. Those proteins
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are upregulated in most tumors to promote cancer cell
survival and induce treatment resistance [110], and targeting IAPs is another promising approach for the treatment of TNBC. In 2000, Wang et al. identified second
mitochondria-derived activator of caspases (SMAC) as
an endogenous antagonist of IAPs [111], and the crystal
structure of the SMAC/DIABLO complex was solved,
providing the basis for the development of small-molecule antagonists of IAPs [112]. DEBIO1143, a smallmolecule mimetic of SMAC [113], has been shown to
inhibit the growth of multiple cancer cell lines in preclinical studies and to enhance the therapeutic effect of
radiotherapy and chemotherapy in mouse models; however, DEBIO1143 has only been tested in phase I clinical trials in patients with advanced solid tumors [114].
Another SMAC mimetic, LCL161, entered a phase II
trial (NCT01617668) in patients with TNBC. In this
study, neoadjuvant treatment with LCL161 and paclitaxel
showed promising signs of efficacy in TNBC patients
with TNFα-based gene expression signature positivity
[115].
Heat shock protein 90 (Hsp90) is a chaperone protein
frequently expressed in breast cancer [116] that stabilizes the structural and functional integrity of many
oncogenic clients and can act as a protective “biochemical buffer” [117]. Onalespib (AT13387) is an inhibitor
that targets the N-terminal ATPase domain of HSP90
[118] and showed modest antitumor activity in phase I
trials in patients with advanced solid tumors [119, 120].
Onalespib plus paclitaxel is currently being studied
for the treatment of TNBC patients in a phase Ib trial
(NCT02474173). In addition, SL-145, a novel C-terminal inhibitor of HSP90, has demonstrated antitumor
and antimetastatic effects on TNBC cells in a preclinical
study and may represent a promising agent in the future
[121].

Immunotherapy for TNBC
TNBC is suitable for immunotherapeutic treatments
mainly due to tumor immune infiltration, neoantigens
caused by mutational burden and higher genomic instability, and high levels of immune markers such as PD-L1
and programmed cell death protein-1 (PD-1), which are
closely correlated with the tumor response, relapse, and
overall outcomes. Immunotherapy has demonstrated
efficacy in various neoplasms; thus, immunotherapeutic
interventions against TNBC hold great promise. Among
various types of immunologic options, molecular and
cellular immunotherapies have exhibited significant
potential based on evidence provided by preliminary
study outcomes [122]. The FDA approved atezolizumab
for programmed death-ligand 1 (PD-L1)-positive unresectable locally advanced or mTNBC on March 8, 2019,
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representing the earliest ICB monoclonal antibody
(mAb) approved for TNBC. Later, pembrolizumab in
combination with chemotherapy for locally recurrent
unresectable or mTNBC patients with positive PD-L1
expression (CPS ≥ 10) was also approved by the FDA on
November 13, 2020 [123].
The main factor involved in tumor cell immune infiltration in TNBC is tumor-infiltrating lymphocytes
(TILs). TILs interact with tumor cells, modify the tumor
immune microenvironment, and participate in Th1cell immune response attack or immune suppression
[124]. Sylvia Adams and colleagues evaluated the density
of TILs in stromal (sTILs) and intraepithelial compartments (iTILs) from 506 TNBC tumor samples. In total,
80% of cancers had ≥ 10% sTILs (10–80%), but only 15%
of tumors had ≥ 10% iTILs (10–50%). sTILs rather than
iTILs were confirmed to be independent prognostic factors of good prognosis. A 14% reduction in recurrence
or death risk, 18% reduction in distant recurrence risk,
and 19% reduction in death risk were noted with a 10%
increase in TILs after a median of 10.6 years of followup [125]. Therefore, therapeutic approaches that promote
the infiltration of immune cells into tumor tissue as well
as activation, such as chimeric antigen receptor T (CART), hold significant promise. In addition to tumor stromal compartments, high expression levels of the classic
immune checkpoint molecules, PD-L1 and PD-1, are
well-established targets for immunotherapy in some
solid tumors. PD-1/PD-L1 was reported to be commonly
expressed in breast cancers, especially in TNBC. In a
study with 53 cases of TNBC, up to 70% and 59% expression levels of PD-1 and PD-L1, respectively, were noted,
whereas both PD-1 and PD-L1 were expressed in 45% of
samples [126]. PD-L1 and PD-1 are important ICB molecules because PD-L1 from cancer cells can integrate with
PD-1 on T cells, making it easier for cancer cells to avert
T cell-mediated immune response. Thus, blocking their
interaction with monoclonal antibodies will reactivate
TILs, which has positive clinical effects in many tumors
not limited to TNBC [122]. Demonstrating the highest
mutational frequency among breast cancer subtypes,
TNBC has significant genomic instability and potentially
creates neoantigens discerned by the immune system.
These features provide strong evidence that TNBC treatment is entering the era of immunotherapy.
Immune checkpoint blockade with monotherapy

As noted on clinicaltrials.gov [19], approximately half
of the registered studies are focused on immune checkpoint blocking-related therapies. Of these, greater than
100 clinical studies have already entered phase II or
phase III, implying that immunotherapy is an important trend in TNBC treatment. Previous trials have
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shown positive results with pembrolizumab or atezolizumab monotherapy in TNBC. In the KEYNOTE-012
trial (NCT01848834), 27 PD-L1-positive TNBC patients
exhibited an ORR of 18.5%, and the median time to
response was 17.9 weeks [127]. Another targeting
PD-L1 mAb, atezolizumab, was also reported to be safe
and clinically active in mTNBC. In this phase I study
(NCT01375842) [128], the evaluation of PD-L1 expression levels demonstrated an improved ORR, a longer
OS, and a higher disease control rate in patients with at
least 1% TILs expressing PD-L1. Interestingly, patients
receiving first-line atezolizumab therapy exhibited a better prognosis (e.g., higher ORR, median OS compared to
those receiving second-line or next), suggesting the superiority of atezolizumab combined with first-line.
Combinations of immune checkpoint inhibitors

However, most patients with TNBC do not respond well
to PD-1 or PD-L1 monotherapy; therefore, inducing a
favorable tumor immune microenvironment appears to
be particularly important. Conventional chemotherapeutic agents, such as taxane, cisplatin, and cyclophosphamide, can enhance tumor antigen release, improve the
tumor microenvironment, and add the possibility of an
antitumor response [129–131]. Biopsies before and after
NAC showed that the immune microenvironment was
altered from low TIL to high TIL, and patients with high
TIL levels exhibited improved survival [132]. For example, paclitaxel has pleiotropic immune-modulating effects
because it helps mature dendritic cells shift the T-helper
phenotype to promote the secretion of proinflammatory
cytokines and enhance the activity of C
 D8+ T cells [129].
An animal model has shown evidence that cisplatin
markedly induces tumor regression and improves survival when combined with anti-PD-1 and anti-cytotoxic
lymphocyte antigen 4 (CTLA4) [133]. These studies suggest that ICB combined with chemotherapy may achieve
a synergistic or additive clinical effect.
The efficacy of atezolizumab plus nab-paclitaxel for
locally advanced TNBC or mTNBC was assessed in the
phase III Impassion130 trial (NCT02425891) [134].
In this report, the median PFS was 7.2 m with atezolizumab and 5.5 m without atezolizumab. Among patients
with PD-L1+ (PD-L1 expression of infiltrated immune
cells accounted for ≥ 1% of the tumor area), the median
PFS was 7.5 m with atezolizumab compared to 5.0 m in
those without atezolizumab. However, in Impassion131
(NCT03125902), atezolizumab with paclitaxel failed to
improve PFS or OS compared with paclitaxel alone [135].
A new study (Impassion031, NCT03197935) on atezolizumab combined with chemotherapy in early-stage
TNBC has shown significantly improved pCR rates. The
pCR was 58% (95/165) in the atezolizumab group and
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41% (69/168) in the placebo and chemotherapy groups.
In the PD-L1-positive population, the pCR rates in the
atezolizumab and placebo groups were 69% and 49%,
respectively [136].
Pembrolizumab was approved based on results
from the KEYNOTE-355 (NCT02819518)[137]. KEYNOTE-355 enrolled untreated advanced TNBC
patients to receive pembrolizumab plus chemotherapy.
The median PFS was 9.7 m (95% CI: 7.6–11.3) in the
pembrolizumab arm and 5.6 m (95% CI: 5.3–7.5) in
the placebo arm (p = 0.0012) among patients with
CPS ≥ 10, indicating that PD-L1 enrichment affected
pembrolizumab treatment. In the KEYNOTE-522
(NCT03036488) trial, pembrolizumab was added to NAC
(paclitaxel and carboplatin-based) in patients with early
TNBC. The pCR was significantly higher in the pembrolizumab group (64.8%) than in the placebo group (51.2%,
p < 0.001); the percentage of disease progression that precluded definitive surgery was lower among those who
received pembrolizumab (7.4%) than among those who
received in the placebo group (11.8%) [138]. However,
pembrolizumab did not improve median OS in previously treated mTNBC regardless of PD-L1 CPS results
from KEYNOTE-119 (NCT02555657)[139]. These findings reveal that patients benefit more from early immunotherapy and underscore the need to screen appropriate
subgroups for immunotherapy.
A preclinical study revealed crosstalk between PARPi
and PD-L1 blockade. In cellular and animal models,
PARPi alone mediated increased expression of PD-L1,
whereas blocking PD-L1 resensitized cells to PARPi.
These findings indicate that PARPi alone can reduce the
anticancer effect through immune tolerance, but the
combination of PARPi and PD-L1 blockade intensified
the therapeutic efficacy [140]. TCGA dataset set also
provided evidence that BRCA1-mutated tumors have
higher levels of tumor-specific neoantigens, recruiting a prominent lymphocytic infiltrate and leading to a
more robust higher T cell response than BRCA1-wildtype TNBCs [133], supporting a rational strategy for
immunotherapy in combination with DNA repair targeted agents in BRCA1-associated TNBC. The results
of pembrolizumab with niraparib in BRCA1-mutated
TNBC have been described previously [36]. Another
phase II/III study (NCT04191135) exploring the addition of olaparib to pembrolizumab plus chemotherapy
in patients with advanced TNBC or mTNBC is almost
complete. NCT03801369 and NCT03167619 are studies
assessing durvalumab plus olaparib in advanced TNBC.
NCT04690855 explored atezolizumab plus talazoparib
and high-dose radiation in PD-L1-positive mTNBC.
In addition to the combination of PARPi and immunotherapy, a series of trials of immunotherapy in
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combination with other drugs have entered clinical
studies (Table 4). For example, alternative PD-1/PD-L1
ICB combined with tyrosinase inhibitors has entered
phase III studies (NCT04177108, NCT04335006, and
NCT04405505).
Although atezolizumab and pembrolizumab are the
two leading mAbs for TNBC patients, other PD-1/PD-L1
mAbs have also been developed. For example, toripalimab (JS001, NCT04085276), HLX10 (NCT04301739),
camrelizumab (NCT04613674), and avelumab (A-Brave,
NCT02926196) have already entered phase III trials, and nivolumab (NCT04159818) and spartalizumab
(NCT04802876) have been recruited for phase II trials.
Due to the current limited immune response in the context of PD-1/PD-L1 targeting, researchers have begun to
explore other targets, even double targets for ICB.
The role of chemokine receptor type 5 (CCR5) in
modulating cell migration and the immune microenvironment is a potentially meaningful target in cancer. In
the setting of cancer, increased CCR5 expression indicates a risk of tumor invasion and metastasis, and blocking CCR5 showed an exciting result in reducing tumor
metastases by greater than 98% in a murine xenograft
model [141]. Leronlimab (PRO140 targeting CCR5) initially received fast track FDA approval to treat human
immunodeficiency virus infection. Currently, breakthrough therapy designation for leronlimab has been filed
with the FDA to treat mTNBC [142]. An ongoing phase
Ib/II clinical trial is being conducted to evaluate leronlimab in combination with carboplatin in CCR5-positive
mTNBC, and preliminary analysis shows acceptable tolerability and efficacy [143]. The antibodies ipilimumab
(NCT03546686) and tremelimumab (NCT02527434),
which target CTLA4, have been assessed in TNBC. Lacnotuzumab (NCT02435680, targeting CSF1/MCSF),
tigatuzumab (NCT01307891, targeting human death
receptor 5), utomilumab (NCT02554812, targeting
CD137), and LAG525 (NCT03499899, targeting lymphocyte activation gene-3) are actively being assessed phase
II trials of TNBC.
However, ICB agents combined with conventional
chemotherapeutic agents and small-molecular inhibitors have promoted their efficacy. Radiotherapy
(NCT03004183) and other agents that promote immune
initiation, such as tumor-associated vaccines (AE37
peptide vaccine in NCT04024800), oncolytic viruses
(BT-001 in NCT04725331, talimogene laherparepvec
in NCT04725331), and adenoviral-mediated IL-12
(NCT04095689), are being assessed in clinical phase II
trials to enhance immunotherapy response. Collectively,
ICB-related regimens plus other agents that might positively modify immunogenicity will be assessed in TNBCrelated clinical trials soon.
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Table 4 Unpublished phase III trials of immunotherapy for TNBC
Drugs

Intervention

Register ID

Study population

Status

Atezolizumab

Atezolizumab to carboplatin and nabpaclitaxel

NCT02620280 Early high-risk and locally advanced TNBC

Active, not recruiting

Neoadjuvant chemotherapy with atezolizumab

NCT03281954 TNBC

Active, not recruiting

Atezolizumab plus nab-paclitaxel

NCT04148911 Inoperable locally advanced or metastatic
TNBC

Active, not recruiting

Atezolizumab plus chemotherapy

NCT03371017 Inoperable recurrent TNBC

Recruiting

Atezolizumab with adjuvant anthracycline/ NCT03498716 Stage II-III TNBC
taxane-based chemotherapy

Recruiting

Atezolizumab with ipatasertib and paclitaxel

NCT04177108 Inoperable locally advanced or metastatic
TNBC

Active, not recruiting

Avelumab as adjuvant or postneoadjuvant
treatment

NCT02926196 High-risk TNBC

Active, not recruiting

Camrelizumab

Camrelizumab plus chemotherapy

NCT04613674 Early or locally advanced TNBC

Serplulimab

Serplulimab combined with chemotherapy NCT04301739 TNBC

Avelumab

NCT04085276 Recurrent or metastatic TNBC

Recruiting
Not yet recruiting

Toripalimab

Toripalimab combined with nab-paclitaxel

Carelizumab

Carelizumab combined with nab-paclitaxel NCT04335006 Inoperable locally advanced or metastatic
and apatinib; carelizumab plus nab-pacliTNBC
taxel; or nab-paclitaxel

Recruiting

TQB2450

TQB2450 combined with anlotinib hydrochloride versus paclitaxel

Not yet recruiting

NCT04405505 TNBC

Adagloxad simolenin Anti-Globo-H vaccine adagloxad simolenin NCT03562637 Early Globo-H+ TNBC
(OBI-822)/OBI-821

Bispecific antibodies

The clinical application of mAbs is fully warranted. However, cancer is a complex reticular disease involving
multiple molecules, multiple steps, and complex mechanisms. Undeniably, certain benefits have been obtained
by blocking or stimulating a specific target with mAbs,
yet research on bispecific antibodies (BsAb) or bispecific T cell engager (BiTE) antibodies has progressed and
evolved enormously over the past decades. BsAbs are
engineered recombinant proteins designed to target two
special antigens and theoretically have better antitumor
effects. BiTE is a special BsAb that binds tumor-cell-specific antigen and cytotoxic T cells by binding and activating CD3 through a special engager to mediate cancer
cells lysis. Catumaxomab (Removab, the EpCAM/CD3
BiTE) was the first BsAb approved by the FDA in 2009
followed by blinatumomab (Blincyto, the EpCAM/CD3
BiTE) in 2014 and emicizumab (Hemlibra) in 2017.
Bintrafusp alfa is a first-in-class bifunctional fusion
protein that traps TGF-β and blocks PD-L1 in the tumor
microenvironment. Regarding its structural design, the
extracellular domain of the TGF-β RII receptor is fused
with a human antibody against PD-L1. A phase I study
of bintrafusp alfa reported a manageable safety profile,
manageable tolerability, and preliminary efficacy in various solid tumors, especially in PD-L1 expressing tumors
[144–146]. A submitted abstract of approximately 33

Recruiting

Recruiting

heavily pretreated TNBC patients from a phase I trial
(NCT02517398) reported 1 case of CR, 2 cases of PR, 5
cases of disease control, with a median OS of 7.8 months
[147]. A phase II trial of bintrafusp alfa is ongoing
(NCT04489940).
The FDA recently considered a novel anti-EGFR/
VEGFR2 BsAb [29]. Structurally, the BsAb includes the
linker of the single-chain variable fragment of ramucirumab (VEGFR2 mAb) with the cetuximab (EGFR
mAb) IgG backbone joined via a glycine linker. Therapeutically, the BsAb showed fair antitumor activity with
multiple actions: inhibiting TNBC cell proliferation,
attenuating the volume of the TNBC xenograft mouse
model, impairing ligand-induced EGFR and VEGFR2
signaling, and preventing paracrine VEGFR2 signaling
between endothelial cells and TNBC [29]. ADAM-17 is
a matrix metalloproteinases-like proteases that is highly
expressed in a variety of tumors and is an independent
predictor of breast cancer prognosis. Previous studies found that an inhibitory mAb targeting ADAM-17
D1(A12) had anticancer activity in an in vitro model
of TNBC [148]. A300E-BiTE targeting ADAM-17 also
exhibited anticancer effects in prostate cancer cell lines
[149], but the actual anti-TNBC effects of A300E-BiTE in
TNBC must be explored further.
PD-L1 and CTLA4 are vital molecules suppressing
T cell activation; hence, several BsAbs were designed
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for TNBC treatment, such as KN046 (NCT03872791,
phase Ib/II), XmAb20717 (NCT03517488 phase I), and
SI-B003 (NCT04606472, phase I). The BsAbs MGD013
(NCT03219268 and NCT04178460, both in phase I) and
GEN1046 (NCT03917381, phase I/II) are all based on
cotargeting by PD-L1 and lymphocyte activation gene-3
(LAG-3) and are also being tested in the clinic. Currently,
engineered BsAbs are no longer limited to targeting
tumor cells or tumor cells with T cells. BsAbs can target
other inflammatory cells, such as natural killer (NK) cells
or macrophages [150]. BsAbs can also target multiple
activation signals simultaneously, such as DF1001 targeting NK and T cell activation signals to HER2-positive
solid tumors (NCT04143711). Although most BsAbs
are still in clinical trials for TNBC, they offer a potent
approach.
Antibody‒drug conjugates

The specific recognition between tumor cell antigens and
antibodies can effectively direct the drug to tumor tissue rather than normal tissue. ADCs are new modified
drugs that rely on four key components: cytotoxic drugs,
a linker moiety, a humanized monoclonal antibody specifically recognizing neoplastic epitopes on cells, and
overexpressed target antigens, such as HER2, trophoblast cell-surface antigen 2 (Trop-2), glycoprotein NMB
(gpNMB) [151]. After recognizing the targeted antigens,
the entire ADC molecule is degraded, or the linker is
hydrolyzed due to specific features of the extracellular
or intracellular microenvironment (i.e., a low pH in the
high metabolic tumor microenvironment). ADCs offer
a novel, personalized therapeutic approach with highly
selective transport of agents. Sacituzumab govitecan was
the only ADC approved by the FDA in 2020 for relapsed
refractory mTNBC patients treated at least twice [123].
Glembatumumab vedotin and ladiratuzumab vedotin are
new ADC drugs being assessed in clinical trials. Table 5
describes clinical trials of ADCs and their analogs in
TNBC.
The ADC sacituzumab govitecan-hziy (IMMU-132,
trodelvy) consists of a humanized mAb targeting Trop-2
and an SN-38 payload (the active metabolite of irinotecan) joined via a cleavable CL2A linker. IMMU-132
could release both extracellular and intracellular SN-38.
Extracellular SN-38 at therapeutic concentrations kills
adjacent tumor cells, whereas internalized SN-38 kills
bound tumor cells [152]. In a phase I/II study, 69 patients
with mTNBC who had received a mean of five treatments were studied [153]. The CBR was 46% (including
stable disease for ≥ 6 months), and the objective RR was
30% with PR accounting for 90% of the RR. The median
OS was 16.6 m, and the median PFS was 6 m. Of note,
neutralizing antibodies to IMMU-132 were not detected
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after repeated cycles, indicating that IMMU-132 has
great prospects for application in early TNBC or combination therapy [154]. In another phase I/II single-group
trial recruiting refractory advanced TNBC (2 to 10 previous anticancer regimens), 108 patients were treated with
IMMU-132 [155]. Among these patients, 3 achieved CR,
and 33 achieved PR. The median response duration was
7.7 months, the overall OS was 13.0 m, and the median
PFS was 5.5 m. Remarkably, the median duration of treatment (5.1 months) was increased approximately two-fold
compared with that of previous anticancer treatment
(2.5 months).
Recently, the results of a phase III study of sacituzumab govitecan in 32 TNBC patients with metastases and recurrence within 12 months after neoadjuvant
chemotherapy were reported. PFS and OS were longer
in the sacituzumab govitecan-treated group compared
with physician’s choice (eribulin, vinorelbine, gemcitabine, or capecitabine). The mean PFS was 5.7 (2.6–8.1)
vs. 1.5 (1.4–2.6) months in the two groups; the mean OS
was 10.9 (6.9–19.5) vs. 4.9 (3.1–7.1) months, respectively
[156].
Another ADC, PF-06647020, which contains a humanized anti-protein tyrosine kinase 7 antibody that binds
to the microtubule inhibitor auristatin-0101 via a cleavable valine–citrulline linker [157], showed a 21% ORR in
a phase I trial (NCT02222922) enrolling 29 patients with
TNBC [158]. A phase I trial of PF-06647020 plus gedatolisib for treating TNBC is underway (NCT03243331).
Ladiratuzumab vedotin (SGN-LIV1A) is an ADC composed of a microtubule-disrupting agent and an antibody
aimed at LIV-1, a multispan transmembrane protein.
Preclinical data support that SGN-LIV1A is effective in
mTNBC, and an ongoing clinical trial (NCT03310957)
has evaluated the combination of SGN-LIV1A with pembrolizumab. EGFR and EpCAM are highly expressed in
TNBC and thus are potential targets for ADC drugs.
EpCAM- and EGFR-specific SNAP-tagged single-chain
antibody fragments with monomethyl auristatin E show
dose-dependent cytotoxicity in cell lines and could be
promising ADCs for TNBC [159].
Earlier studies tested the good tolerability of glembatumumab vedotin (CDX-011) in locally advanced or metastatic BC and increased PFS in gpNMB-positive tumors
[160, 161]. However, the results from the METRIC
study (NCT01997333) for patients with gpNMB-positive mTNBC demonstrated no improvement PFS over
capecitabine [162]. Mirvetuximab soravtansine, an ADC
targeting folate receptor α, was terminated due to a low
actual positive rate for folate receptor α (NCT03106077).
Other targets of ADCs such as MUC1 and the receptor
d’origine nantais could also be further validated in TNBC
[163, 164]. In addition, based on the specific binding of
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PFS: 4.2 vs. 1.7 m; OS: 9.0 vs. 10.4 m; RR: 31 vs.
15%

CBR: 20.0%
CR: 6.3%; PR: 6.3%; SD: 12.5
PFS: 8.0 vs. 9.2 m; PFS in PI3K pathway-activated population: 9.1 vs. 9.2 m

AR+ metastatic or inoperable locally TNBC
AR+ mTNBC
HER− locally advanced or mBC without prior
chemotherapy

TNBC

Stage II/III TNB

Untreated m TNBC

Early TNBC

[49]

[43]

[42]

[86]

[35]

[34]

[31]

[30]

[29]

[28]

Overall pCR: BRCA1/2 mutant 50%, no BRCA
mutant 31.5%;
Bevacizumab: BRCA1/2 mutant 61.5%, no
BRCA mutant 35.6%

RR: 22.7%

PFS: 5.9 vs. 4.2 m;
PFS with PIK3CA/AKT1/PTEN-altered: 9.3 vs.
3.7 m; OS: 19.1 vs. 12.6 m

pCR: 17% vs. 13%; pCR with PTEN-low: 16%
vs. 13%; pCR with altered PIK3CA/AKT1/PTEN
18% vs.12%

[64]

[56]

[55]

[54]

PFS: 6.2 vs. 4.9 m; PFS in PTEN-low: 6.2 vs. 3.7 m [53]

PR: 30%

HER2− mBC

pCR: 51 vs. 26%
pCR: 53.1 vs. 57.5 vs. 31.0%

Stage II-III TNBC

stage II or III H
 ER2− BC

pCR breast: 93.5 vs. 73.0%

Carboplatin with pCR breast: 60 vs. 44%;
Bevacizumab with pCR breast 59 vs. 48%; Carboplatin with pCR breast/axilla: 54 vs. 41%

DFS: 86.5 vs. 80.3%

PFS: 7.73 vs. 6.47 m

untreated inoperable, locally advanced or
mTNBC

[26]

[25]

[22]

Ref

pCR in ITT: 56.8 vs. 41.4%; pCR in germline
[27]
BRCA mutations: 65.4 vs. 66.7%; pCR in nonBRCA mutation: 55 vs. 36.4%; DFS in non-BRCA
mutation: 85.3 vs. 73.5 m

Untreated mTNBC

Operable stage I to III TNBC

Stage II to III TNBC

Operable TNBC after definitive surgery

As above

Untreated, nonmetastatic, stage II-III, TNBC and pCR: 53.2 vs 36.9%
HER2+ BC

Early-stage TNBC and BRCA1/2 mutationassociated BC

Locally advanced or m TNBC

Primary Endpoints (PFS, months; OS,
months; RR, %; pCR, % and DFS, %)

(2022) 15:121

Anthracycline and taxane-containing chemotherapy, with or without bevacizumab

Everolimus plus cisplatin

Paclitaxel with capivasertib or placebo

Ipatasertib plus paclitaxel or placebo

Paclitaxel with ipatasertib or placebo

Paclitaxel with buparlisib or placebo

Enobosarm and pembrolizumab

Abiraterone acetate plus prednisone

Eribulin and balixafortide

72

236

125

443

647

291

315

80

443

Cases Patient cohort

Veliparib + carboplatin + paclitaxel vs. carbopl- 634
atin + paclitaxel vs. paclitaxel

Veliparib with carboplatin

Cisplatin plus gemcitabine vs paclitaxel plus
gemcitabine

Docetaxel, epirubicin with or without lobaplatin

Paclitaxel + doxorubicin + cyclophosphamide + carboplatin and/or bevacizumab

Paclitaxel + carboplatin vs. cyclophosphamide + epirubicin + fluorouracil + docetaxel

As above

Paclitaxel, doxorubicin, and bevacizumab with
or without carboplatin

Ixabepilone + capecitabine vs. capecitabine
alone

Phase Regimen

NCT00080301, NCT00082433 III

Name/NCT number

Table 5 Combination treatment for TNBC
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II

II

III

III

III

III

III

NCT03394287

NCT02657889

IMpassion130

IMpassion131

IMpassion031

KEYNOTE-355

KEYNOTE-522

602

847

455

651

451

47

40

untreated stage II or stage III TNBC

untreated locally recurrent inoperable or
mTNBC

Untreated stage II-III TNBC

Untreated advanced TNBC

Untreated mTNBC

advanced or metastatic TNBC

Advanced TNBC within three lines of systemic
therapy

Cases Patient cohort

[36]

[66]

Ref

pCR: 64.8 vs. 51.2%

[138]

[137]

[136]

pCR in ITT: 57.6 vs. 41.1%; pCR with PD-L1+:
68.8 vs. 49.3%
PFS in ITT: 7.5 vs. 5.6 m; PFS in CPS of 1 or
more: 9.7 vs. 5.6 m

[135]

PFS in ITT: 5.7 vs. 5.6 m; PFS with PD-L1+: 6.0
vs. 5.7 m; OS in ITT: 14.2 vs. 14.5%; OS with
PD-L1+: 15.2 vs. 15.8%; overall RR in ITT: 54 vs.
47%; overall RR with PD-L1+: 63 vs. 55%

PFS: 7.2 vs. 5.5 m; PFS in PD-L1+: 7.5 vs. 5.0 m; [134]
OS: 21.3 vs. 17.6%; OS in PD-L1+: 25.0 vs. 15.5%

PFS: 8.3 m; ORR: 21.3%; objective RR in BRCA
mutation: 46.6%

PFS: 3.7 vs. 1.9 m; objective RR: 43.3 vs. 0.0%;
DCR: 63.3 vs. 40.0%

Primary Endpoints (PFS, months; OS,
months; RR, %; pCR, % and DFS, %)

BRCA: breast cancer susceptibility gene; CBR: clinical benefit rate; CPS: combined positive score; CR: complete remission; DCR: disease control rate; DFS, disease-free survival; OS, overall survival; pCR, pathologic complete
response; PFS, progression-free survival; PR, partial remission; RR, response rate; and SD: stable disease

Pembrolizumab + paclitaxel + carboplatin vs.
placebo + paclitaxel + carboplatin

Pembrolizumab + chemotherapy vs. placebo + chemotherapy

Nab-paclitaxel with atezolizumab or placebo

Atezolizumab-paclitaxel

Nab-paclitaxel plus atezolizumab or placebo

Niraparib and pembrolizumab

Camrelizumab with continuous apatinib or
intermittent apatinib

Phase Regimen

Name/NCT number

Table 5 (continued)
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peptides to proteins, peptides represent the novel drug
conjugates. For example, a peptide-docetaxel-conjugate
(TH1902) targeting sortilin exerts anticancer effects in
TNBC cells and tumor xenograft models [165]. A novel
analog conjugate (CX-2009, praluzatamab ravtansine)
was studied in 22 patients with advanced H
 R+/HER− BC
with the probody drug conjugate (PDC), showing that 9%
patients had partial responses and 45% of patients had
stable disease [166]. Praluzatamab ravtansine consists of
anti-CD166 mAb, DM4, and a protease-cleavable linker
covered with a shielding peptide. Therefore, praluzatamab is a novel ADC drug that is conditionally activated
in a specific tumorous microenvironment (e.g., local high
proteases) to avoid drug retention in normal tissue. PDC
exhibits a revolutionary design for reducing the toxicity of ADCs, but its efficacy in TNBC must be further
assessed.
Toxic drugs are common drugs loaded by ADCs. Several ADCs carrying immunomodulators, such as TAK573, attenuated interferon alpha-2b and showed robust
antitumor activity in nonclinical studies [167]. Therefore, the development of verified payloads able to transform the immune-suppressive microenvironment to an
antitumor microenvironment in the body, disrupt cell
signaling communication, or even change the adapted
tumor metabolic microenvironment through alterations
in oxygen supply, glycolysis, fatty acid, and amino acid
metabolism may offer broad approaches for tumor treatment. However, several limitations of ADCs need to be
improved further. For example, identification of the best
binding antigen peptides, degradation pattern, and size
are the key factors determining antibody development.
In addition, increasing the payload antibody ratio and
linking highly specific drugs to cancer cells are important issues that need to be solved. The toxic side effects
of ADCs also require alarm; for example, the clinical
development of PCA062 (an ADC targeting p-cadherin)
was terminated given the high incidence of DM1 payload-related adverse events and limited antitumor activity [168]. SAR566658 (NCT02984683), an ADC targeting
humanized DS6 (huDS6), was terminated in a phase II
trial (NCT02984683) due to an ophthalmological event.
Adoptive cell therapy (ACT)

T cell infiltration in TNBC is strongly correlated with
prognosis, suggesting that adoptive cell therapy (ACT)
offers a new therapeutic option for TNBC. ACT mainly
includes CAR-T, T cell receptor therapy (TCR), and
tumor-infiltrating lymphocyte therapy, and these methodologies all have similar principles. T cells from patients
are expanded and genetically engineered in vitro to
express synthetic TCRs or chimeric antigen receptors
(CARs) that can target specific cancer antigens after
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reinfusion into the patient [169]. These infused cells
trigger a cytotoxic immune response by recognizing
tumor-associated antigens. This technology was initially
applied to refractory hematologic malignancies. These
engineered cells mainly involve T cells, but NK cells and
CAR-M cells can also be engineered. Currently, CAR-T
cells have been widely explored in solid tumors, but they
are still in phase I clinical trials in TNBC (see Table 6).
Since the positive clinical outcome of Kymriah and Yescarta, the era of ACT was opened, and CAR-T cells have
been updated to the fifth generation. However, the treatment of ACT in TNBC is still under preliminary exploration. According to aberrantly expressed molecules in
TNBC, CAR-Ts targeting c-MET (mRNA c-Met-CAR-T)
[170], EphA10 (EphA10-specific CAR-T) [171], EGFR
(EGFR CAR-T) [172], disialoganglioside GD2 (GD2-targeted CAR-T) [173], intercellular adhesion molecule-1
(ICAM1-specific CAR-T) [174], and mesothelin (CARTmeso cells, NCT02580747) have already demonstrated
antitumor efficacy in animal models, and some of these
CAR-Ts have also been tested in clinical trials. Among
the few reported CAR-T treatments for TNBC, four
TNBC patients were treated with mRNA c-Met-CAR-T
[170]. Two cases of disease death and two cases of disease progression were reported, and this agent failed to
meet expectations. Hence, improving the effective intratumor transport of engineered activated T cells, preventing intratumor immunosuppressive signals, overcoming
tumors heterogeneity, identifying tumor-specific antigens
rather than tumor-associated antigens, and reducing the
adverse effects of cell lysis from immune overactivation
are issues that need to be addressed.
Several limitations of immunotherapy remain, but the
methodology provides considerable medical promise.
One of the most important aspects is the unsatisfactory RR to the current ICB regimens. Another concern
is that there are no valid indicators to predict the effect
of immunotherapy. The response to immunotherapy
is influenced by multiple factors in the tumor immune
microenvironment, not merely by target abundance.
In addition to TILs, tumor-associated macrophages
(TAMs) play a nonneglected immunosuppressive role
in the tumor immune microenvironment. Preventing of
the recruitment of TAMs, suppressing of the activation
of M2 TAMs, switching the M2 phenotype to the antitumor M1 subtype, depleting of the number of immunosuppressive cells, and neutralizing inhibitory chemokines
are strategies to reshape the tumor immune microenvironment [175]. Regardless, improving the survival rate
is currently a priority for anticancer treatments. Other
ICB regimens that are implemented for solid tumors,
such as camrelizumab, should be accelerated only if these
regimens offer better effects for patients with TNBC.
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Table 6 Clinical trials evaluating antibody–drug conjugates and analogues in patients with TNBC
Drugs

Category

Target

Payload

Sacituzumab govitecan

ADC

Trop-2

SN-38

Register ID

Phase

Status

NCT04468061

II

Recruiting

NCT04454437

IIb

Active

NCT04230109

II

Active

NCT04595565

III

Recruiting

Datopotamab deruxtecan

ADC

Trop-2

Deruxtecan

NCT03401385

I

Recruiting

SKB264

ADC

Trop-2

Belotecan-derived payload

NCT04152499

I-II

Recruiting

Mirvetuximab soravtansine

ADC

Folate receptor α

DM4

NCT02996825

I

Active

NCT03106077

II

Completed*

Ladiratuzumab vedotin

ADC

Zinc transporter LIV-1

MMAE

NCT03310957

Ib/II

Recruiting

NBE-002

ADC

ROR1

Anthracycline

NCT04441099

I/II

Recruiting

VLS-101

ADC

ROR1

MMAE

NCT04504916

II

Recruiting

BA3021

PDC

ROR2

Unpublished

NCT03504488

I/II

Recruiting

Camidanlumab tesirine

ADC

CD25

Pyrrolobenzodiazepine

NCT03621982

Ib

Recruiting

Praluzatamab ravtansine

PDC

CD166

DM4

NCT04596150

II

Recruiting

MGC018

ADC

CD276

Duocarmycin

NCT03729596

I/II

Recruiting

Anti-EGFR-IL-dox

Immunoliposomes

EGFR

Doxorubicin

NCT02833766

II

Unpublished

Trastuzumab deruxtecan

ADC

HER2

Deruxtecan

NCT04556773

Ib

Recruiting

Patritumab deruxtecan

ADC

HER3

Deruxtecan

NCT04699630

II

Recruiting

Anetumab ravtansine

ADC

Mesothelin

DM4

NCT03102320

Ib

Unpublished

NCT02485119

I

Unpublished

Cofetuzumab pelidotin

ADC

Protein tyrosine kinase 7

Aur0101

NCT03243331

I

Unpublished

Enfortumab vedotin

ADC

Nectin-4

MMAE

NCT04225117

II

Recruiting

BT8009

Peptide drug conjugate

Nectin-4

MMAE

NCT04561362

I/II

Recruiting

TH1902 peptide

Peptide drug conjugate

Sortilin

Docetaxel

NCT04706962

I

Recruiting

DM4: tubulin-disrupting maytansinoid DM4; EGFR: epidermal growth factor receptor; gpNMB: glycoprotein nonmetastatic melanoma protein B; HER: human
epidermal growth factor receptor; HR: Hormone receptor; MMAE: monomethyl auristatin E; ROR: receptor tyrosine kinase-like orphan receptor; SN-38: topoisomerase I
inhibitor 7-ethyl-10-hydroxycamptothecin; TNBC: triple-negative breast cancer; and Trop-2: human trophoblast cell-surface antigen 2
*Failed to enroll enough patients

Overcoming immune defects, enhancing the immune
response, controlling adverse immune reactions and
appropriate combinations will be addressed in future
research.

Combination therapies in TNBC
From the results of current TNBC clinical trials, the
benefit of a single conventional anticancer therapy or
immunotherapy is not sufficient due to tumor heterogeneity, tumor evolution and drug resistance. Therefore, combination therapy is currently the preferred
option for TNBC treatment, and we summarize the primary endpoints of clinical trials in Table 7 and the current drug combination trials for TNBC in Fig. 3. From
these studies, patients with nonadvanced TNBC had
good responses after combination therapy; however,
the prognosis of advanced TNBC still remained poor.
Among them, PD-L1+ patients treated with conventional chemotherapy combined with immunotherapy
as first-line therapy had a good prognosis [138], as
described in the Sect. 4.2. In addition, those patients

with BRCA-associated mutations have achieved a better prognosis after combination targeted therapy [64]. In
second-line treatment, the novel ADC drug sacituzumab
govitecan has been demonstrated undeniable effects
[153, 154], and the combination therapy of ADC is worth
exploring and looking forward to. Undoubtedly, precise
personalized treatment of TNBC relies on the study of
molecular expression characteristics and tumor biological mechanisms. Therefore, routine immunomolecular
expression assessment and mutation analysis of TNBC
tumor tissues are recommended, which will provide solid
evidence for determining TNBC combination therapy
regimens.

Conclusions and perspectives
Triple-negative breast cancer remains a challenging subtype of breast cancer with a poor prognosis, and currently available treatments are not sufficient to address
unresectable or recurrent TNBC tumors. In recent decades, knowledge on TNBC has increased significantly
with the development of sequencing technologies and
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Table 7 Clinical trials evaluating adoptive cell therapy in patients with TNBC
Intervention

Register ID

Study population

Phase Status

EGFR/ CD276

NCT05341492 EGFR/B7H3-positive advanced TNBC

I

Recruiting

ROR1-targeted CAR T cell (LYL797)

NCT05274451 ROR1 + relapsed or refractory TNBC

I

Recruiting

NCT04107142 Relapsed or refractory solid tumor

I

Unknown
Completed[170]

NKG2DL-targeting CAR-grafted gamma delta (γδ)
T Cells
c-Met RNA CAR T cells

NCT01837602 Metastatic breast cancer

0

CART-TnMUC1 cells

NCT04025216 Advanced TnMUC1+ TNBC

I

Recruiting

Anti-meso-CAR vector transduced T cells

NCT02580747 Relapsed or chemotherapy refractory advanced
TNBC

I

Recruiting

Mesothelin-specific chimeric antigen receptorpositive T Cells

NCT02792114 Metastatic HER2− breast cancer

I

Active, not recruiting

PD-1+ TILS

NCT05451784 Advanced or metastatic TNBC

I/II

Not yet recruiting

TC-510

NCT05451849 Advanced mesothelin-expressing Cancer

I/II

Recruiting

CAR: chimeric antigen receptors; EGFR: epidermal growth factor receptor; HER: human epidermal growth factor receptor; ROR: receptor tyrosine kinase-like orphan
receptor; TIL: tumor-infiltrating lymphocytes; and TNBC: triple-negative breast cancer

Fig. 3 Summary of current combinations for TNBC treatment in clinical trials. The therapeutic strategies include immunotherapy and various
molecular targeted therapies, including intracellular pathway inhibitors, cell cycle inhibitors, and AR inhibitors. ADCs: antibody‒drug conjugates;
BRD4: bromodomain containing 4; ICB: immune checkpoint blockade; mAb: monoclonal antibody; and PARP: poly-adenosine diphosphate ribose
polymerase
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the emergence of new drugs, which are continuously
updated in clinical trials. In this review, we summarize
recent advances to solve the heterogeneity TNBC based
on clinical and preclinical researches in the era of molecular cancer therapy and immunotherapy. At present,
breakthroughs have been made in targeting homologous
recombination defects as a new and effective therapeutic measure for TNBC, with platinum analogs and PARP
inhibitors achieving considerable results even in the
metastatic setting. In androgen receptor-positive TNBC,
AR inhibitors and key enzyme inhibitors have improved
clinical benefit rates. In addition, kinase inhibitors have
also shown good promise.
Immunotherapy is an inevitable trend for the treatment
of TNBC based on its characteristics. Immune checkpoint blockade by atezolizumab or pembrolizumab has
offered partial benefits to patients. BsAb and BiTE have
been developed to compensate for the unsatisfactory
immune response rate of single-target monoclonal antibodies. In addition, novel ADCs are emerging, among
which sacituzumab govitecan has been approved by the
FDA. The application of ACT in solid tumors is under
rapid development and, however, has not yet achieved
good efficacy. Immunotherapy is now making important
advances in the treatment of TNBC, but immunotherapy
alone is not sufficient to treat TNBC, so combination
therapy involving immunotherapy may be a better option
to improve the outcome of TNBC.
To achieve better efficacy in the treatment of TNBC,
the following aspects require continued research. First,
more research is needed to improve the efficacy of existing drugs and to overcome drug resistance. Second, in
some clinical trials, combination therapy has shown better efficacy than single drugs; however, the sequence and
timing of combination drugs still require further study.
Third, more research is needed to identify new targets,
new biomarkers, and new drugs. We believe that with
further advances in targeted therapeutic strategies for
TNBC, patients with TNBC will have the opportunity to
achieve better clinical outcomes.
In this review, we describe the subtypes and characteristics of TNBC, summarize recent advances in targeted therapy and immunotherapy, and discuss future
directions to improve the clinical outcome of TNBC
treatment. This scope of research will contribute to the
development of precise individualized treatment of
TNBC.
Abbreviations
ACT: Adoptive cell therapy; ADCs: Antibody‒drug conjugates; AR: Androgen
receptor; AXL: AXL receptor tyrosine kinase; BC: Breast cancer; BiTE: Bispecific
T cell engager; BL: Basal-like; BLIS: Basal-like immune-suppressed; BRCA: Breast
cancer susceptibility gene; BsAb: Bispecific antibody; CAR: Chimeric antigen
receptors; CAR-T: Chimeric antigen receptor T; CBR: Clinical benefit rate;
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CCR5: Chemokine receptor type 5; CDKs: Cyclin-dependent kinases; CEF-T:
Cyclophosphamide, epirubicin, and fluorouracil followed by docetaxel; CI:
Confidence interval; CPS: Combined positive score; CSCs: Cancer stem cells;
CTLA4: Cytotoxic lymphocyte antigen; CXCR4: C-X-C chemokine receptor
type 4; CYP17A1: Cytochrome P450 family 17 subfamily A, polypeptide 1; DFS:
Disease-free survival; DV1: CXCR4-binding peptide; EGFR: Epidermal growth
factor receptor; ER: Estrogen receptor; FDA: The Food and Drug Administration; FGFR: Fibroblast growth factor receptor; gpNMB: Glycoprotein NMB;
Hsp90: Heat shock protein 90; HDAC: Histone deacetylase; HER2: Human
epidermal growth factor receptor 2; HR: Hormone receptor; HRD: Homologous recombination deficiency; IAPs: Inhibitors of apoptosis proteins; ICAM1:
Intercellular adhesion molecule-1; ICB: Immune checkpoint blockade; IM:
Immunomodulatory; iTILs: Intraepithelial TILs; LAG-3: Lymphocyte activation
gene-3; LAR: Luminal androgen receptor; JAK2: Janus protein tyrosine kinase 2;
KDM4B: Histone demethylase lysine demethylase 4B; M: Mesenchymal; mAb:
Monoclonal antibody; MAPK: RAS/mitogen-activated protein kinase; mBC:
Metastatic breast cancer; mTNBC: Metastatic triple-negative breast cancer;
mTOR: Mammalian target of rapamycin; MSL: Mesenchymal-stem-like; NAC:
Neoadjuvant chemotherapy; NK: Natural killer; ORR: Overall response rate;
OS: Overall survival; PARP: The poly-adenosine diphosphate ribose polymerase; PARPi: The poly-adenosine diphosphate ribose polymerase inhibitors;
PCb: Paclitaxel plus carboplatin; pCR: Pathological complete response; PD-1:
Programmed cell death protein-1; PDC: Probody drug conjugate; PD-L1:
Programmed death-ligand 1; PDX: Patient-derived tumor xenograft; PEG:
Polyethylene glycol; PFS: Progression-free survival; PI3K: The phosphoinositol-3
kinase; PKB: Protein kinase B, also called AKT; PR: Progesterone receptor; PTEN:
Phosphatase and tensin homolog; Rb: Retinoblastoma; RCB: Residual cancer
burden; RR: Response rate; SMAC: Activator of caspases; sTILs: Stromal TILs;
TAMs: Tumor-associated macrophages; TCGA: The Cancer Genome Atlas; TCR
: T cell receptor therapy; ]TILs: Tumor-infiltrating lymphocytes; TKIs: Tyrosine
kinase inhibitors; TNBC: Triple-negative breast cancer; Trop-2: Trophoblast cellsurface antigen 2; VEGF: Vascular endothelial growth factor; VEGFR: Vascular
endothelial growth factor receptor.
Acknowledgements
Not applicable.
Author contributions
YC and SL conceived and supervised the project; YL and HZ wrote the paper,
revised the paper, and drew the tables and figures; and YM, LC, and NL helped
revise the paper. All authors read and approved the final manuscript.
Funding
This work was supported by grants from the National Natural Science Foundation of China (81974074, 81570537, and 82172654), Hunan Provincial Science
and Technology Department (2018RS3026 and 2021RC4012), and Russian
Science Foundation (No. 22–25-00868).
Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare no competing interests.
Author details
1
Department of Oncology, NHC Key Laboratory of Cancer Proteomics,
Laboratory of Structural Biology, Xiangya Hospital, Central South University,
Changsha 410008, Hunan, China. 2 School of Biological and Medical Physics,
Moscow Institute of Physics and Technology, Dolgoprudny, Moscow Region,
Russia 141700. 3 Department of Endocrinology, Xiangya Hospital, Central
South University, Changsha 410008, Hunan, China. 4 Institute of Cell Biophysics,
Russian Academy of Sciences, Pushchino, Russia 142290. 5 National Clinical

Li et al. Journal of Hematology & Oncology

(2022) 15:121

Research Center for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha 410008, Hunan, China.
Received: 4 May 2022 Accepted: 18 August 2022

References
1. Sung H, Ferlay J, Siegel R, Laversanne M, Soerjomataram I, Jemal A, et al.
Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin.
2021;71(3):209–49.
2. Garrido-Castro AC, Lin NU, Polyak K. Insights into molecular classifications of triple-negative breast cancer: improving patient selection for
treatment. Cancer Discov. 2019;9(2):176–98.
3. Hallett R, Dvorkin-Gheva A, Bane A, Hassell J. A gene signature for
predicting outcome in patients with basal-like breast cancer. Sci Rep.
2012;2:227.
4. Bonotto M, Gerratana L, Poletto E, Driol P, Giangreco M, Russo S, et al.
Measures of outcome in metastatic breast cancer: insights from a realworld scenario. Oncologist. 2014;19(6):608–15.
5. Lehmann B, Bauer J, Chen X, Sanders M, Chakravarthy A, Shyr Y, et al.
Identification of human triple-negative breast cancer subtypes and
preclinical models for selection of targeted therapies. J Clin Investig.
2011;121(7):2750–67.
6. Ge JY, Shu S, Kwon M, Jovanović B, Murphy K, Gulvady A, et al. Acquired
resistance to combined BET and CDK4/6 inhibition in triple-negative
breast cancer. Nat Commun. 2020;11(1):2350.
7. Lehmann B, Jovanović B, Chen X, Estrada M, Johnson K, Shyr Y, et al.
Refinement of triple-negative breast cancer molecular subtypes:
implications for neoadjuvant chemotherapy selection. PLoS ONE.
2016;11(6):e0157368.
8. Burstein M, Tsimelzon A, Poage G, Covington K, Contreras A, Fuqua
S, et al. Comprehensive genomic analysis identifies novel subtypes and targets of triple-negative breast cancer. Clin Cancer Res.
2015;21(7):1688–98.
9. Jiang Y, Ma D, Suo C, Shi J, Xue M, Hu X, et al. Genomic and Transcriptomic Landscape of Triple-Negative Breast Cancers: Subtypes and
Treatment Strategies. Cancer Cell. 2019;35(3):428-40.e5.
10. Jézéquel P, Loussouarn D, Guérin-Charbonnel C, Campion L, Vanier A,
Gouraud W, et al. Gene-expression molecular subtyping of triple-negative breast cancer tumours: importance of immune response. Breast
Cancer Res. 2015;17:43.
11. Denkert C, Liedtke C, Tutt A, von Minckwitz G. Molecular alterations
in triple-negative breast cancer-the road to new treatment strategies.
Lancet. 2017;389(10087):2430–42.
12. Byrski T, Dent R, Blecharz P, Foszczynska-Kloda M, Gronwald J, Huzarski T,
et al. Results of a phase II open-label, non-randomized trial of cisplatin
chemotherapy in patients with BRCA1-positive metastatic breast
cancer. Breast Cancer Res. 2012;14(4):R110.
13. Lee J, Yost S, Yuan Y. Neoadjuvant treatment for triple negative breast
cancer: recent progresses and challenges. Cancers. 2020;12(6):1404.
14. Balko JM, Giltnane JM, Wang K, Schwarz LJ, Young CD, Cook RS, et al.
Molecular profiling of the residual disease of triple-negative breast cancers after neoadjuvant chemotherapy identifies actionable therapeutic
targets. Cancer Discov. 2014;4(2):232–45.
15. Konecny G. Cyclin-dependent kinase pathways as targets for women’s
cancer treatment. Curr Opin Obstet Gynecol. 2016;28(1):42–8.
16. Yamamoto T, Kanaya N, Somlo G, Chen S. Synergistic anti-cancer
activity of CDK4/6 inhibitor palbociclib and dual mTOR kinase inhibitor
MLN0128 in pRb-expressing ER-negative breast cancer. Breast Cancer
Res Treat. 2019;174(3):615–25.
17. Matutino A, Amaro C, Verma S. CDK4/6 inhibitors in breast cancer:
beyond hormone receptor-positive HER2-negative disease. Ther Adv
Med Oncol. 2018;10:1758835918818346.
18. Patel J, Goss A, Garber J, Torous V, Richardson E, Haviland M, et al.
Retinoblastoma protein expression and its predictors in triple-negative
breast cancer. NPJ Breast Cancer. 2020;6:19.
19. ClinicalTrials.gov https://clinicaltrials.gov/ct2/show/results/NCT02
659631?term=NCT02659631&draw=2&rank=1.

Page 26 of 30

20. Wen W, Marcinkowski E, Luyimbazi D, Luu T, Xing Q, Yan J, et al. Eribulin
Synergistically Increases Anti-Tumor Activity of an mTOR Inhibitor
by Inhibiting pAKT/pS6K/pS6 in Triple Negative Breast Cancer. Cells.
2019;8(9):1010.
21. Lemjabbar-Alaoui H, Peto C, Yang Y, Jablons D. AMXI-5001, a novel dual
parp1/2 and microtubule polymerization inhibitor for the treatment of
human cancers. Am J Cancer Res. 2020;10(8):2649–76.
22. Rugo H, Roche H, Thomas E, Chung H, Lerzo G, Vasyutin I, et al. Efficacy
and safety of ixabepilone and capecitabine in patients with advanced
triple-negative breast cancer: a pooled analysis from two large phase II,
randomized clinical trials. Clin Breast Cancer. 2018;18(6):489–97.
23. Isakoff SJ, Mayer EL, He L, Traina TA, Carey LA, Krag KJ, et al. TBCRC009:
a multicenter phase II clinical trial of platinum monotherapy with
biomarker assessment in metastatic triple-negative breast cancer. J Clin
Oncol. 2015;33(17):1902–9.
24. Tutt A, Tovey H, Cheang MCU, Kernaghan S, Kilburn L, Gazinska P, et al.
Carboplatin in BRCA1/2-mutated and triple-negative breast cancer
BRCAness subgroups: the TNT Trial. Nat Med. 2018;24(5):628–37.
25. Telli ML, Jensen KC, Vinayak S, Kurian AW, Lipson JA, Flaherty PJ, et al.
Phase II study of gemcitabine, carboplatin, and iniparib as neoadjuvant
therapy for triple-negative and BRCA1/2 mutation-associated breast
cancer with assessment of a tumor-based measure of genomic instability: PrECOG 0105. J Clin Oncol. 2015;33(17):1895–901.
26. von Minckwitz G, Schneeweiss A, Loibl S, Salat C, Denkert C, Rezai M,
et al. Neoadjuvant carboplatin in patients with triple-negative and
HER2-positive early breast cancer (GeparSixto; GBG 66): a randomised
phase 2 trial. Lancet Oncol. 2014;15(7):747–56.
27. Hahnen E, Lederer B, Hauke J, Loibl S, Kröber S, Schneeweiss A,
et al. Germline mutation status, pathological complete response,
and disease-free survival in triple-negative breast cancer: secondary analysis of the geparsixto randomized clinical trial. JAMA Oncol.
2017;3(10):1378–85.
28. Yu K, Ye F, He M, Fan L, Ma D, Mo M, et al. Effect of adjuvant paclitaxel
and carboplatin on survival in women with triple-negative breast cancer: a phase 3 randomized clinical trial. JAMA Oncol. 2020;6(9):1390–6.
29. Sikov WM, Berry DA, Perou CM, Singh B, Cirrincione CT, Tolaney SM,
et al. Impact of the addition of carboplatin and/or bevacizumab to
neoadjuvant once-per-week paclitaxel followed by dose-dense doxorubicin and cyclophosphamide on pathologic complete response rates
in stage II to III triple-negative breast cancer: CALGB 40603 (Alliance). J
Clin Oncol. 2015;33(1):13–21.
30. Wu X, Tang P, Li S, Wang S, Liang Y, Zhong L, et al. A randomized and
open-label phase II trial reports the efficacy of neoadjuvant lobaplatin
in breast cancer. Nat Commun. 2018;9(1):832.
31. Hu XC, Zhang J, Xu BH, Cai L, Ragaz J, Wang ZH, et al. Cisplatin plus
gemcitabine versus paclitaxel plus gemcitabine as first-line therapy for
metastatic triple-negative breast cancer (CBCSG006): a randomised,
open-label, multicentre, phase 3 trial. Lancet Oncol. 2015;16(4):436–46.
32. Tutt A, Robson M, Garber J, Domchek S, Audeh M, Weitzel J, et al. Oral
poly(ADP-ribose) polymerase inhibitor olaparib in patients with BRCA1
or BRCA2 mutations and advanced breast cancer: a proof-of-concept
trial. Lancet. 2010;376(9737):235–44.
33. Litton JK, Scoggins ME, Hess KR, Adrada BE, Murthy RK, Damodaran
S, et al. Neoadjuvant talazoparib for patients with operable breast
cancer with a germline BRCA pathogenic variant. J Clin Oncol.
2020;38(5):388–94.
34. Rugo HS, Olopade OI, DeMichele A, Yau C, van’T Veer LJ, Buxton MB,
et al. Adaptive randomization of veliparib-carboplatin treatment in
breast cancer. New Engl J Med. 2016;375(1):23–34.
35. Loibl S, O’Shaughnessy J, Untch M, Sikov WM, Rugo HS, McKee MD,
et al. Addition of the PARP inhibitor veliparib plus carboplatin or carboplatin alone to standard neoadjuvant chemotherapy in triple-negative
breast cancer (BrighTNess): a randomised, phase 3 trial. Lancet Oncol.
2018;19(4):497–509.
36. Vinayak S, Tolaney S, Schwartzberg L, Mita M, McCann G, Tan A, et al.
Open-label clinical trial of niraparib combined with pembrolizumab
for treatment of advanced or metastatic triple-negative breast cancer.
JAMA Oncol. 2019;5:1132.
37. Konstantinopoulos P, Barry W, Birrer M, Westin S, Cadoo K, Shapiro G,
et al. Olaparib and α-specific PI3K inhibitor alpelisib for patients with

Li et al. Journal of Hematology & Oncology

38.
39.

40.

41.
42.

43.

44.

45.
46.
47.
48.

49.

50.

51.
52.

53.

54.

55.

(2022) 15:121

epithelial ovarian cancer: a dose-escalation and dose-expansion phase
1b trial. Lancet Oncol. 2019;20(4):570–80.
Traina TA, Miller K, Yardley DA, Eakle J, Schwartzberg LS, O’Shaughnessy
J, et al. Enzalutamide for the treatment of androgen receptor-expressing triple-negative breast cancer. J Clin Oncol. 2018;36(9):884–90.
Xu M, Yuan Y, Yan P, Jiang J, Ma P, Niu X, et al. Prognostic significance
of androgen receptor expression in triple negative breast cancer: a systematic review and meta-analysis. Clin Breast Cancer.
2020;20(4):e385–96.
Gucalp A, Tolaney S, Isakoff S, Ingle J, Liu M, Carey L, et al. Phase II
trial of bicalutamide in patients with androgen receptor-positive,
estrogen receptor-negative metastatic Breast Cancer. Clin Cancer Res.
2013;19(19):5505–12.
Zhou M, Zheng H, Li Y, Huang H, Min X, Dai S, et al. Discovery of a
novel AR/HDAC6 dual inhibitor for prostate cancer treatment. Aging.
2021;13(5):6982–98.
Bonnefoi H, Grellety T, Tredan O, Saghatchian M, Dalenc F, Mailliez A,
et al. A phase II trial of abiraterone acetate plus prednisone in patients
with triple-negative androgen receptor positive locally advanced or
metastatic breast cancer (UCBG 12–1). Annals Oncol. 2016;27(5):812–8.
Yuan Y, Lee J, Yost S, Frankel P, Ruel C, Egelston C, et al. A phase II clinical
trial of pembrolizumab and enobosarm in patients with androgen
receptor-positive metastatic triple-negative breast cancer. Oncologist.
2021;26(2):99-e217.
Gonzalez-Angulo A, Stemke-Hale K, Palla S, Carey M, Agarwal R,
Meric-Berstam F, et al. Androgen receptor levels and association with
PIK3CA mutations and prognosis in breast cancer. Clin Cancer Res.
2009;15(7):2472–8.
Shah S, Roth A, Goya R, Oloumi A, Ha G, Zhao Y, et al. The clonal and
mutational evolution spectrum of primary triple-negative breast cancers. Nature. 2012;486(7403):395–9.
Stemke-Hale K, Gonzalez-Angulo A, Lluch A, Neve R, Kuo W, Davies M,
et al. An integrative genomic and proteomic analysis of PIK3CA, PTEN,
and AKT mutations in breast cancer. Can Res. 2008;68(15):6084–91.
Mosele F, Stefanovska B, Lusque A, Tran Dien A, Garberis I, Droin N, et al.
Outcome and molecular landscape of patients with PIK3CA-mutated
metastatic breast cancer. Annals Oncol. 2020;31(3):377–86.
Garrido-Castro A, Saura C, Barroso-Sousa R, Guo H, Ciruelos E, Bermejo
B, et al. Phase 2 study of buparlisib (BKM120), a pan-class I PI3K inhibitor,
in patients with metastatic triple-negative breast cancer. Breast Cancer
Res. 2020;22(1):120.
Martín M, Chan A, Dirix L, O’Shaughnessy J, Hegg R, Manikhas A, et al.
A randomized adaptive phase II/III study of buparlisib, a pan-class I
PI3K inhibitor, combined with paclitaxel for the treatment of HER2advanced breast cancer (BELLE-4). Annals Oncol. 2017;28(2):313–20.
Ibrahim YH, Garcia-Garcia C, Serra V, He L, Torres-Lockhart K, Prat A, et al.
PI3K inhibition impairs BRCA1/2 expression and sensitizes BRCA-proficient triple-negative breast cancer to PARP inhibition. Cancer Discov.
2012;2(11):1036–47.
Zhao H, Yang Q, Hu Y, Zhang J. Antitumor effects and mechanisms
of olaparib in combination with carboplatin and BKM120 on human
triplenegative breast cancer cells. Oncol Rep. 2018;40(6):3223–34.
Matulonis U, Wulf G, Barry W, Birrer M, Westin S, Farooq S, et al. Phase I
dose escalation study of the PI3kinase pathway inhibitor BKM120 and
the oral poly (ADP ribose) polymerase (PARP) inhibitor olaparib for
the treatment of high-grade serous ovarian and breast cancer. Annals
Oncol. 2017;28(3):512–8.
Kim SB, Dent R, Im SA, Espié M, Blau S, Tan AR, et al. Ipatasertib plus
paclitaxel versus placebo plus paclitaxel as first-line therapy for
metastatic triple-negative breast cancer (LOTUS): a multicentre, randomised, double-blind, placebo-controlled, phase 2 trial. Lancet Oncol.
2017;18(10):1360–72.
Oliveira M, Saura C, Nuciforo P, Calvo I, Andersen J, Passos-Coelho J,
et al. FAIRLANE, a double-blind placebo-controlled randomized phase
II trial of neoadjuvant ipatasertib plus paclitaxel for early triple-negative
breast cancer. Annals Oncol. 2019;30(8):1289–97.
Schmid P, Abraham J, Chan S, Wheatley D, Brunt AM, Nemsadze G, et al.
Capivasertib plus paclitaxel versus placebo plus paclitaxel as first-line
therapy for metastatic triple-negative breast cancer: the PAKT trial. J
Clin Oncol. 2020;38(5):423–33.

Page 27 of 30

56. Anand K, Patel T, Niravath P, Rodriguez A, Darcourt J, Belcheva A, et al.
Targeting mTOR and DNA repair pathways in residual triple negative
breast cancer post neoadjuvant chemotherapy. Sci Rep. 2021;11(1):82.
57. Juric D, Castel P, Griffith M, Griffith O, Won H, Ellis H, et al. Convergent
loss of PTEN leads to clinical resistance to a PI(3)Kα inhibitor. Nature.
2015;518(7538):240–4.
58. Brigham & Women’s Hospital & Harvard Medical School Chin Lynda 9
11 Park Peter J. 12 Kucherlapati Raju 13, Genome data analysis: Baylor
College of Medicine Creighton Chad J. 22 23 Donehower Lawrence A.
22 23 24 25, Institute for Systems Biology Reynolds Sheila 31 Kreisberg
Richard B. 31 Bernard Brady 31 Bressler Ryan 31 Erkkila Timo 32 Lin Jake
31 Thorsson Vesteinn 31 Zhang Wei 33 Shmulevich Ilya 31, Oregon
Health & Science University Anur Pavana 37 Spellman Paul T. 37. Comprehensive molecular portraits of human breast tumours. Nature. 2012
Sep 23;490(7418):61–70.
59. Wang W, Oguz G, Lee PL, Bao Y, Wang P, Terp MG, et al. KDM4Bregulated unfolded protein response as a therapeutic vulnerability in
PTEN-deficient breast cancer. J Exp Med. 2018;215(11):2833–49.
60. Muellner M, Uras I, Gapp B, Kerzendorfer C, Smida M, Lechtermann H,
et al. A chemical-genetic screen reveals a mechanism of resistance to
PI3K inhibitors in cancer. Nat Chem Biol. 2011;7(11):787–93.
61. Castel P, Ellis H, Bago R, Toska E, Razavi P, Carmona F, et al. PDK1-SGK1
signaling sustains AKT-independent mTORC1 activation and confers
resistance to PI3Kα inhibition. Cancer Cell. 2016;30(2):229–42.
62. Lacal P, Graziani G. Therapeutic implication of vascular endothelial
growth factor receptor-1 (VEGFR-1) targeting in cancer cells and tumor
microenvironment by competitive and non-competitive inhibitors.
Pharmacol Res. 2018;136:97–107.
63. Barton MK. Bevacizumab in neoadjuvant chemotherapy increases the
pathological complete response rate in patients with triple-negative
breast cancer. CA Cancer J Clin. 2014;64(3):155–6.
64. Fasching PA, Loibl S, Hu C, Hart SN, Shimelis H, Moore R, et al. BRCA1/2
mutations and bevacizumab in the neoadjuvant treatment of breast
cancer: response and prognosis results in patients with triplenegative breast cancer from the GeparQuinto study. J Clin Oncol.
2018;36(22):2281–7.
65. Fan M, Zhang J, Wang Z, Wang B, Zhang Q, Zheng C, et al. Phosphorylated VEGFR2 and hypertension: potential biomarkers to indicate VEGFdependency of advanced breast cancer in anti-angiogenic therapy.
Breast Cancer Res Treat. 2014;143(1):141–51.
66. Liu J, Liu Q, Li Y, Li Q, Su F, Yao H, et al. Efficacy and safety of camrelizumab combined with apatinib in advanced triple-negative
breast cancer: an open-label phase II trial. J Immunother Cancer.
2020;8(1):e000696.
67. Diamond J, Eckhardt S, Pitts T, van Bokhoven A, Aisner D, Gustafson
D, et al. A phase II clinical trial of the Aurora and angiogenic kinase
inhibitor ENMD-2076 for previously treated, advanced, or metastatic
triple-negative breast cancer. Breast Cancer Res. 2018;20(1):82.
68. Yang X, Phillips D, Ferguson A, Nelson W, Herman J, Davidson N.
Synergistic activation of functional estrogen receptor (ER)-alpha by
DNA methyltransferase and histone deacetylase inhibition in human
ER-alpha-negative breast cancer cells. Can Res. 2001;61(19):7025–9.
69. Tan W, Allred J, Moreno-Aspitia A, Northfelt D, Ingle J, Goetz M, et al.
Phase I study of panobinostat (LBH589) and letrozole in postmenopausal metastatic breast cancer patients. Clin Breast Cancer.
2016;16(2):82–6.
70. Nie L, Wei Y, Zhang F, Hsu YH, Chan LC, Xia W, et al. CDK2-mediated sitespecific phosphorylation of EZH2 drives and maintains triple-negative
breast cancer. Nat Commun. 2019;10(1):5114.
71. Yin L, Duan J, Bian X, Yu S. Triple-negative breast cancer molecular
subtyping and treatment progress. Breast Cancer Res. 2020;22(1):61.
72. Zhang X, Kang L, Ding L, Vranic S, Gatalica Z, Wang Z. A positive feedback loop of ER-α36/EGFR promotes malignant growth of ER-negative
breast cancer cells. Oncogene. 2011;30(7):770–80.
73. Roswall P, Bocci M, Bartoschek M, Li H, Kristiansen G, Jansson S, et al.
Microenvironmental control of breast cancer subtype elicited through
paracrine platelet-derived growth factor-CC signaling. Nat Med.
2018;24(4):463–73.
74. Livasy C, Karaca G, Nanda R, Tretiakova M, Olopade O, Moore D, et al.
Phenotypic evaluation of the basal-like subtype of invasive breast
carcinoma. Modern Pathol. 2006;19(2):264–71.

Li et al. Journal of Hematology & Oncology

(2022) 15:121

75. Canonici A, Browne A, Ibrahim M, Fanning K, Roche S, Conlon N, et al.
Combined targeting EGFR and SRC as a potential novel therapeutic
approach for the treatment of triple negative breast cancer. Therap Adv
Med Oncol. 2020;12:1758835919897546.
76. Finn R, Bengala C, Ibrahim N, Roché H, Sparano J, Strauss L, et al.
Dasatinib as a single agent in triple-negative breast cancer: results of an
open-label phase 2 study. Clin Cancer Res. 2011;17(21):6905–13.
77. Baselga J, Albanell J, Ruiz A, Lluch A, Gascón P, Guillém V, et al. Phase
II and tumor pharmacodynamic study of gefitinib in patients with
advanced breast cancer. J Clin Oncol. 2005;23(23):5323–33.
78. Liao W, Ho Y, Lin Y, Naveen Raj E, Liu K, Chen C, et al. Targeting EGFR
of triple-negative breast cancer enhances the therapeutic efficacy of
paclitaxel- and cetuximab-conjugated nanodiamond nanocomposite.
Acta Biomater. 2019;86:395–405.
79. Pearson A, Smyth E, Babina I, Herrera-Abreu M, Tarazona N, Peckitt C,
et al. High-level clonal FGFR amplification and response to FGFR inhibition in a translational clinical trial. Cancer Discov. 2016;6(8):838–51.
80. Turner N, Lambros M, Horlings H, Pearson A, Sharpe R, Natrajan R, et al.
Integrative molecular profiling of triple negative breast cancers identifies amplicon drivers and potential therapeutic targets. Oncogene.
2010;29(14):2013–23.
81. André F, Cortés J. Rationale for targeting fibroblast growth factor receptor signaling in breast cancer. Breast Cancer Res Treat. 2015;150(1):1–8.
82. Yue S, Li Y, Chen X, Wang J, Li M, Chen Y, et al. FGFR-TKI resistance in
cancer: current status and perspectives. J Hematol Oncol. 2021;14(1):23.
83. Wu D, Guo M, Min X, Dai S, Li M, Tan S, et al. LY2874455 potently inhibits
FGFR gatekeeper mutants and overcomes mutation-based resistance.
Chem Commun. 2018;54(85):12089–92.
84. Shao M, Chen X, Yang F, Song X, Zhou Y, Lin Q, et al. Design, synthesis,
and biological evaluation of aminoindazole derivatives as highly selective covalent inhibitors of wild-type and gatekeeper mutant FGFR4. J
Med Chem. 2022;65(6):5113–33.
85. Guo M, Duan Y, Dai S, Li J, Chen X, Qu L, et al. Structural study of
ponatinib in inhibiting SRC kinase. Biochem Biophys Res Commun.
2022;598:15–9.
86. Pernas S, Martin M, Kaufman PA, Gil-Martin M, Gomez Pardo P, LopezTarruella S, et al. Balixafortide plus eribulin in HER2-negative metastatic
breast cancer: a phase 1, single-arm, dose-escalation trial. Lancet Oncol.
2018;19(6):812–24.
87. Liu D, Guo P, McCarthy C, Wang B, Tao Y, Auguste D. Peptide density
targets and impedes triple negative breast cancer metastasis. Nat Commun. 2018;9(1):2612.
88. Rhodes L, Short S, Neel N, Salvo V, Zhu Y, Elliott S, et al. Cytokine receptor CXCR4 mediates estrogen-independent tumorigenesis, metastasis,
and resistance to endocrine therapy in human breast cancer. Can Res.
2011;71(2):603–13.
89. Jiang Y, 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(2):178–86.
90. Synnott N, Murray A, McGowan P, Kiely M, Kiely P, O’Donovan N, et al.
Mutant p53: a novel target for the treatment of patients with triplenegative breast cancer? Int J Cancer. 2017;140(1):234–46.
91. Cai D, Wang J, Gao B, Li J, Wu F, Zou JX, et al. RORγ is a targetable master
regulator of cholesterol biosynthesis in a cancer subtype. Nat Commun.
2019;10(1):4621.
92. Ouyang L, Zhang L, Fu L, Liu B. A small-molecule activator induces
ULK1-modulating autophagy-associated cell death in triple negative
breast cancer. Autophagy. 2017;13(4):777–8.
93. Merino D, Whittle JR, Vaillant F, Serrano A, Gong JN, Giner G, et al. Synergistic action of the MCL-1 inhibitor S63845 with current therapies in
preclinical models of triple-negative and HER2-amplified breast cancer.
Sci Transl Med. 2017;9(401).
94. Hatem E, Azzi S, El Banna N, He T, Heneman-Masurel A, Vernis L, et al.
Auranofin/vitamin C: a novel drug combination targeting triple-negative breast cancer. J Natl Cancer Inst. 2019;111(6):597–608.
95. Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J, Cervera N, Finetti
P, et al. Breast cancer cell lines contain functional cancer stem cells
with metastatic capacity and a distinct molecular signature. Can Res.
2009;69(4):1302–13.

Page 28 of 30

96. Creighton C, Li X, Landis M, Dixon J, Neumeister V, Sjolund A, et al.
Residual breast cancers after conventional therapy display mesenchymal as well as tumor-initiating features. Proc Natl Acad Sci USA.
2009;106(33):13820–5.
97. Mani S, Guo W, Liao M, Eaton E, Ayyanan A, Zhou A, et al. The epithelialmesenchymal transition generates cells with properties of stem cells.
Cell. 2008;133(4):704–15.
98. Shipitsin M, Campbell L, Argani P, Weremowicz S, Bloushtain-Qimron N,
Yao J, et al. Molecular definition of breast tumor heterogeneity. Cancer
Cell. 2007;11(3):259–73.
99. Bierie B, Moses H. Tumour microenvironment: TGFbeta: the molecular
Jekyll and Hyde of cancer. Nat Rev Cancer. 2006;6(7):506–20.
100. Bhola N, Balko J, Dugger T, Kuba M, Sánchez V, Sanders M, et al. TGF-β
inhibition enhances chemotherapy action against triple-negative
breast cancer. J Clin Investig. 2013;123(3):1348–58.
101. Padua D, Zhang X, Wang Q, Nadal C, Gerald W, Gomis R, et al. TGFbeta
primes breast tumors for lung metastasis seeding through angiopoietin-like 4. Cell. 2008;133(1):66–77.
102. Harrison H, Farnie G, Howell S, Rock R, Stylianou S, Brennan K, et al.
Regulation of breast cancer stem cell activity by signaling through the
Notch4 receptor. Can Res. 2010;70(2):709–18.
103. DiMeo T, Anderson K, Phadke P, Fan C, Feng C, Perou C, et al. A novel
lung metastasis signature links Wnt signaling with cancer cell selfrenewal and epithelial-mesenchymal transition in basal-like breast
cancer. Can Res. 2009;69(13):5364–73.
104. Marotta L, Almendro V, Marusyk A, Shipitsin M, Schemme J, Walker
S, et al. The JAK2/STAT3 signaling pathway is required for growth of
CD44+CD24− stem cell-like breast cancer cells in human tumors. J Clin
Investig. 2011;121(7):2723–35.
105. Lynce F, Williams J, Regan M, Bunnell C, Freedman R, Tolaney S, et al.
Phase I study of JAK1/2 inhibitor ruxolitinib with weekly paclitaxel
for the treatment of HER2-negative metastatic breast cancer. Cancer
Chemother Pharmacol. 2021;87(5):673–9.
106. Lewis K, Bharadwaj U, Eckols T, Kolosov M, Kasembeli M, Fridley C,
et al. Small-molecule targeting of signal transducer and activator of
transcription (STAT) 3 to treat non-small cell lung cancer. Lung Cancer.
2015;90(2):182–90.
107. Bharadwaj U, Eckols T, Xu X, Kasembeli M, Chen Y, Adachi M, et al. Smallmolecule inhibition of STAT3 in radioresistant head and neck squamous
cell carcinoma. Oncotarget. 2016;7(18):26307–30.
108. Jung K, Yoo W, Stevenson H, Deshpande D, Shen H, Gagea M,
et al. Multifunctional effects of a small-molecule STAT3 inhibitor
on NASH and hepatocellular carcinoma in mice. Clin Cancer Res.
2017;23(18):5537–46.
109. Kettner N, Vijayaraghavan S, Durak M, Bui T, Kohansal M, Ha M, et al.
Combined inhibition of STAT3 and DNA repair in palbociclib-resistant
ER-positive breast cancer. Clin Cancer Res. 2019;25(13):3996–4013.
110. Dubrez L, Berthelet J, Glorian V. IAP proteins as targets for drug development in oncology. Onco Targets Ther. 2013;9:1285–304.
111. Du C, Fang M, Li Y, Li L, Wang X. Smac, a mitochondrial protein that
promotes cytochrome c-dependent caspase activation by eliminating
IAP inhibition. Cell. 2000;102(1):33–42.
112. Chai J, Du C, Wu J, Kyin S, Wang X, Shi Y. Structural and biochemical basis of apoptotic activation by Smac/DIABLO. Nature.
2000;406(6798):855–62.
113. Cai Q, Sun H, Peng Y, Lu J, Nikolovska-Coleska Z, McEachern D, et al.
A potent and orally active antagonist (SM-406/AT-406) of multiple
inhibitor of apoptosis proteins (IAPs) in clinical development for cancer
treatment. J Med Chem. 2011;54(8):2714–26.
114. Hurwitz H, Smith D, Pitot H, Brill J, Chugh R, Rouits E, et al. Safety, pharmacokinetics, and pharmacodynamic properties of oral DEBIO1143 (AT406) in patients with advanced cancer: results of a first-in-man study.
Cancer Chemother Pharmacol. 2015;75(4):851–9.
115. Bardia A, Parton M, Kümmel S, Estévez L, Huang C, Cortés J, et al. Paclitaxel With inhibitor of apoptosis antagonist, LCL161, for localized triplenegative breast cancer, prospectively stratified by gene signature in a
biomarker-driven neoadjuvant trial. J Clin Oncol. 2018:JCO2017748392.
116. Beliakoff J, Whitesell L. Hsp90: an emerging target for breast cancer
therapy. Anticancer Drugs. 2004;15(7):651–62.
117. Wu J, Liu T, Rios Z, Mei Q, Lin X, Cao S. Heat shock proteins and cancer.
Trends Pharmacol Sci. 2017;38(3):226–56.

Li et al. Journal of Hematology & Oncology

(2022) 15:121

118. Woodhead A, Angove H, Carr M, Chessari G, Congreve M, Coyle J, et al.
Discovery of (2,4-dihydroxy-5-isopropylphenyl)-[5-(4-methylpiperazin1-ylmethyl)-1,3-dihydroisoindol-2-yl]methanone (AT13387), a novel
inhibitor of the molecular chaperone Hsp90 by fragment based drug
design. J Med Chem. 2010;53(16):5956–69.
119. Shapiro G, Kwak E, Dezube B, Yule M, Ayrton J, Lyons J, et al. First-inhuman phase I dose escalation study of a second-generation nonansamycin HSP90 inhibitor, AT13387, in patients with advanced solid
tumors. Clin Cancer Res. 2015;21(1):87–97.
120. Do K, Speranza G, Chang L, Polley E, Bishop R, Zhu W, et al. Phase I study
of the heat shock protein 90 (Hsp90) inhibitor onalespib (AT13387)
administered on a daily for 2 consecutive days per week dosing
schedule in patients with advanced solid tumors. Invest New Drugs.
2015;33(4):921–30.
121. Kim J, Cho T, Park J, Park S, Park M, Nam K, et al. A novel HSP90 inhibitor
SL-145 suppresses metastatic triple-negative breast cancer without
triggering the heat shock response. Oncogene. 2022;41(23):3289–97.
122. Jia H, Truica CI, Wang B, Wang Y, Ren X, Harvey HA, et al. Immunotherapy for triple-negative breast cancer: Existing challenges and exciting
prospects. Drug Resist Updat. 2017;32:1–15.
123. US Food and Drug Administration website http://www.accessdata.fda.
gov/.
124. Gruosso T, Gigoux M, Manem VSK, Bertos N, Zuo D, Perlitch I, et al. Spatially distinct tumor immune microenvironments stratify triple-negative
breast cancers. J Clin Investig. 2019;129(4):1785–800.
125. Adams S, Gray RJ, Demaria S, Goldstein L, Perez EA, Shulman LN, et al.
Prognostic value of tumor-infiltrating lymphocytes in triple-negative
breast cancers from two phase III randomized adjuvant breast cancer
trials: ECOG 2197 and ECOG 1199. J Clin Oncol. 2014;32(27):2959–66.
126. Gatalica Z, Snyder C, Maney T, Ghazalpour A, Holterman D, Xiao N, et al.
Programmed cell death 1 (PD-1) and its ligand (PD-L1) in common cancers and their correlation with molecular cancer type. Cancer Epidemiol
Biomark Prev. 2014;23(12):2965–70.
127. Nanda R, Chow LQ, Dees EC, Berger R, Gupta S, Geva R, et al. Pembrolizumab in patients with advanced triple-negative breast cancer: phase
Ib KEYNOTE-012 Study. J Clin Oncol. 2016;34(21):2460–7.
128. Emens L, Cruz C, Eder J, Braiteh F, Chung C, Tolaney S, et al. Long-term
clinical outcomes and biomarker analyses of atezolizumab therapy for
patients with metastatic triple-negative breast cancer: a phase 1 study.
JAMA Oncol. 2019;5(1):74–82.
129. Emens L, Middleton G. The interplay of immunotherapy and
chemotherapy: harnessing potential synergies. Cancer Immunol Res.
2015;3(5):436–43.
130. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunological
effects of conventional chemotherapy and targeted anticancer agents.
Cancer Cell. 2015;28(6):690–714.
131. Marra A, Viale G, Curigliano G. Recent advances in triple negative breast
cancer: the immunotherapy era. BMC Med. 2019;17(1):90.
132. Dieci M, Criscitiello C, Goubar A, Viale G, Conte P, Guarneri V, et al. Prognostic value of tumor-infiltrating lymphocytes on residual disease after
primary chemotherapy for triple-negative breast cancer: a retrospective
multicenter study. Annals Oncol. 2014;25(3):611–8.
133. Nolan E, Savas P, Policheni AN, Darcy PK, Vaillant F, Mintoff CP, et al.
Combined immune checkpoint blockade as a therapeutic strategy
for BRCA1-mutated breast cancer. Science translational medicine.
2017;9(393).
134. Schmid P, Adams S, Rugo HS, Schneeweiss A, Barrios CH, Iwata H, et al.
Atezolizumab and Nab-paclitaxel in advanced triple-negative breast
cancer. N Engl J Med. 2018;379(22):2108–21.
135. Miles D, Gligorov J, André F, Cameron D, Schneeweiss A, Barrios C, et al.
Primary results from IMpassion131, a double-blind, placebo-controlled,
randomised phase III trial of first-line paclitaxel with or without atezolizumab for unresectable locally advanced/metastatic triple-negative
breast cancer. Annals Oncol. 2021;32(8):994–1004.
136. Mittendorf E, Zhang H, Barrios C, Saji S, Jung K, Hegg R, et al. Neoadjuvant atezolizumab in combination with sequential nab-paclitaxel and
anthracycline-based chemotherapy versus placebo and chemotherapy in patients with early-stage triple-negative breast cancer
(IMpassion031): a randomised, double-blind, phase 3 trial. Lancet.
2020;396(10257):1090–100.

Page 29 of 30

137. Cortes J, Cescon D, Rugo H, Nowecki Z, Im S, Yusof M, et al. Pembrolizumab plus chemotherapy versus placebo plus chemotherapy for previously untreated locally recurrent inoperable or metastatic triple-negative breast cancer (KEYNOTE-355): a randomised, placebo-controlled,
double-blind, phase 3 clinical trial. Lancet. 2020;396(10265):1817–28.
138. Schmid P, Cortes J, Pusztai L, McArthur H, Kümmel S, Bergh J, et al.
Pembrolizumab for early triple-negative breast cancer. N Engl J Med.
2020;382(9):810–21.
139. Winer E, Lipatov O, Im S, Goncalves A, Muñoz-Couselo E, Lee K,
et al. Pembrolizumab versus investigator-choice chemotherapy for
metastatic triple-negative breast cancer (KEYNOTE-119): a randomised,
open-label, phase 3 trial. Lancet Oncol. 2021;22(4):499–511.
140. Jiao S, Xia W, Yamaguchi H, Wei Y, Chen M, Hsu J, et al. PARP inhibitor
upregulates PD-L1 expression and enhances cancer-associated immunosuppression. Clin Cancer Res. 2017;23(14):3711–20.
141. Jiao X, Wang M, Zhang Z, Li Z, Ni D, Ashton A, et al. Leronlimab, a
humanized monoclonal antibody to CCR5, blocks breast cancer cellular metastasis and enhances cell death induced by DNA damaging
chemotherapy. Breast Cancer Res. 2021;23(1):11.
142. The Cytodyn Website https://www.cytodyn.com/newsroom/press-
releases/detail/372/cytodyn-files-for-breakthrough-therapy-desig
nation-with-the.
143. Massimo Cristofanilli, Milana Dolezal, Jay Lalezari, Hallgeir Rui, Bruce
Patterson, Cha-Mei Tang, Daniel Adams, Qiang Zhang, Kazem Kazempour, Nader Pourhassan, Natalie Rabb, Kush Dhody. Phase Ib/II study
of leronlimab (PRO 140) combined with carboplatin in CCR5+ mTNBC
patients [abstract]. In: Proceedings of the Annual Meeting of the American Association for Cancer Research 2020; 2020 Apr 27–28 and Jun
22–24. Philadelphia (PA): AACR; Cancer Res 2020;80(16 Suppl):Abstract
nr CT233.
144. Yoo C, Oh D, Choi H, Kudo M, Ueno M, Kondo S, et al. Phase I study of
bintrafusp alfa, a bifunctional fusion protein targeting TGF-β and PD-L1,
in patients with pretreated biliary tract cancer. J Immunother Cancer.
2020;8(1):e000564.
145. Paz-Ares L, Kim T, Vicente D, Felip E, Lee D, Lee K, et al. Bintrafusp alfa, a
bifunctional fusion protein targeting TGF-β and PD-L1, in second-line
treatment of patients with NSCLC: results from an expansion cohort of
a phase 1 trial. J Thoracic Oncol. 2020;15(7):1210–22.
146. Cho B, Daste A, Ravaud A, Salas S, Isambert N, McClay E, et al. Bintrafusp
alfa, a bifunctional fusion protein targeting TGF-β and PD-L1, in
advanced squamous cell carcinoma of the head and neck: results from
a phase I cohort. J Immunother Cancer. 2020;8(2):e000664.
147. Alexander Spira, Ahmad Awada, Nicolas Isambert, David Lorente
Estellés, John Nemunaitis, Nicolas Penel, Laureen S Ojalvo, Christoph
Helwig, Christian Borel. Bintrafusp alfa (M7824), a bifunctional fusion
protein targeting transforming growth factor-β and programmed
death ligand 1, in advanced triple-negative breast cancer: Preliminary
results from a phase 1 cohort [abstract]. In: Proceedings of the 2019 San
Antonio Breast Cancer Symposium; 2019 Dec 10–14; San Antonio, TX.
Philadelphia (PA): AACR; Cancer Res 2020;80(4 Suppl):P3-09-06.
148. Caiazza F, McGowan P, Mullooly M, Murray A, Synnott N, O’Donovan N,
et al. Targeting ADAM-17 with an inhibitory monoclonal antibody has
antitumour effects in triple-negative breast cancer cells. Br J Cancer.
2015;112(12):1895–903.
149. Yamamoto K, Trad A, Baumgart A, Hüske L, Lorenzen I, Chalaris A,
et al. A novel bispecific single-chain antibody for ADAM17 and CD3
induces T-cell-mediated lysis of prostate cancer cells. Biochem J.
2012;445(1):135–44.
150. Dees S, Ganesan R, Singh S, Grewal I. Bispecific antibodies for triple
negative breast cancer. Trends in cancer. 2021;7(2):162–73.
151. Su Z, Xiao D, Xie F, Liu L, Wang Y, Fan S, et al. Antibody–drug conjugates: recent advances in linker chemistry. Acta Pharm Sinica B.
2021;11(12):3889–907.
152. Sharkey R, McBride W, Cardillo T, Govindan S, Wang Y, Rossi E, et al.
Enhanced delivery of SN-38 to human tumor xenografts with an antitrop-2-SN-38 antibody conjugate (sacituzumab govitecan). Clin Cancer
Res. 2015;21(22):5131–8.
153. Bardia A, Mayer IA, Diamond JR, Moroose RL, Isakoff SJ, Starodub AN,
et al. Efficacy and safety of anti-trop-2 antibody drug conjugate Sacituzumab Govitecan (IMMU-132) in heavily pretreated patients with metastatic triple-negative breast cancer. J Clin Oncol. 2017;35(19):2141–8.

Li et al. Journal of Hematology & Oncology

(2022) 15:121

154. Burki TK. Sacituzumab govitecan activity in advanced breast cancer.
Lancet Oncol. 2017;18(5):e246.
155. Bardia A, Mayer IA, Vahdat LT, Tolaney SM, Isakoff SJ, Diamond JR, et al.
Sacituzumab govitecan-hziy in refractory metastatic triple-negative
breast cancer. N Engl J Med. 2019;380(8):741–51.
156. Carey L, Loirat D, Punie K, Bardia A, Diéras V, Dalenc F, et al. Sacituzumab
govitecan as second-line treatment for metastatic triple-negative
breast cancer-phase 3 ASCENT study subanalysis. NPJ Breast Cancer.
2022;8(1):72.
157. Damelin M, Bankovich A, Bernstein J, Lucas J, Chen L, Williams S, et al.
A PTK7-targeted antibody-drug conjugate reduces tumor-initiating
cells and induces sustained tumor regressions. Science translational
medicine. 2017;9(372).
158. Maitland M, Sachdev J, Sharma M, Moreno V, Boni V, Kummar S, et al.
First-in-human study of PF-06647020 (Cofetuzumab Pelidotin), an antibody-drug conjugate targeting protein tyrosine kinase 7, in advanced
solid tumors. Clin Cancer Res. 2021;27(16):4511–20.
159. Zhang C, Sheng W, Al-Rawe M, Mohiuddin T, Niebert M, Zeppernick F,
et al. EpCAM- and EGFR-specific antibody drug conjugates for triplenegative breast cancer treatment. Int J Mol Sci. 2022;23(11):6122.
160. Yardley DA, Weaver R, Melisko ME, Saleh MN, Arena FP, Forero A, et al.
EMERGE: a randomized phase II Study of the antibody-drug conjugate
glembatumumab vedotin in advanced glycoprotein NMB-expressing
breast cancer. J Clin Oncol. 2015;33(14):1609–19.
161. Bendell J, Saleh M, Rose AA, Siegel PM, Hart L, Sirpal S, et al. Phase I/
II study of the antibody-drug conjugate glembatumumab vedotin in
patients with locally advanced or metastatic breast cancer. J Clin Oncol.
2014;32(32):3619–25.
162. Vahdat L, Schmid P, Forero-Torres A, Blackwell K, Telli M, Melisko M,
et al. Glembatumumab vedotin for patients with metastatic, gpNMB
overexpressing, triple-negative breast cancer (“METRIC”): a randomized
multicenter study. NPJ Breast Cancer. 2021;7(1):57.
163. Yao H, Suthe S, Hudson R, Wang M. Antibody-drug conjugates targeting RON receptor tyrosine kinase as a novel strategy for treatment of
triple-negative breast cancer. Drug Discov Today. 2020;25(7):1160–73.
164. Nicolazzi C, Caron A, Tellier A, Trombe M, Pinkas J, Payne G, et al.
An antibody-drug conjugate targeting MUC1-associated carbohydrate CA6 shows promising antitumor activities. Mol Cancer Ther.
2020;19(8):1660–9.
165. Demeule M, Charfi C, Currie J, Larocque A, Zgheib A, Kozelko S,
et al. TH1902, a new docetaxel-peptide conjugate for the treatment of sortilin-positive triple-negative breast cancer. Cancer Sci.
2021;112(10):4317–34.
166. Boni V, Fidler M, Arkenau H, Spira A, Meric-Bernstam F, Uboha N, et al.
Praluzatamab ravtansine, a CD166-targeting antibody-drug conjugate,
in patients with advanced solid tumors: an open-label phase I/II trial.
Clin Cancer Res Offl J Am Assoc Cancer Res. 2022;28(10):2020–9.
167. Vogl D, Kaufman J, Holstein S, Nadeem O, O’Donnell E, Suryanarayan K,
Collins S, Parot X, Chaudhry M. TAK-573, an anti-CD38/attenuated Ifnα
fusion protein, has clinical activity and modulates the Ifnα receptor
(IFNAR) pathway in patients with relapsed/refractory multiple myeloma.
Blood. 2020;136:37–8. https://doi.org/10.1182/blood-2020-141219.
168. Duca M, Lim D, Subbiah V, Takahashi S, Sarantopoulos J, Varga A, et al.
A first-in-human, phase I, multicenter, open-label, dose-escalation
study of PCA062: an antibody-drug conjugate targeting p-cadherin, in
patients with solid tumors. Mol Cancer Ther. 2022;21(4):625–34.
169. Corti C, Venetis K, Sajjadi E, Zattoni L, Curigliano G, Fusco N. CAR-T
cell therapy for triple-negative breast cancer and other solid
tumors: preclinical and clinical progress. Expert Opin Investig Drugs.
2022;31(6):593–605.
170. Tchou J, Zhao Y, Levine B, Zhang P, Davis M, Melenhorst J, et al. Safety
and efficacy of intratumoral injections of chimeric antigen receptor (CAR) T cells in metastatic breast cancer. Cancer Immunol Res.
2017;5(12):1152–61.
171. Cha J, Chan L, Wang Y, Chu Y, Wang C, Lee H, et al. Ephrin receptor A10
monoclonal antibodies and the derived chimeric antigen receptor T
cells exert an antitumor response in mouse models of triple-negative
breast cancer. J Biol Chem. 2022;298(4):101817.
172. Liu Y, Zhou Y, Huang K, Li Y, Fang X, An L, et al. EGFR-specific CAR-T cells
trigger cell lysis in EGFR-positive TNBC. Aging. 2019;11(23):11054–72.

Page 30 of 30

173. Seitz C, Schroeder S, Knopf P, Krahl A, Hau J, Schleicher S, et al. GD2targeted chimeric antigen receptor T cells prevent metastasis formation
by elimination of breast cancer stem-like cells. Oncoimmunology.
2020;9(1):1683345.
174. Wei H, Wang Z, Kuang Y, Wu Z, Zhao S, Zhang Z, et al. Intercellular
adhesion molecule-1 as target for CAR-T-cell therapy of triple-negative
breast cancer. Front Immunol. 2020;11:573823.
175. Santoni M, Romagnoli E, Saladino T, Foghini L, Guarino S, Capponi M,
et al. Triple negative breast cancer: key role of tumor-associated macrophages in regulating the activity of anti-PD-1/PD-L1 agents. Biochim
Biophys Acta. 2018;1869(1):78–84.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

