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Abstract

Introduction: Triple-negative breast cancer (TNBC) is an aggressive type of breast cancer
associated with poor prognosis and limited treatment options. Validated prognostic and predictive
biomarkers are needed to guide treatment decisions and prognostication.

Areas covered: In this review, we discuss established and developing prognostic and predictive
biomarkers in TNBC and associated emerging and approved therapies. Biomarkers reviewed
include epidermal growth factor receptor (EGFR), vascular endothelial growth factors (VEGF),
fibroblast growth factor receptor (FGFR), human epidermal growth factor receptor 2 (HER2),
androgen receptor, NOTCH signaling, oxidative stress/redox signaling, microRNAs, 7P53
mutation, breast cancer susceptibility gene 1 or 2 (BRCA1/2) mutation/homologous recombination
deficiency (HRD), NTRK gene fusion, PI3K/AKT/mTOR, immune biomarkers (programmed
death-ligand 1 (PDL1), tumor-infiltrating lymphocytes (TILs), tumor mutational burden (TMB),
neoantigens, defects in DNA mismatch repair proteins (dAMMR)/microsatellite instability-high
(MSI-H)), circulating tumor cells/cell-free DNA, novel targets of antibody-drug conjugates, and
residual disease.

Expert opinion: Biomarker-driven care in the management of TNBC is increasing and has
helped expand options for patients diagnosed with this subtype of breast cancer. Research efforts
are ongoing to identify additional biomarkers and targeted treatment options with the ultimate goal
of improving clinical outcomes and survivorship.
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Introduction

Triple-negative breast cancer (TNBC) represents approximately 15% of invasive breast
cancer (BC). TNBC is defined by the absence of estrogen receptor/progesterone receptor
and human epidermal growth factor receptor 2 (HER2) expression. TNBC is more prevalent
in premenopausal women, African American women, and deleterious breast cancer
susceptibility gene 1 or 2 (BRCA 1/2) mutation carriers. TNBC has a poor prognosis in
relation to other BC subtypes. Patients present with a more aggressive clinical course,
including advanced stage at initial diagnosis, earlier recurrence with metastatic spread, and
decreased overall survival (OS) [1,2].

Patients with TNBC have diverse clinical outcomes, including heterogeneous rates of
pathologic complete response (pCR) after neoadjuvant chemotherapy (NACT) in early-stage
disease as well as varying response to therapy and subsequent survival in the metastatic
setting [3]. Genetic tumor heterogeneity may largely attribute to this phenomenon [4,5].
Major genomic sequencing efforts have increased our insight into the molecular
heterogeneity of TNBC. Approximately 70% of TNBC overlaps with the basal-like intrinsic
subtype. Molecular subtypes of TNBC have also been identified by Lehmann et al., which
include basal-like 1 (BL1), basal-like 2 (BL2), immunomodulatory (IM), mesenchymal (M),
mesenchymal stem-like (MSL), and luminal androgen receptor (LAR) [4]. These were
further classified into four subtypes by Burstein et al.: androgen receptor (AR) positive,
mesenchymal, basal-like immune suppressed, and basal-like immune activated [5]. Several
studies have shown these subtypes may be able to predict response to targeted therapy.
However, these subtypes are not routinely used in clinical practice and cytotoxic
chemotherapy remains the main therapeutic option.

Further understanding of the molecular and transcriptonomic characterization of TNBC may
lead to new molecularly targeted therapy in TNBC. In this review, we describe clinically
important mechanisms of tumorigenesis (Figure 1), and associated predictive and prognostic
biomarkers (Table 1). We further discuss associated therapeutic targets if applicable, both
emerging and approved (Figure 2). Ultimately, these classifications will pave the way for
more precise therapies and effective personalized medicine for patients diagnosed with
TNBC. We will highlight such clinically significant pathways involving protein, RNA, and
DNA targets.

Protein expression as prognostic biomarkers in TNBC

A series of protein biomarkers have been evaluated in TNBC. We discuss the pertinent
protein targets and their potential druggable strategies.

Epidermal growth factor receptor

The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that belongs to
the ErbB family and is involved in angiogenesis, cell proliferation, metastases as well as
inhibition of apoptosis. Studies have demonstrated that EGFR protein expression is more
frequently overexpressed in TNBC compared to other subtypes. The frequency of
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overexpression of EGFR can vary greatly from 13% to 76% [6]. EGFR expression has been
shown to be an independent prognostic indicator of worse disease-free survival (DFS) and
OS [7,8]. Due to the high frequency of EGFR expression in TNBC, EGFR tyrosine kinase
inhibitors (TKI) as well as anti-EGFR monoclonal antibodies have been studied alone and in
combination with chemotherapy and the results were underwhelming with no benefit seen in
the early stage [9,10] or metastatic setting [11-13].

1.2. Vascular endothelial growth factors

Vascular endothelial growth factors (VEGFs) are expressed in 30-60% of TNBC [3]. VEGF
promotes angiogenesis by stimulating endothelial cell proliferation and migration, inhibiting
endothelial cell apoptosis, and supporting newly formed blood vessels [14]. One study found
that patients with TNBC had significantly higher rates of intra-tumoral VEGF compared
with non-TNBC patients [15]. In this study, patients with TNBC had shorter recurrence-free
survival, BC corrected survival, and OS.

Given that angiogenesis is thought to be a key component driving tumor cell proliferation
and survival, bevacizumab, a monoclonal antibody that binds VEGF-A, has been studied as
a target for the treatment of TNBC [16]. In the neoadjuvant setting, the addition of
bevacizumab was found to increase pCR [17]; however, no improvement in DFS or OS was
seen in the adjuvant setting [18]. The addition of bevacizumab was also evaluated in several
phase I11 studies to first- or second-line chemotherapy treatment in metastatic BC [19-21].
Each of these studies demonstrated improved PFS with the addition of bevacizumab;
however, there was no difference in OS.

1.3. Fibroblast growth factor receptor

The fibroblast growth factor receptors (FGFR) are a family of transmembrane receptors that
play an important role in regulating cellular functions including differentiation, proliferation,
and angiogenesis. FGFR 1-4 comprises receptor tyrosine kinases, and abnormal signaling
contributes to oncogenesis via multiple mechanisms of gene alteration, including point and
activating mutations, fusions/rearrangements, and amplifications. In BC cells, FGFR1
amplification is the most frequent aberrancy implicated in tumorigenesis [22]. The
prevalence of FGFR1 over-expression was estimated to be 18%, with FGFR1 gene
amplification approximately 33%, in a cross-sectional study of TNBC specimens [23].
FGFR2 amplification is relatively less common and occurs in less than 5% of TNBC [22].
While in hormone receptor-positive BC the presence of FGFR1 amplification is consistently
associated with a worse prognosis [24], its role in TNBC is more controversial. Some studies
indicate no association with prognosis [23,25], while other literature suggests an inferior OS
[26]. FGFR2 expression has been correlated with a poor OS [27].

FGFR signaling inhibition is an encouraging pharmacologic target [28]. The majority of
these compounds are small-molecule TKIs. This includes favorable results observed in
clinical trials for both multi-targeted TKIs [29] and FGFR-selective TKIs [30]. Distinct from
TKIs, there are also preclinical data to suggest the efficacy of antibodies against FGFR
isoforms [31] and inhibitors of fibroblast growth factor ligands [32], the latter of which has
shown promise in phase I clinical trial for solid tumors including BC [32].
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HER2-positive BC represents 15% of all BCs in which gene amplification of ERBBZ leads
to over-expression of the HER2 protein. There is an emphasis to establish a new
classification of BC in tumors with low HER2 protein expression but undetectable gene
amplification (Immunohistochemistry (IHC) 1 + or IHC 2+ with negative in situ
hybridization (ISH)), referred to as HER2-low. These tumors comprise subtypes that are
classically referred to as HER2 negative. HER2-low BC represents approximately 45-55%
of all BCs [33]. The mechanism for HER2 protein expression in BC cells that lack gene
amplification is not completely elucidated; however, multiple mechanisms have been
implicated, including activation of the NF-kB pathway by chemotherapy or radiotherapy as
well as epigenetic alterations [33]. HER2-low as a prognostic biomarker remains less clear,
with conflicting results in retrospective analyses [33-35]. While HER2-low BC has not been
shown to significantly respond to well-established anti-HER?2 therapies including
trastuzumab [36], it has shown efficacy in relation to many novel anti-HER2 targeted agents
[33]. There are numerous antibody—drug conjugates (ADC) under evaluation [33]. The anti-
HER2 ADC Trastuzumab deruxtecan (DS-8201a) showed a favorable response in a phase 1
trial of advanced HER2-low solid tumors, including in BC (NCT02564900) [37]. It is being
studied further in the phase 111 setting (NCT03734029) as well as in phase I trials in
combination with checkpoint inhibitors (NCT04042701, NCT03523572).

Multiple anti-HER?2 vaccines are also under evaluation in HER2-low BC, with some
displaying favorable results in the TNBC sub-population [33,38]. In addition, HER2 gene
mutations, present in approximately 2% of all BCs, can be found in HER2-low tumors, and
data suggest a response to anti-HER2 TKIs. Neratinib has shown efficacy in metastatic
HER2-mutated, HER2-low BC [39], and other anti-HER2 TKIs, including poziotinib
(NCT02544997) and pyrotinib (NCT03412383), are being examined. Further clinical
validation of the aforementioned compounds may increase treatment options for many
patients with her2-low TNBC.

1.5. Androgen receptor

The AR is part of the steroid receptor family and functions as a nuclear transcription factor.
The AR normally resides in the cytoplasm waiting to be bound by a ligand. Upon ligand
binding, the AR translocates to the nucleus where it binds to androgen-related elements and
promotes cell proliferation [40]. While AR signaling is more common in HR-positive BC,
the prevalence in TNBC is approximately 30-35% [41-43]. AR positivity is associated with
the LAR subtype, low tumor grade, lower risk of nodal involvement, and older age at
diagnosis [41-43]. AR-positive TNBC has a lower Ki-67 index than AR-negative TNBC and
could be less sensitive to chemotherapy, which is in accordance with the LAR subtype
having a lower pCR rate relative to other subtypes [44,45]. Several recent meta-analyses
have found AR expression is associated with improved DFS in TNBC, while the impact on
OS is less established [46,47].

Multiple studies have evaluated the role of anti-androgen medications in the treatment of
locally advanced or metastatic BC [48,49]. Two phase Il studies investigating the use of the
nonsteroidal AR inhibitors, bicalutamide and enzalutamide, found a clinical benefit ratio of
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approximately 20-25% [48,49]. Additionally, there are several ongoing clinical trials in the
metastatic setting to evaluate the use of AR blockade in combination with various targeted
therapies including CDK4/6 inhibitors, and PI3K inhibitors (NCT 03090165, NCT
02457910).

1.6. NOTCH signaling pathway

The NOTCH signaling pathway may be a promising biomarker in TNBC. The Notch
signaling pathway activates many genes associated with cell differentiation, proliferation,
and cell death [50]. The NOTCH signaling pathway consists of four receptors (Notch-1,
Notch-2, Notch-3, Notch-4) which interact with five ligands (Delta-like 1, Delta-like 3,
Delta-like 4, Jagged-1, and Jagged-2) [51]. Notch gain of function mutations are present in
approximately 10% of TNBC [52]. Studies have showed a correlation between Notch-1 and
positive lymph node status and Jagged-1 and larger tumor size [51]. It has also been shown
that increased expression of Notch-1, Notch-4, or Jagged-1 is considered a poor prognostic
factor associated with decreased survival [51]. Notch inhibitors have been developed to
target this pathway, including, AL101, a pan-Notch gamma secretase inhibitor and future
studies investigating the use of notch inhibitors are being planned.

1.7. Oxidative stress/redox signaling

Reactive oxygen species are a group of small reactive molecules and free radicals that are
derived from oxygen and continuously produced in the body [53]. Appropriate amounts of
reactive oxygen species are critical for cell functioning and survival. However, oxidative
stress occurs when there is an imbalance between reactive oxygen species and antioxidants.
Oxidative stress can result in DNA damage as well as disrupt signaling pathways involved in
cell proliferation, apoptosis, and angiogenesis among others. The role of oxidative stress in
BC initiation and progression as well as its utility as a prognostic marker remains
controversial [54]. However, a recent study found increased reactive oxygen species in
TNBC cells as well as increased dependency on ROS for cell survival compared to hormone
receptor-positive BC cells [54]. While initial studies evaluating the use of dietary
antioxidants have not shown benefit in the prevention of cancer, the potential role of redox-
based anticancer therapies in TNBC has shown promise and remains an area of active
investigation [53,55].

2. RNA expression as prognostic biomarkers in TNBC

Data on RNA and microRNA (miRNA) biomarkers are evolving in TNBC. Listed below are
some emerging work in this area.

2.1. MicroRNAs

MiRNAs are circulating non-coding RNA molecules 17-27 nucleotides in length which
regulate post-transcriptional expression of genes involved in the oncogenic pathway such as
oncogenes and tumor suppressor genes [56]. High-throughput sequencing techniques have
identified 28,000 mature miRNAs. Due to their stability, miRNAs may be advantageously
studied in noninvasive samples such as blood, serum, and urine as prognostic biomarkers.
Studies have shown that dysregulated miRNAs are involved in the carcinogenesis of BC.
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Specific miRNA signatures are unique and appear to be prognostic to TNBC [56-58]. For
example, decreased expression of miR-155 has been shown to be predictive of poor OS in
TNBC patients, while elevated levels of miR-21, miR-27a/b, miR-210, and miR-454 were
associated with shorter OS. Similarly, decreased expression of miR-374a/b and increased
level of miR-454 correlated with shorter DFS. Other panels of miRNAs were found to be
associated with chemoresistance; expression of miR-181a was elevated in TNBC tissue
samples from patients who did not respond to neoadjuvant chemotherapy. Also, a pilot study
with bloodborne miRNA signatures from 21 basal-like TNBC cases treated with
neoadjuvant therapy highlighted 321 miRNAs including miR-34a that were deregulated
when comparing expression pre- and post-treatment and found that that complete responders
had a tendency to have higher miRNA levels after platinum-based chemotherapy [59]. Also,
the GeparSixto trial demonstrated that certain miRNA signatures may predict a pCR in
TNBC [60].

Long non-coding RNAs (IncRNA) are transcripts with lengths exceeding 200 nucleotides
that may not be translated into proteins. Like miRNAs, they also perform regulatory
functions in various hallmarks of cancer biology. LncRNAs are disordered in many cancer
types, including TNBC. The IncRNA known as highly up-regulated in liver cancer (HULC)
has been found to be upregulated in TNBC tissues and has been shown to correlate with
poorer clinical outcomes. Also, the metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) is a highly conserved IncRNA and recent preclinical studies have identified
MALAT1 as a potential biomarker in TNBC, helping to predict prognosis and metastasis.

3. DNA expression as prognostic biomarkers in TNBC

The arena of DNA and genetic-based biomarkers is rapidly expanding in TNBC and this is
an exciting area of development. We discuss here the importance of understanding the
genetic pathways that drive TNBC.

3.1. TP53 mutation

TP53is a gene located on chromosome 17 that encodes the p53 transcription factor protein
[3]. When DNA damage occurs, p53 transcription is increased, promoting cell cycle arrest
and allowing for DNA repair or apoptosis [3]. 7P53is one of the most frequently mutated
genes in BC and is mutated in approximately 80% of TNBC [61,62]. 7P53 mutations result
in genetic instability and a higher probability of loss of heterozygosity and the p53 protein
expression may vary due to the type of mutation. Several studies have attempted to
determine the impact of 7253 mutation on TNBC prognosis, but due to the variable
expression of p53, the value of 7P53status as a prognostic biomarker is unclear [61,62].

Since 7P53is mutated in a majority of TNBC cases, it is an attractive candidate for
antitumor therapies. While mutated 7P53 has previously been viewed as ‘non-druggable,’
more recently several compounds that target mutated p53 have been created [61,62]. These
compounds including PRIMA-1, APR-246, PK11007, and COTI-2, and have been shown to
reactivate mutant p53 and restore wildtype properties [62].
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3.2. BRCA 1/2 germline mutation and homologous recombination deficiency (HRD)

BRCA1/2 code for tumor suppressor proteins involved in DNA repair via homologous
recombination and therefore play a critical role in genetic integrity. BRCA mutations lead to
homologous recombination deficiency (HRD). BRCA1/2 germline mutation is present in
approximately 10-20% of TNBC. Several studies have shown no difference in outcomes
between BRCA1/2 carriers and non-carriers. Interestingly, the POSH study showed that at
10 years’ OS was 78% in gBRCA carriers compared to 69% in BRCA-negative carriers
[63]. The improvement in OS in gBRCA TNBC might be caused by better sensitivity of
gBRCA carriers to chemotherapy as a result of defects in HRD or higher immune activation
resulting in better survival.

Patients with gBRCA 1/2 mutations should be more susceptible to DNA-damaging agents
like platinums and poly (ADP’-ribose) polymerase (PARP) inhibitors. Two phase 111 trials
demonstrated the significant prolonged PFS of PARP inhibitors as monotherapy compared
with standard chemotherapy in the metastatic setting for gBRCA 1/2 mutated BC [64,65].
Multiple trials have also evaluated combination regimens of PARP inhibitors with platinum
agents [66,67], but these trials have had inconsistent results. Furthermore, there is interest to
study the combination of immunotherapy with PARP inhibitors, given that DNA repair
deficiency can lead to increase immunogenicity [68] and PARP inhibition is associated with
up-regulation of PDL1 expression [69]. Studies combining immunotherapy with PARP
inhibitors are ongoing and show promise.

However, a larger proportion of patients have been reported to harbor HRD. HRD can also
be identified in tumors that do not carry BRCA1/2 mutation, defining a subgroup of patients
referred to as BRCAness. BRCAness has emerged to describe a phenotype common in
TNBC which shares similar molecular characteristics and resulting clinical features to
BRCA-mutated patients [70]. Patients with a BRCAness phenotype have DNA repair defects
through a variety of different mechanisms, including epigenetic inactivation of BRCA as
well as germline or somatic mutations in other key genes involved in the homologous
recombination system. Examples of such important genes include, but are not limited to,
BARDI1, ATR, PALB2, RAD51, RAD51D, ATM, CHK1, PLK1, and WEE1[70,71].

A HRD score has been developed as a tool to further identify TNBC tumors which
encompass a BRCAness phenotype and is estimated to be present in approximately 45-70%
of TNBC [72]. High HRD score is significantly associated with improved pCR rate with
standard NACT in TNBC [73]. Understanding which TNBC tumors have HRD may further
elucidate the patients that would benefit therapeutically from platinum agents [74]. In a
study by Telli et al., the HRD score was evaluated as a biomarker to predict response to
therapy in early TNBC and predicted the likelihood of response to platinum-containing
therapy in three neoadjuvant clinical trials [73]. This benefit has not been demonstrated in
the metastatic setting, as the TNT trial showed no difference in PFS or OS between
carboplatin and docetaxel when stratified according to HRD status [75].
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3.3. NTRK gene fusion

Chromosomal translocations are well-known oncogenic drivers in malignancies, and
targeting gene fusions have become a highly effective strategy to treat rearrangement-driven
cancers. Somatic chromosomal rearrangements involving the NTRK1, NTRK2, or NTRK2
genes occur in approximately 1% of all solid tumors [76]. 7RK gene fusion events result in
over-expression of the proteins and constitutive downstream activation which promotes
tumor growth. The LOXO-101 trial evaluated the efficacy of larotrectinib, a tropomysin
receptor kinase inhibitor, which showed an overall response rate of 71% and led to FDA
approval. More recently, a second tropomysin receptor kinase inhibitor, entrectinib, has been
shown to be efficacious for patients with N7TRK-fusion-positive solid tumors [77] and was
recently approved by the FDA. While the incidence of NTRK gene fusions in BC is
extremely rare at <1% [78], this is a highly effective treatment option for patients with
NTRK gene fusions.

3.4. PISK/AKT/mTOR

The phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of
rapamycin (MTOR)-dependent pathway is associated with cell metabolism, proliferation,
differentiation, and survival [79]. In many cancers, this pathway is overactive due to gain-of-
function mutations of phosphatidylinositol-4, 5-bisphosphate 3-kinase, catalytic subunit,
alpha (PIK3CA), loss-of-function alterations of the tumor suppressor phosphatase and tensin
homolog (PTEN), deregulation of receptor tyrosine kinase signaling, and amplification and
mutations of receptor tyrosine kinases. In TNBC patients approximately 10% have an
activating mutation in P/IK3CA and 30-50% with PTEN alterations [79].

Different subtypes of TNBC have specific PI3K pathway mutations/alterations; for example,
PIK3CA and AKTI1 mutations are more likely to be found in AR-positive TNBC [79].
PIK3CA mutations have proven to have a predictive value for treatment with a.-selective and
B-sparing PI3K inhibitor, Alpelisib, in the advanced setting for hormone receptor-positive,
HER2-negative BC [80]. There are ongoing clinical trials to evaluate the use of alpelisib in
other BC subtypes including TNBC [NCT04216472, NCT03207529].

In addition to PI3K inhibitors, AKT inhibitors have also been developed and demonstrated
promising activity in TNBC [81,82]. Ipatasertib, a small molecule inhibitor of AKT,
demonstrated improved PFS compared to placebo when combined with paclitaxel for first-
line metastatic TNBC [81]. Capivasertib, another oral small molecular AKT inhibitor,
demonstrated improved PFS and OS when combined with paclitaxel for first-line treatment
of TNBC with the effects being most pronounced in patients with tumors harboring
mutations of PIK3CA, AKT, or PTEN[82]. Phase IlI trials with AKT inhibitors are
ongoing.

4. Biomarkers of immunotherapy in TNBC
4.1. PDL1and TILs

The immune system normally occupies an important role in preventing tumorigenesis, and
immunologic evasion through multiple mechanisms is a critical process in the development
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of malignancy. There has been tremendous development in immunotherapy to improve
outcomes across multiple solid tumor types. However, we have only recently begun to better
understand its therapeutic role in BC, which has not traditionally been considered
immunogenic [83]. TNBC is more immunogenic, and the presence of multiple components
of the immune microenvironment has been linked with positive prognostic features, when
compared with HR-positive BC [84]. There is therefore emerging interest to study the effect
of immune-modulating therapies in this BC subtype.

Programmed cell death protein 1 (PD1) is a transmembrane receptor protein on the surface
of cells in the adaptive immune system, including T cells, which bind to a ligand,
programmed death-ligand 1 (PDL1) or Programmed death-ligand 2 (PDL2), both present on
tumor cells and tumor-infiltrating immune cells. This interaction induces T cell inhibition
and thereby normally mediates self-tolerance and evasion of the immune microenvironment
by the tumor. PDL1 is commonly expressed in approximately 20% of TNBC and is
associated with poor prognostic features such as young age, higher grade, ER-negative
status, HER2-positive status, and larger tumor size [85].

PDL1 can be measured and quantified on tumor or immune cells. PDL1 expression in
TNBC has been variable when quantified by IHC across studies and institutions. This range
may be related to cell measured (immune vs. tumor), stage of TNBC (primary vs advanced),
site of metastatic disease, variation in antibody clones, and numerical cutoff used to define
positivity [85-87]. Monoclonal antibodies directed against PD1 and PDL1 effectively
release the down-regulation of the immune system, leading to immune-mediated response
against the tumor. PDL1 expression was also found to be associated with improved pCR rate
[88], metastatic-free survival, and OS [85].

Multiple trials have demonstrated the potential beneficial role of checkpoint inhibitors in
early-stage TNBC [86,89]. Keynote-522 is the first phase 11 trial which showed an
improved outcome in this setting. Patients were randomized to receive NACT with or
without pembrolizumab. Pembrolizumab resulted in a significant increase in the pCR rate
with an absolute difference of 13.6% (64.8% vs 51.2%). PDL1 expression was measured by
IHC using the combined positive score (CPS) (22C3 antibody) which quantifies the sum of
PDL1 on tumor and immune cells. PDL1 positivity was defined as a CPS =1 and was
present in about 80% of the patients. The benefit of pembrolizumab was observed
independent of PDL1 status [86]. The benefit of neoadjuvant checkpoint inhibitor seen in
Keynote-522 is similar to that seen in other phase 11 studies [89]. In early-stage TNBC,
PDL1 does not appear to predict response to immunotherapy, and response to checkpoint
inhibitors can be observed in tumors negative for PDL1 expression.

The IMPassion 130 study led to the first FDA approval of atezolizumab as first-line therapy
in metastatic TNBC with a PDL1 (PDL1 < 1%) positive tumor. Patients were randomized to
receive nab-paclitaxel with or without atezolizumab, and there was a significant PFS (7.5 vs.
5 months) and OS (25 vs. 15.5 months) benefit in the PDL1 positive subgroup. PDL1
positivity was defined as PDL >1% by IHC based on PDL1 expressing immune cells
(Ventana SP142 antibody) and was present in 40% of the patients [87]. The Keynote 355
trial evaluating the combination of Pembrolizumab plus chemotherapy as first line treatment
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for metastatic disease showed improvement in PFS in patients whose tumors expressed
PDL1 (CPS = 10) [90]. However, the phase 3 Impassion131 study, evaluating atezolizumab
with paclitaxel, did not meet the primary endpoint of improvement in PFS. The differences
observed in PFS between IMPassion 130 and IMPassion 131 could be due to the
chemotherapy backbone or steroid premedication. Based on these results, nab-paclitaxel and
atezolizumab should still be considered as first-line therapy for patients with metastatic
TNBC with a PDL1 positive tumor.

TNBC are also characterized by high mutation rate and greater tumor-infiltrating
lymphocytes (TILs) which are important cells of the adaptive immune system involved in
the tumor microenvironment. TILs are highly expressed in approximately 20% of the TNBC
cases. TILs are both present intra-tumorally and in adjacent tissue stroma and the presence
of intra-tumoral and stromal TILs has a prognostic and predictive role. Assessed in tumor
samples of many large clinical trials, an increase in TILs is linked with improved DFS, OS,
and pCR rate with NACT in early TNBC [91,92]. As suggested in the analysis of two phase
I11 adjuvant trials, there is approximately a 15% reduction in recurrence and death for every
10% increment increase in TILs [92]. TILS have also been found to potentially predict
response to immunotherapy. KEYNOTE-086 showed that higher TILs were associated with
significantly improved ORR to pembrolizumab [93]. TILs have also been studied as a
biomarker in metastatic TNBC, with higher levels associated with better prognosis. Its
potential to predict response to immunotherapy with pembrolizumab in this setting has been
demonstrated in KEYNOTE-119 in patients with TILs =5% [94]. However, the data for this
are less mature compared with the primary setting.

Given the association of high TILs with improved long-term outcomes in early TNBC,
future studies should include their use as a prognostic biomarker to guide de-escalation of
therapy, including the potential for chemotherapy-sparing regimens. Based on promising
prognostic data, the 2019 St Gallen International Consensus guidelines recommend TILs be
routinely characterized in TNBC [95]. However, this practice has not yet been adopted as
standard of care measure.

4.2. Tumor mutational burden and MSI-H/dMMR

Evaluating other prognostic/predictive markers, in addition to PDL1, may identify additional
patients who could benefit from immunotherapy. Tumor mutational burden (TMB) refers to
the number of somatic mutations per megabase (mut/Mb) of DNA measured using whole
exome or gene panel sequencing. A high TMB has been associated with increased T cell
infiltration, high neoantigen burden, clinical response, and increased survival after
immunotherapy in patients with melanoma, lung, and colorectal cancer. However, there are
limited data regarding TMB in BC [96]. In BC, there are limited data regarding TMB and its
predictive role is controversial. In primary BC, high TMB is present in up to 3% of the
tumors, whereas in metastatic disease the frequency is as high as 11% [97]. BC tumors with
high TMB appear to be more sensitive to checkpoint inhibitors; however, no difference in
OS was seen in BC patients with high TMB treated with immunotherapy [98]. In June 2020,
the FDA approved pembrolizumab for TMB high (=10 mut/Mb), unresectable or metastatic
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solid tumors which have progressed following prior therapy or without alternative treatment
options making this a treatment option for TNBC patients with TMB high.

Defects in DNA mismatch repair proteins (dMMR) and a subsequent microsatellite
instability-high (MSI-H) characteristic leads to dysfunction in DNA replication and
promotion of mutations leading to oncogenesis. This process stimulates the immune
microenvironment of the tumor, and consequently, there is high interest in the study of
immunotherapy in MSI-H/dMMR cancer [99]. PDL1 expressing tumors are correlated with
MSI-H/dMMR, particularly in certain solid tumors including endometrial and colorectal
cancer, and checkpoint inhibitors have shown efficacy in this setting [100]. Pembrolizumab
is approved in adults with MSI-H/dMMR unresectable or metastatic solid tumors that have
progressed or without alternative treatment options [101]. As the frequency of MSI-H/
dMMR in BC is estimated at <2%, its use as a prognostic biomarker is unclear [102].

4.3. Neoantigens and vaccines

Somatic mutations in cancer result in tumor-specific novel proteins, termed neoantigens
[103]. These neoantigen signatures are associated with greater antitumor T cell response,
and there is evidence this response can be augmented with immunotherapy. Neoantigens are
an exceptionally appealing immune target given their selective representation of tumor cells
without expression on normal cells, resulting in minimal immune self-tolerance [104].
TNBC has a greater degree of neoantigens compared with other BC subtypes [105], and BC
vaccines may be one of the potential mechanisms to target this [106]. These vaccines present
neoepitopes to T cells, increasing the ability of the immune system to recognize and destroy
aberrant cancer cells. Two phase | trials are currently evaluating the efficacy of a neoantigen
vaccine with or without durvalumab in patients with early TNBC with residual disease
(NCT03199040) or metastatic TNBC (NCT03606967). In these studies, an individual
approach to neoantigen identification is used via gene sequencing panels and complex
algorithms to predict epitopes. However, the efficacy of these vaccines is yet to be known
and the optimal tumor neoantigens for clinical use are not well established.

5. Circulating tumor cells and cell-free DNA as prognostic biomarkers in

TNBC

In recent years, there has been increasing focus on the incorporation of liquid biopsies
including circulating tumor cells (CTC) and cell-free DNA (cfDNA) or circulating tumor
DNA (ctDNA) into clinical practice [107]. CTC are nucleated cancer cells that have entered
the vasculature and are found in the bloodstream. Multiple different methods are utilized to
detect CTC including immunohistochemistry, flow cytometry, and RT-PCR [108]. CtDNA
are fragments of DNA that are released from tumor cells that have undergone apoptosis or
necrosis and are able to be collected from plasma [107]. Both CTC and ctDNA/cfDNA have
been investigated as potential prognostic biomarkers in a variety of BC settings [108].

The use of ctDNA/cfDNA has been evaluated as a biomarker for monitoring metastatic BC.
A study by Dawson et al. compared radiographic imaging of tumors with ctDNA, CA 15-3,
and CTC in 30 women actively receiving treatment for metastatic BC [109]. The study
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found ctDNA had the greatest correlation with changes in tumor burden and provided the
earliest measure of treatment response in 53% of the women. A retrospective cohort study of
164 patients with metastatic TNBC found that the presence of a cfDNA fraction greater than
10% was associated with worse outcomes, regardless of clinicopathological data [110].

In addition to ctDNA/cfDNA, the evaluation of CTCs at the start of a new treatment regimen
for metastatic BC and several weeks afterward has prognostic significance. In one study,
CTCs =5 per 7.5 mL were associated with decreased PFS and OS. Additionally, patients
who had an increase in CTC counts 3-5 weeks after the start of treatment and/or 6-8 weeks
after the start of treatment had decreased PFS and OS [111]. A recent expert consensus
paper by Cristofanilli et al. determined that number of CTCs could be used to stratify
patients with metastatic BC into two subgroups with prognostic significance [112]. This
study classified patients with =5 CTCs per 7.5 mL as Stage IV aggressive and those with <5
CTCs per 7.5 mL as Stage 1V Indolent. The Stage IV Indolent group had longer median OS
compared to the Stage 1V aggressive group (36.3 Vs. 16.0 months, p < 0.0001). However,
making therapy changes based on these CTC cutpoints has not been showed to improve
overall survival outcomes.

The prognostic significance of ctDNA has also been evaluated during and after NACT for
TNBC [113,114]. Riva et al. found that ctDNA was positive in 75% of the patients prior to
NACT and continued positivity after one cycle of chemotherapy was associated with shorter
DFS (p <0.001) and OS (p = 0.006) [113]. Radovich et al. found that detection of ctDNA in
patients with early-stage TNBC with residual disease after NACT was an independent
prognostic risk factor for disease recurrence [114]. Out of 148 patients, ctDNA was detected
in 64% and at a median follow-up of 16.7 months, detection was associated with inferior
distant DFS (32.5 mos. vs. NR, p = 0.003). As a next step, the investigators will soon be
opening BRE18-334, also known as the PERSEVERE trial [115]. In this phase |1 trial,
TNBC patients with minimal residual disease at the time of surgery after NACT will be
tested for ctDNA. Patients with ctDNA will undergo genomic sequencing to help determine
post-neoadjuvant genomically targeted treatment. Patients without a targetable mutation or
patients without ctDNA will receive standard of care. While the use of liquid biopsies,
including CTCs and ctDNA, may represent an important stratification tool to help identify
patients most likely to benefit from additional treatment options, there are ongoing efforts to
improve the sensitivity of these methods as a tool for detecting minimal residual disease
[116]. Whether the use of these liquid bipsies to guide treatment decisions actually impacts
and improves disease course is yet to be determined.

6. New targets of antibody-drug conjugates (ADCs) in TNBC

ADCs are a new class of anticancer drugs that are designed as a monoclonal antibody which
is conjugated to a potent cytotoxin. The monoclonal antibody is directed against an antigen
on the surface of the cancer cell. For ADCs to be effective, the target antigen must be
expressed on the cancer cell. Several promising antigens have been identified in TNBC: 1)
trophoblast cell-surface antigen (Trop-2), 2) the glycoprotein nonmetastatic b (GPNMB), 3)
LIV, and 4) the mucin 1-attached sialogycotype CA6 [117-119].
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Trop-2 is a type | transmembrane glycoprotein, with a relevant role in migration, cell
proliferation, cell cycle progression, and metastasis [117]. Sacituzumab govitecan
(IMMU-132) is an antibody targeting Trop-2, linked to the topoisomerase-I inhibitor SN-38,
the active metabolite of irinotecan that induces DNA damage [120]. IMMU-132-01
(NCT01631552), a phase I/11 clinical trial, showed the efficacy of Sacituzumab Govitecan-
hziy, with 33.3% response rate in heavily pretreated TNBC patients. Based on these results,
on 22 April 2020, the FDA granted accelerated approval to Sacituzumab Govitecan-hziy for
patients with metastatic TNBC who received at least two prior therapies for metastatic
disease [120]. GPNMB is involved in processes like cell migration, invasion, angiogenesis,
or epithelial-mesenchymal transition, highly overexpressed in TNBC, and a biomarker of
poor prognosis in BC [118]. LIV-1 is a zinc transporter protein downstream target of STAT3,
implicated in cell adhesion and epithelial-to-mesenchymal transition [119]. CA6 is
selectively expressed on solid tumors, and is therefore, an ideal target for ADC therapy.
Additional ADCs are currently under investigation such as, SAR566658 which is an ADC
directed against CA6 which carries DM4, a maytansine-derived anti-microtubule agent, as
payload (NCT01156870).

7. Residual disease as a prognostic biomarker in TNBC

Residual disease is defined as the presence of invasive cancer in the tumor or lymph nodes
of the resected pathologic specimen after neoadjuvant therapy. Approximately one-third of
patients with TNBC who are treated with neoadjuvant chemotherapy are most likely to have
a pCR compared with other BC subtypes [121]. The presence of residual disease has been
associated with increased risk of relapse [121] and adjuvant capecitabine has been shown to
improve PFS and OS in patients with residual disease. Several studies comparing
pretreatment and posttreatment biopsy samples found significant genomic changes which
could be the reason for resistance to conventional chemotherapies. Molecular analysis of
posttreatment biopsy samples may be necessary in TNBC patients who do not experience
pCR after NACT in order to tailor adjuvant therapy to better improve outcomes.

8. Conclusion

Tremendous progress has been made to better understand the biology of TNBC. We now
recognize TNBC as having distinct molecular subgroups that are driven by the activation/
inactivation of distinct pathways. By further understanding, these pathways, promising
prognostic and predictive biomarkers have been identified. With the approval of
immunotherapy for PDL1 positive metastatic TNBC and PARP inhibitors for BRCA positive
metastatic TNBC, personalized medicine options are currently available to select patients.
However, the mainstay of treatment remains chemotherapy. A critical need remains for the
development of more modern NGS-based biomarker to continue to improve outcomes in
patients with TNBCs. Current promising biomarkers include FGFR, HER2, PI3K/AKT/
mTOR pathway, AR receptors, and ADC therapies.
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9. Expert opinion

Given the heterogeneity of TNBC, it is very unlikely that there can be a single approach to
the management of these tumors, and evaluating the heterogeneity of TNBC is of particular
importance to identify patients who may benefit from targeted therapy. One way to evaluate
and define this heterogeneity is to identify somatic mutations by sequencing tumor DNA.
Next-generation sequencing (NGS) is a commonly used method to sequence a panel of
oncogenes and evaluate for actionable mutations. NGS may have implications for patient
classification, prognosis, treatment, and evaluation of drug resistance. NGS can be
performed on tumor tissue or ctDNA from blood samples. Studies have shown high
concordance rates between mutations detected in solid tumor tissue biopsies and those
detected in ctDNA [122]. There are several different NGS platforms commercially available
including FoundationOne, MSK-IMPACT, Guadant360, and Caris Molecular Intelligence
Tumor Profiling. These NGS tests vary in both the specific genes tested as well as the
overall number of genes. A recent study found that the use of next-generation sequencing in
metastatic BC patients frequently identified potential treatment options [123]. A recent study
on patient perspectives of genomic testing in patients with metastatic BC found patients had
limited genomic knowledge and highlights the importance of patient education as the use of
these tests becomes more prevalent [124].

In regards to targeting the breast immune microenvironment, there are many emerging
biomarkers under investigation. A major challenge will be to learn the optimal approach in
integrating these diverse biomarkers together to represent multiple aspects of the immune
system and further improve the precision of immunotherapy in TNBC. Implications include
their inclusion for prognostication and staging, and also to guide treatment escalation or de-
escalation. Advanced knowledge in immune biomarkers may also pave a better
understanding of the role of immunotherapy in PDL1 negative metastatic TNBC, which
represents the majority of cases, and as therapy beyond the first-line setting.

Future directions may include the use of artificial intelligence technologies including
computer-generated advanced algorithms to further integrate multilayered data related to
tumor heterogeneity. Particularly, it may provide an opportunity to study greater nuances in
molecular phenotypes and biologic mechanisms, which could guide prognostication and
tailor an even more personalized approach to therapy. We believe that artificial intelligence
should complement, but not take the place of, provider-based individualized care and the use
of current evidenced-based biomarkers.

In all these efforts, we strongly recommend that patients be an integral part of therapeutic
decision-making. Ongoing research is focusing on how to improve understanding of genetic
and genomic biomarkers in shared decision-making. Partnerships with patients are key as the
field rapidly evolves with new findings that impact treatment outcomes, toxicity profiles and
long-term prognosis. One such effort is the Count Me In organization, which is an excellent
model of patient-partnered research and includes over 5000 patients with metastatic BC who
have joined the effort since 2015.
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In summary, we believe the next decade will usher in a new era of multiple new biomarkers
which will hopefully improve outcomes in TNBC. Continued team science collaborations
are key as we delve further into central clinical dilemmas and the biology of these very
aggressive cancers.
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Article highlights

Triple-negative breast cancer is a heterogeneous subtype of breast cancer
associated with poor prognosis

Identification of both prognostic and predictive biomarkers to guide treatment
decisions is increasingly important

Many different protein targets (EGFR, VEGF, FGFR, HER2, and Androgen
Receptor) are under investigation, but currently, direct clinical application is
limited

RNA expression has been identified as a prognostic biomarker, but there are
currently no RNA targeted therapies available

Sequencing of DNA can help identify targetable therapy options

Immunotherapy is emerging as a potential treatment option based on immune
biomarkers (PD-L1, TMB, MSI-H/ddMR)

The role of circulating tumor cells and circulating tumor DNA continues to be
an area of active investigation

Detection of somatic mutations by DNA sequencing (next-generation/whole-
genome sequencing) of metastatic tumor tissue is imperative to identify
potential targeted treatment options
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Key mechanisms of signal transduction and tumorigenesis in triple-negative breast cancer.
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Figure 2.
Diagram summarizing emerging and approved therapeutic options for triple-negative breast

cancer based on biomarkers.
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Table 1.

Prognostic and Predictive Biomarkers in Triple-Negative Breast Cancer.
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Score

DNA double strand break repair

Biomarker Approximate Mechanism Targeted Therapy Prognostic /Predictive
Prevalence in TNBC Significance

BRCA 1/2 10-20% Homologous recombination and PARP inhibitor Higher response to platinum

germline DNA double strand break repair and predictor of response to

mutation PARP inhibitors

Elevated HRD 45-70% Homologous recombination and No clinically beneficial | Predictor of pCR to

targeted therapy

neoadjuvant platinum therapy

HER2 IHC 1+ or 2+
2% of BC with HER
mutation

with undetectable ERBB2 gene
amplification

PDL1 Variability (immune vs Evasion of tumor immune Immune checkpoint Improved pCR and survival in
tumor), disease stage, surveillance inhibitors trials with immunotherapy
antibody:

40% on immune cells
(SP142 antibody) in
metastatic disease
80% by CPS =1 (22C3
antibody) in primary
disease

Tumor Variability (intra- Stromal lymphocytic infiltration No clinically beneficial | Improved pCR, DFS, and OS

Infiltrating tumoral vs stromal, of tumor microenvironment targeted therapy in early TNBC; Predictor of

Lymphocytes primary vs metastatic) increased response to

neoadjuvant CT

High Tumor 3-11% Somatic mutations per megabase | Pembrolizumab Predictor of response to

Mutational of DNA pembrolizumab

Burden

MSI-H/ <2% of all breast Defect in DNA replication Pembrolizumab Predictor of response to

dMMR cancer associated errors pembrolizumab

AR 30-35% Steroid nuclear transcription Abiraterone Acetate Improved DFS; Maybe

factor Bicalutamide associated with
Enzalutamide chemoresistance
EGFR 13-76% Receptor tyrosine kinase No clinically beneficial | Poor prognostic factor
involved in cell proliferation/ targeted therapy associated with worse DFS
survival
VEGF 30-60% Bind to receptor tyrosine kinases | No clinically beneficial | High expression is associated
and promote angiogenesis targeted therapy with disease progression and
metastases

FGFR FGFR1 over- Receptor tyrosine kinase *TKIs (FGFR-selective | FGFRL amplification: unclear
expression: 18% involved in cell proliferation or multi-targeted) FGFR2 amplification: poor
FGFR1 gene * . oS
amplification: 33% FGFR isoform
FGFR2 gene zintlbodles
amplification: < 5% Fibroblast growth

factor ligand inhibitors
HER2 45-55% of all BC with Low HER2 protein expression Possible predictor of response

*Antibody-Drug
Conjugates
*Vaccines

“anti-HER2 TKis, for
HER2-mutated

to HER2 antibody-drug
conjugate and TKls
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promotes cell proliferation/
survival

TP53 Mutation 80% Encodes transcription factor No clinically beneficial | Conflicting reports on
protein that promotes cell cycle targeted therapy prognostic significance
arrest

Micro RNAs N/A non-coding RNAs which regulate | No clinically beneficial | Particular signatures
post-transcription expression of targeted therapy associated with worse DFS,
genes involved in the worse OS and
carcinogenesis chemoresistance

PI3K/AKT/ PI3K 7-9% PI13K- intracellular lipid kinases Alpelisib Possible predictors of

mTOR pathway PTEN 30-50% in signaling cascade that Ipatasertib response to PI3K/AKT/mTOR

Capivasertinib

inhibitors
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Biomarker Approximate Mechanism Targeted Therapy Prognostic /Predictive
Prevalence in TNBC Significance

PTEN- tumor suppressor genes
that downregulate signaling

cascade
NTRK gene <1% Gene fusion results in Larotrectinib Predictor of response to
fusion constitutively active TRK Entrectinib tropomysin receptor kinase
proteins which promote tumor inhibitors
growth
NOTCH 10% Oncogene involved in cell *AL101 Poor prognostic factor with
signaling proliferation, cell death, cell decreased DFS and OS
pathway differentiation, and stem cell

maintenance

*
treatment under investigation

Key: AKT: protein kinase B; AR: androgen receptor; BRCAL/2: breast cancer susceptibility gene 1 or 2; CPS: combined positive score; CT:
chemotherapy; dMMR: deficient mismatch repair; DFS: disease-free survival, EGFR: epidermal growth factor receptor; FGFR: fibroblast growth
factor receptor; HER2: human-epidermal growth factor receptor 2; HRD: homologous recombination deficiency; MSI-H: microsatellite instability-
high; MTOR: mammalian target of rapamycin; NTRK: neurotrophic tyrosine kinase; OS: overall survival; PARP: poly ADP-ribose polymerase;
pCR: pathologic complete response; PD-L1: programmed death-ligand 1; PI3K: phosphoinositide 3-kinase; PTEN: phosphatase and tensin
homolog; TKIs: tyrosine kinase inhibitor; TNBC: triple-negative breast cancer; TRK: tropomyosin receptor kinase; VEGF: vascular endothelial
growth factor
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