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Abstract: Breast cancer is the most common cancer among women in the world as well as in the United
States. Molecular and histological differentiation have helped clinicians optimize treatments with
various therapeutics, including hormonal therapy, chemotherapy, immunotherapy, and radiation
therapy. Recently, immunotherapy has become the standard of care in locally advanced triple-
negative breast cancer and an option across molecular subtypes for tumors with a high tumor
mutation burden. Despite the advancements in personalized medicine directing the management of
localized and advanced breast cancers, the emergence of resistance to these therapies is the leading
cause of death among breast cancer patients. Therefore, there is a critical need to identify and
validate predictive biomarkers to direct treatment selection, identify potential responders, and detect
emerging resistance to standard therapies. Areas of active scientific and clinical research include novel
personalized and predictive biomarkers incorporating tumor microenvironment, tumor immune
profiling, molecular characterization, and histopathological differentiation to predict response and
the potential emergence of resistance.

Keywords: personalized medicine; biomarkers; tumor microenvironment; immune contexture

1. Background on Breast Cancer

It is estimated that 310,720 new invasive breast cancer cases will be diagnosed, with
42,250 estimated breast cancer-related deaths in the year 2024 in the United States [1]. Breast
cancer is heterogeneous, and its management differs significantly based on its histological,
genetic, clinical, and molecular characteristics [2]. There are four major categories of breast
cancer with clinical importance. These subtypes are based on the hormone receptor status
expressed on the breast cancer cells (estrogen (ER) and/or progesterone (PR) receptors),
the amplification/overexpression of the epidermal growth factors receptor 2 (HER2/Neu)
with or without ER/PR expression, and the breast cancer cells not expressing any recep-
tors/proteins classified as triple-negative breast cancer (TNBC) [3]. The ER/PR-expressing
breast cancers are further subdivided into luminal A and luminal B tumors. Luminal A
and luminal B tumors express ER and/or PR receptors, but they differ in the degree of
expression and the proliferation potential measured by antigen Ki-67 (Ki-67), a proliferation
marker [4]. Most breast cancers are diagnosed at an early stage, largely due to established
screening guidelines and patient awareness. However, up to 10% of the patients are diag-
nosed at the metastatic stage [5]. These major subtypes provide the initial guidelines to cater
to breast cancer-directed therapy. Endocrine therapy is the mainstay to treat ER- and/or PR-
expressing breast cancers, whereas HER2/Neu-expressing breast cancers are treated with
anti-HER2 monoclonal antibodies. Since TNBC lacks any target, it is conventionally treated
with cytotoxic therapy with immunotherapy to cytotoxic regimens in locally advanced
and metastatic TNBC [6]. It is reported that 80–90% of patients will be cured following
curative intent therapy. However, approximately 20% of patients with locally advanced
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breast cancer patients will relapse within 10 years [4,7]. Personalized medicine encom-
passes the individual genomic, environmental, and lifestyle factors affecting response to
standardized therapies in breast cancer patients [8]. Not every patient with similar clinical
and histopathological characteristics would fare the same despite the standard therapies.
Clinical response and short- and long-term clinical outcomes vary based on intrinsic tumor
and unique patient characteristics that are not yet well-established. Therefore, identifying
the biomarkers that define individual patient and tumor characteristics that can be used in
future management strategies is paramount. There is significant development happening
in breast cancer research, and most of this advancement is due to the identification of
molecular factors contributing to the pathogenesis of individual breast cancers [9]. Many
new therapeutic options are being developed, but the focus has shifted to developing
companion diagnostic tests that could identify the most suitable therapeutics benefiting
the patients [7]. This review article will focus on biomarker-driven personalized breast
cancer treatment incorporating histopathological differentiation, molecular characteristics,
tumor microenvironment, tumor immune profiling, the emergence of treatment resistance,
and potential strategies to overcome the resistance. Changes in these biomarkers are used
routinely to make treatment decisions. Biomarker monitoring can help in the early detec-
tion of progressive disease, early response detection before radiographic response, and
complications emerging from the treatment [10,11]. Circulating DNA has gained traction as
a biomarker to monitor response to the standard of care anti-cancer therapy. It has emerged
as a more sensitive and specific biomarker with predictive and prognostic value [11]. These
biomarkers can indicate a pharmacodynamic response to an intervention. These biomarkers
can predict the biological activity of the drug, device, and/or other medical product. These
biomarkers can identify potential harm caused by medical intervention and its effects at
the cellular level [12]. Cancer therapeutics are toxic in general. The range of adverse effects
varies broadly across different therapeutics and patient populations. Safety biomarkers
can detect and/or predict adverse drug reactions and the degree of damage following
an intervention. Based on these biomarkers, treatments could be modified, stopped, and
resumed. Liver function tests and renal function tests are the simplest and most common
serological biomarkers used in day-to-day clinical practice [13]. Personalized medicine,
prognostic, and predictive biomarkers are pivotal in breast cancer and driving treatment
strategies. ER/PR and HER2 Neu amplification are mandatory biomarkers for every breast
cancer diagnosis. Androgen receptors, immuno-oncology, molecular signatures, immune
modulation of the tumor microenvironment, and ctDNA-based biomarkers are emerging
and are areas of active interest in breast cancer.

Biomarkers and Precision Medicine

The biomarker indicates normal biological processes, pathological processes, and the
response to an intervention. Physiological, histological, radiographic, and molecular char-
acteristics of a tumor could define a biomarker [10]. Biomarkers can hold prognostic and
predictive value. Prognostic biomarkers can identify different disease outcomes without
any response assessment, whereas predictive biomarkers typically indicate a response to the
treatment [10,14]. Prognostic biomarkers could identify outcomes independent of the treat-
ment, such as relapse and progression. In breast cancer, examples of prognostic biomarkers
would be the Oncotype DX and the MammaPrint, both tumor-specific gene-based markers
prognosticating the risk of relapse and a potential benefit of more aggressive therapy such
as chemotherapy [15]. The predictive biomarkers typically predict the potential benefit
from the treatment and the potential to develop resistance to the treatment. For example,
predictive biomarkers would identify potential response and resistance to standard-of-care
endocrine therapy in endocrine-positive breast cancer patients. Incorporating predictive
and prognostic biomarkers earlier in the treatment strategies can help determine the most
appropriate patients, translating to better outcomes [16]. Diagnostic biomarkers can vary
from radiographic biomarkers to molecular biomarkers. In the era of precision medicine,
molecular biomarkers are taking a central stage. In oncology, the treatment is moving
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from tissue-/site-specific to molecular characteristic-specific treatment. For example, next-
generation sequencing (NGS) has made it possible to detect mutations with targeted tumor
agonistic therapies [17]. Biomarkers also have a role in serial monitoring and response to
the disease’s treatment, intervention, or natural history. Prostate-specific antigen (PSA),
cancer antigen 125 (CA 125), and cancer antigen 15.3 (CA 15.3) are a few examples of the
biomarkers used in everyday practice (in prostate cancer, ovarian cancer, and breast cancer,
respectively) to monitor response to the treatment [18].

Changes in these biomarkers are used routinely to make treatment decisions. Biomarker
monitoring can help in the early detection of progressive disease, early response detection
before radiographic response, and complications emerging from the treatment [10,11].
Circulating DNA has gained traction as a biomarker to monitor response to the standard of
care anti-cancer therapy. It has emerged as a more sensitive and specific biomarker with
predictive and prognostic value [11]. These biomarkers can indicate a pharmacodynamic
response to an intervention. These biomarkers can predict the biological activity of the
drug, device, and/or other medical product. These biomarkers can identify potential
harm caused by the medical intervention and its effects at the cellular level [12]. Cancer
therapeutics are toxic in general. The range of adverse effects varies broadly across dif-
ferent therapeutics and patient populations. Safety biomarkers can detect and/or predict
adverse drug reactions and the degree of damage following an intervention. Based on
these biomarkers, treatments could be modified, stopped, and resumed. Liver function
tests and renal function tests are the simplest and most common serological biomarkers
used in day-to-day clinical practice [13]. Personalized medicine, prognostic, and predic-
tive biomarkers are pivotal in breast cancer and driving treatment strategies. ER/PR and
HER2/Neu amplification are mandatory biomarkers for every breast cancer diagnosis.
Androgen receptors, immuno-oncology, molecular signatures, immune modulation of
the tumor microenvironment, and ctDNA-based biomarkers are emerging areas of active
interest in breast cancer (Figure 1).
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Figure 1. Summary of commonly used biomarkers in breast cancer.

Hormone positive, HR: human epidermal growth factor receptor-2, HER2: triple-
negative breast cancer, TNBC: antigen Ki-67, Ki-67: estrogen receptor gene-1, ESR-1: rat
sarcoma protein, RAS: mitogen-activated protein kinases, MAPK: phosphoinositide-3-
kinase, PI3K: protein kinase B, Akt: the mechanistic target of rapamycin, mTOR: cyclin-
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dependent kinase 4/6 CDK 4/6: retinoblastoma, RB: early region 2 binding factor (E2F), IM:
immunomodulatory, BLIA: basal-like immune activated, M: mesenchymal, MSL: mesenchy-
mal stem-like, BL: basal-like, LAR: luminal androgen receptor, TILs: tumor-infiltrating
leukocytes, CPS: combined positive score, PD-L1: programmed death ligand-1.

2. Personalization Based on Histopathological and Clinical Parameters

The management of breast cancer begins with histological and clinical differentiation.
Histological differentiation characterizing luminal A, Lumina B, HER2 amplification, and
the TNBC subtype determines the type of therapy to be offered [3]. Luminal A and luminal
B tumors express ER and/or PR receptors, but they differ in the degree of expression and
the proliferation potential that is measured by antigen Ki-67 (Ki-67) [4].

2.1. Personalization in Endocrine-Positive Breast Cancer

Approximately 70–75% of the patients with breast cancer patients are ER/PR posi-
tive [19]. The immunohistochemical (IHC) evaluation of breast cancer to determine ER/PR
status is the gold standard and predicts the response to the endocrine therapy. Endocrine
therapy in adjuvant settings decreases local and distant relapse rates and also provides sec-
ondary prevention for second breast cancer [20]. However, patients with high-risk diseases
may require additional systemic therapy like chemotherapy. Several predictive tools are
developed to determine the risk of recurrence and the potential benefit of chemotherapy.
The most widely used marker is Oncotype DX 21-gene recurrence score, which has been
validated by TAILORx and RxPONDER clinical trials; it is also the most recommended in
National Comprehensive Cancer Network (NCCN) guidelines. But the Breast Cancer Index,
Predictor Analysis of Microarray 50 (PAM50), EndoPredict, and the Amsterdam 70-gene
profile are a few other tools available to determine the risk of recurrence in endocrine-
positive breast cancers [21].

2.1.1. Endocrine Resistance

Approximately 20–40% of the patients on endocrine therapy will eventually develop
endocrine resistance [22]. Primary endocrine resistance is a relapse within 2 years of adju-
vant treatment or 6 months of first-line endocrine therapy in advanced/metastatic breast
cancer. Secondary endocrine resistance is the relapse after 2 years of adjuvant endocrine
therapy or progression following 6 months of endocrine therapy in advanced/metastatic
breast cancer [23].

There are several mechanisms of endocrine resistance in breast cancer. ER expression in
individual breast cancer patients is a dynamic process, and in approximately 10–20% of the
cases, ER expression may be lost or changed, resulting in a lack of endocrine therapy respon-
siveness and the emergence of resistance [23,24]. Other proposed mechanisms of endocrine
resistance included genomic and epigenetic, estrogen receptor gene-1 (ESR-1) alterations,
truncated ER-isoform expression, estrogen/progesterone receptors pathway aberrations
resulting from ER expression dysregulation, post-translational modification, increased
receptor tyrosinase kinase signaling, altered cell cycle regulation, genetic and epigenetic
factors affecting uptake, metabolism, and cellular responses of endocrine agents [25,26].

ESR1 mutations are common causes of acquired resistance to endocrine therapy.
ESR1 mutations account for 20–40% of the resistance in metastatic breast cancer cases
receiving endocrine therapy. The prevalence of the ESR1 alteration also varies by the
disease settings [27,28]. ESR1 prevalence is merely 4–5% in adjuvant endocrine therapy
settings and 1.5–7% in neoadjuvant settings [28,29]. The de novo ESR1 mutation is sporadic
and is only seen in 0.5–1% of metastatic breast cancer patients without prior endocrine
therapy [30].

Multiple ESR1 mutations were discovered with genomic sequencing of the metastatic
breast cancer. The most common mutations are D538G, Y537S, Y537N, Y537C, and E380,
which occur at hot spots in the ligand-binding domain of ERa. These mutations are
associated with the aggressive biology [31,32].
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Other pathways that may be implicated in the development of resistance to endocrine
therapy include PI3K-AKT-mTOR, RAS-MAPK, and CDK4/6-RB-E2F pathways. Tyrosine
kinase is the intracellular domain of cell membrane-bound receptors, receptor tyrosine ki-
nases (RTK). There are various RTKs, such as epidermal growth factor receptors, insulin-like
growth factors receptors, fibroblast growth factor receptors, and vascular growth factors
receptors. These RTKs are activated by ligand binding, such as hormones, cytokines, and
growth factors [33,34]. The bindings of these ligands to RTKs activate intracellular signal
transduction pathways such as mitogen-activated protein kinases (MAPKs) and phospho-
inositide 3-kinase (P13K)/AKT pathways [35]. These pathways could be responsible for
the transcriptional activities of the estrogen receptors, and the alteration of these pathways
could also lead to potential resistance to endocrine therapy, especially in metastatic breast
cancer [36]. The mammalian target of rapamycin complex (mTOR) forms an essential
effector of the PI3K/AKT pathway that provides positive feedback to the PI3K/AKT path-
way and results in regular tumor growth, survival, motility, metabolism and eventually
evading the effect of endocrine therapy [37,38]. The cyclin D/cyclin dependent kinases
(CDK) 4/6/retinoblastoma (Rb) pathways regulate the G1-S checkpoint in the cell cycle
and control the progression of the cancer cells. Sustained activation of CDK 4/6 and
inactivation of Rb via phosphorylation by CDK4/6 leads to cell cycle activation and prolif-
eration, decreasing efficacy or non-responsiveness to endocrine therapy [39,40]. Resistance
from ESR1 mutation can emerge while on CDK 4/6 inhibitors (CDK 4/6i) in combination
with endocrine therapy. In a randomized trial on switching to fulvestrant and Palbociclib
versus no switch in metastatic breast cancer with rising ESR1 mutation while on aromatase
inhibitors and palbociclib, there was a 27% rise in ESR1 mutation based on ctDNA analysis
(Figure 2) [41].
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Figure 2. Pathways involved in the endocrine resistance mechanism. Estrogen receptor gene-1, ESR-1;
rat sarcoma protein, RAS; mitogen-activated protein kinase, MAPK; phosphoinositide-3-kinase, PI3K;
protein kinase B, Akt; mechanistic target of rapamycin, mTOR; cyclin-dependent kinase 4/6, CDK
4/6; retinoblastoma, RB; early region 2 binding factor, E2F.

2.1.2. Overcoming the Resistance to Endocrine Therapy

Despite the emergence of endocrine resistance, endocrine-positive breast cancer treat-
ment still depends on ER signaling. New generations of novel anti-estrogen therapies
are designed to curb various resistance mechanisms. These therapies include the existing
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classes of anti-estrogen treatments, such as selective estrogen receptor modulators (SERMs)
and selective estrogen receptor degraders (SERDs). Other novel anti-estrogen drugs include
selective estrogen receptors covalent antagonists (SERCAs), proteolysis-targeting chimeric
(PROTACs) targeting estrogen receptors, and complete estrogen receptor antagonists (CER-
NAs) [42]. Some next-generation anti-estrogen therapies to overcome endocrine resistance
are outlined below (Table 1).

a. Elacestrant.

Elacestrant is an oral SERM/SERD hybrid agent approved by the FDA in January
2023 based on EMERALD (NCT03778931), a randomized open-label phase III trial. This
trial included patients with ESR1 mutation and ESR1wt. The primary efficacy outcome
measure was progression-free survival (PFS). Among 228 patients with ESR1 mutation,
the median PFS was 3.8 months in the elacestrant arm and 1.9 months in the fulvestrant
or aromatase inhibitor arm (HR = 0.55, 95% CI: 0.39–0.77]. Among patients without ESR1
mutation, HR was 0.86 (95% CI: 0.63–1.19). Therefore, the FDA only approved elacestrant in
patients with ESR1 mutation [43,44]. Elacestrant is currently being studied in neoadjuvant
settings based on Ki-67 dynamics (NCT04797728) and in combination with abemaciclib in
patients with brain metastasis (NCT04791384) [45,46]. Trials incorporating elacestrant in
combination with samuraciclib and various other combinations in metastatic breast cancer
as well as in CDK4/6i naïve metastatic breast cancer patients (NCT05963997, NCT05563220,
NCT05596409 respectively) are actively recruiting [47–49].

b. Camizestrant.

Camizestrant is an oral SERD that suppresses tumor growth in patients with ESR1
mutation. In a phase I SERENA-1 trial (NCT03616586), in a heavily pretreated population,
camizestrant demonstrated clinical activity as a monotherapy with ORR of 10%, CBR
of 35.3% across all dose levels, and CBR of 53.3% with median PFS of 11.1 months at
75 mg dose [50]. The dose expansion cohort of camizestrant, 75 mg, in combination with
palbociclib, revealed an ORR of 6.3% and a CBR of 50% [51]. There are further ongoing trials
on camizestrant in advanced endocrine-positive breast cancer. SERENA-2 (NCT04214288)
is a randomized phase II trial that compares the efficacy and safety of camizestrant in
comparison with fulvestrant at three dose levels after at least one endocrine therapy
progression [52]. SERENA-4 (NCT04711252) compares camizestrant in combination with
palbociclib compared to AI and palbociclib [53]. SERENA-6 (NCT04964934) compares
AI and CDK 4/6 inhibitors with camizestrant instead of AI, continuing the same CDK
4/6i once ESR1 mutation is detected after 6 weeks of AI plus CDK 4/6i therapy without
radiographic progression [54]. SERENA-3 (NCT04588298) is a window-of-opportunity trial
involving postmenopausal women (in a neoadjuvant setting) with ER-positive localized
breast cancer, receiving 75 mg to 150 mg of camizestrant to evaluate the effect of this drug
on ER expression [55].

c. Imlumestrant.

Imlumestrant is an oral SERD demonstrating potent inhibition of ESR1wt and mutant
breast cancer cells. In a phase I/II EMBER-1 trial, imlunestrant was combined with alpelisib,
abemaciclib, everolimus, and trastuzumab +/− abemaciclib in premenopausal and post-
menopausal women with breast cancer and endometrial cancer. In the trial, ctDNA-based
ESR1 analysis was conducted, and this combination demonstrated a 73% clearance or
decline of ESR1 ctDNA levels. The median PFS was 6.5 months in the imlunestrant
cohort compared to 4.3 months [56]. EMBER-3 (NCT04975308) is a phase III randomized
study investigating imlunestrant as a monotherapy or in combination with abemaciclib
in patients with previously treated endocrine-positive breast cancer [57]. Imlunestrant is
also being studied in neoadjuvant and adjuvant settings (EMBER-2, NCT04647487, and
EMBER-4) [56,58].
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d. Lasofoxifene.

SERMs display estrogen receptor agonist or antagonist activity depending on the
target cells. Agonist activity relies on the activating function domain 1 (AF1) through Pi3K,
MAPK, and mTOR pathways. The antagonist activity is relayed by inhibiting estrogen
receptors’ activating function domain 2 (AF2). Tamoxifen is the first SERM and most used
in adjuvant and metastatic settings. Raloxifene is another SERM used in breast cancer
prevention strategies.

Lasofoxifene is a next-generation non-steroidal SERM. Among patients with ESR1
mutation, lasofoxifene has been shown to inhibit tumor growth compared to fulvestrant.
Lasofoxifene was compared with fulvestrant in the ELAINE trial (NCT03781063) among
pre- and postmenopausal patients with ESR1 mutation. These patients had previously
received CDK 4/6 inhibitors. Lasofoxifene demonstrated improved median PFS compared
to fulvestrant (6.04 vs. 4.04 months, HR 0.69, p = 0.13) [59]. ELAINE II (NCT04432454) is a
phase II randomized trial evaluating lasofoxifene in combination with abemaciclib. This
trial is still ongoing [58].

e. Rintodestrant.

Rintodestrant is a novel oral SERD that has demonstrated activity in ESR1 mutant
tumors. In a dose expansion of the phase I trial, rintodestrant demonstrated ORR of 5%
and CBR of 30% in pre- and postmenopausal women. The activity was observed regardless
of ESR1 and PIK3CA status. This trial further assessed rintodestrant in combination with
palbociclib in recurrent settings without prior CDK 4/6i but endocrine therapy exposure.
Initial data have shown an ORR of 5% and a CBR of 60% [60,61].

f. SERDS and other novel agents in ESR1 mutant breast cancers.

Borestrant is boronic acid-modified orally bioavailable SERD demonstrating the down-
regulation of estrogen receptors in endocrine-resistant breast cancer cells compared to ful-
vestrant. ENZENO (NCT04669587) is an ongoing trial evaluating the safety and tolerability
of borestrant as a single agent and in combination with palbociclib in endocrine-positive
advanced/metastatic breast cancer patients [62]. D-0502 is another oral SERD being stud-
ied in a phase I trial (NCT03471663) as monotherapy and in combination with palbociclib
in postmenopausal and pre-menopausal women on ovarian suppression with advanced
endocrine-positive breast cancer patients. Preliminary results showed improvement in
ORR and CBR in both monotherapy and combination cohorts [63].

ZN-c5, another orally bioavailable SERD, is being evaluated in a phase I/II trial
(NCT03560531) as monotherapy or in combination with palbociclib in pre- and post-
menopausal women with advanced ER-positive breast cancer. This compound has shown
an ORR of 5% and a CBR of 38%. Phase II of this trial is in progress, testing the combination
of this compound with palbociclib [64,65].

SERCAs inactivate estrogen receptors by interacting with unique cysteine residue
specific to estrogen receptors [66]. In the phase I/II trial evaluating compound H3B-6545
in pre- and postmenopausal women with advanced endocrine-positive breast cancer, the
ORR was 16.4% and CBR was 39.7% with a median PFS of 3.8 months. These patients had
previously received at least three lines of therapy, including CDK 4/6i [67]. H3B-6545 is also
being tested in combination with palbociclib in patients with endocrine-positive advanced
breast cancer who had previously received two lines of therapy (NCT04288089) [68].

CERANs block activation domains AF1 (activated by mTOR, P13K, MAPK pathways)
and AF2 (activated by estrogen ligand), leading to the depression of gene transcription and
cell proliferation. CERNs block AF1 and AF2 in contrast to SERMs, which block only AF2
but show agonist activity via AF1 [69]. OP-1250 is a bioavailable CERAN demonstrated in
ESR1 mutant breast cancers. NCT04505826 is the first-in-human study evaluating OP-1250.
Dose expansion, during phase 2 of this trial, showed an ORR of 9% and CBR of 21% with
drug tolerability. At the recommended phase 2 trial dose, the ORR was 18%, and CBR was
38% [70].
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Although the estrogen receptor remains the primary predictive biomarker of response
to endocrine therapy, the emergence of resistance is a significant challenge. Several strate-
gies, as outlined above, are being investigated, with elacestrant being the latest addition
used to treat resistant endocrine-positive breast cancer. More promising agents are at
various stages of development [Table 1].

Table 1. Overcoming the resistance to endocrine therapy (therapeutics and ongoing trials).

Agent Class Clinical Trials Patient Population Endpoints Salient Results Status

Elacestrant [43,44] Oral SERM/
SERD

EMERALD
(NCT03778931)

Randomized P-III

Patients with ESR1
mut. and ESTwt

PFS

ESR1 mut. = mPFS
3.8 vs. 1.9 months
[HR = 0.55, 95%

CI: 0.39–0.77]
ESR1wt

HR 0.86 (95%
CI: 0.63–1.19)

Yes, only in
patients with

ESR1 mutation

Elacestrant +
Abemaciclib [46]

Oral SERM/
SERD + CDK 4/6i

NCT04791384
(P-Ib and II)

Breast cancer with
brain metastasis

Safety and
tolerability

ORR
CBR

Ongoing

Elacestrant +
Samuraciclib [47]

Oral SERM/
SERD + CDK7

NCT05963997
(P-Ib/2)

Locally advanced or
metastatic patients

HR-positive,
HER2-unamplified

Safety and
Tolerability, PFS,
ORR, CBR, DOR

Ongoing

Elacestrant +
everolimus,

alpelisib, palbociclib
and ribociclib [48]

Oral SERM/
SERD + CDK 4/6i
or mTOR inhibitor

or PIK3CAi

NCT05563220
(P-Ib/2)

Locally advanced or
metastatic patients

HR-positive,
HER2-unamplified

Safety and
tolerability, PFS,

ORR, CBR, DOR, OS
Ongoing

Elacestrant [49] Oral SERM/SERD NCT05596409
(early P-II)

Locally advanced or
metastatic patients

HR-positive,
HER2-unamplified
(CDK 4/6i naïve)

PFS, OS, CBR, DOR Ongoing

Camizestrant SERD
SERENA-1

(NCT03616586)
P-1

Heavily pre-treated
patients with ESR-1

mut.
ORR, CBR, PFS

ORR 10%
CBR 35.3% across all

dose levels.
CBR 53.3% a dmPFS

for 11.1 months at
75 mg dose

Ongoing

Camizestrant +
Palbociclib [51] SERD + CDK 4/6i

SERENA-1
(NCT03616586)
Dose expansion

cohort

Heavily pre-treated
patients with
ESR-1 mut.

ORR
CBR

ORR 6.3%
CBR 50% Ongoing

Camizestrant vs.
Fulvestrant [52] SERD

SERENA-2
(NCT04214288)

P-II

Heavily pre-treated
patients

PFS, ORR,
DOR, CBR Ongoing

Camizestrant +
Palbociclib vs. AI
+ Palbociclib [53]

SERD + CDK 4/6 i SERENA-4
(NCT04711252) P-III

Denovo stage IV or
locally advanced
early-stage breast

cancer

PFS, OS, CBR,
secondary PFS Ongoing

AI + CDK 4/6i vs.
AI + CDK 4/6i +

Camizestrant [54]
SERD + CDK 4/6 i SERENA-6

(NCT04964934)

Metastatic or locally
advanced Ca breast

with ESR1 mut.
emergence before

radiographic
progression

PFS1, PFS2, OS,
ORR, CBR, QOL Ongoing

Imlunestrant +
alpelisib,

abemaciclib,
everolimus,

trastuzumab +/−
abemaciclib [56]

SERD + CDK 4/6i,
anti-HER2 mAb,

mTORi

EMBER-I P-I/II
(NCT04647487)

Metastatic breast and
endometrial cancer

Safety and
tolerability, ESR-1
clearance, mPFS

73% clearance or
ctDNA with ESR-1

mutation,
mPFS 6.5 vs.
4.3 months.

Ongoing

Imlunestrant vs.
Imlunestrant +

abemaciclib [57]
SERD + CDK 4/6i,

EMBER-3 3
(NCT04975308),

P-III

Previously treated
endocrine-positive

tumors
PFS, OS, ORR, CBR Ongoing

Lasofoxifene vs.
Fulvestrant [59] SERM ELAINE-I trial

(NCT03781063), P-II

Previously treated
endocrine-positive

tumors with
ESR-1 mut.

PFS; safety and
tolerability

mPFS 5.6 vs.
3.7 months,

p = 0.138, CBR 36.5%
vs. 21.6%; p = 0.117,
ORR 13.2% vs. 2.9%;

p = 0.124

Ongoing
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Table 1. Cont.

Agent Class Clinical Trials Patient Population Endpoints Salient Results Status

Lasofoxifene +
Abemaciclib [58] SERM + CDK 4/6i ELAINE-II

(NCT04432454), P-II

Previously treated
endocrine-positive

tumors with
ESR-1 mut.

Safety and
tolerability, PFS,
CBR, ORR, DOR

Ongoing

Rintodestrant +
Palbociclib [60,61] SERD + CDK 4/6i P-1/P-II

Previously treated
endocrine-positive
tumors with ESR-1
mut. (without prior
CDK 4/6 exposure)

Safety and
tolerability, ORR,

CBR
ORR 5%, CBR 60% Ongoing

Borestrant
(monotherapy)

Or
Borestrant +

Palbociclib [62]

SERD/SERD +
CDK4/6i

P-I and P-II
(NCT04669587)

Metastatic or locally
advanced Ca Breast

Recommended dose,
response as

monotherapy,
response in

combination, ORR,
CBR

Ongoing

D-0502
(monotherapy)

Or
D-0502 + Palbociclib

[63]

SERD/SERD +
CDK4/6i

P-I
(NCT03471663)

Metastatic or locally
advanced breast

cancer

MTD, DLT,
ORR, PFS

Combination was
better Ongoing

ZN-c5
Or

ZN-c5 + Palbociclib
[64,65]

SERD/SERD + CDK
4/6i

P-I/II
(NCT03560531)

Pre- and
postmenopausal

women with advanced
ER-positive breast

cancer

MTD, RP2D; safety
and tolerability.

ORR, CBR

Monotherapy
showed ORR of 5%

and CBR of 38%

P-II is still
ongoing

H3B-6545 SERCA P-I/II

Pre- and
postmenopausal

women with advanced
ER-positive breast

cancer (patient
received at least 3
previous lines of

therapy), including
CDK 4/6i

MTD, ORR,
CBR, PFS

ORR = 16.6%
CBR 39.7%

mPFS = 3.8 months

H3B-6545 +
Palbociclib [67,68] SERCA + CDK 4/6i P-I (NCT04288089)

Pre- and
postmenopausal

women with advanced
ER-positive breast

cancer (patient
received at least 3
previous lines of

therapy)

MTD, ORR,
CBR, DOR Ongoing

OP-1250 [70] CERAN P-I and P-II
(NCT04505826)

Pre- and
postmenopausal

women with advanced
ER-positive breast

cancer with ESR-1 mut

DLT, MTD, ORR,
CBR

P-I “ORR = 18%,
CBR 38%”

P-II ORR = 18%,
CBR 38%

SERD: selective estrogen receptor degrader, SERM: selective estrogen receptor modulator, ESR1: estrogen receptor
1, ESR1wt: estrogen receptor 1 wild-type, mPFS: median progression-free survival, CKD 4/6i: cyclin-dependent
kinase-1 inhibitor, HR: hormone receptor, ORR: objective response rate, CBR: clinical benefit rate, DOR: du-
ration of response, OS: overall survival, QOL: quality of life, MTOR: the mammalian target of rapamycin,
PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-Kinase, mAb: monoclonal antibody, MTD: maximum toler-
ated dose, DLT: dose-limiting toxicity, RP2D: recommended phase 2 dose, SERCA: sarcoplasmic/endoplasmic
reticulum Ca2+-ATPase, CERAN: complete estrogen receptor antagonist.

3. Personalization in Human Epidermal Growth Factor Receptos-2 (HER2)-Amplified
Breast Cancer

HER2 is amplified in about 15–20% of breast cancers [71]. HER2-directed therapies are
the cornerstone of the management of HER2-amplified breast cancers. This has significantly
improved cancer-related outcomes with median survival over 50 months in HER2-amplified
cancer patients [72]. HER2-positive breast cancer is a heterogeneous disease. Concomitant
endocrine positive status (ER+ and ER−ve HER2-amplified tumor), intrinsic subtypes,
ERBB2 mRNA levels, BRCA1/BRCA2 mutations, ERBB2 mutation/amplification, PIK3CA
mutation, and immune microenvironments, such as TILs, PD-L1, and FcyR alleles, all
contribute to the heterogeneity of HER2-amplified breast cancers [73,74].
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3.1. Level of HER2 and HER3 Expression

Although HER2 expression is indicated by amplified or unamplified status, the level of
mRNA translating ERBB2 varies proportionately from IHC-0 to IHC-3 for HER2-expressing
tumor cells [75]. The level of HER2 expression can be prognostic. Per the CLEOPATRA trial,
low HER2 expression indicated poor median PFS compared to higher HER2 expression
(HR 0.77, 95% CI 0.63–0.93, p = 0.008). In the EMILIA trial, in patients with high ERBB2
mRNA, the median PFS was 10.6 months compared to 8.2 months in patients with low
ERBB2 mRNA treated with T-DM1 [76]. In TH3RESA, the median PFS was 7.2 months vs.
5.5 months with T-DM1 in patients with high ERBB2 mRNA expression [76]. MARIANNE
trial showed similar outcomes in patients with high ERBB2 mRNA levels treated with
T-DM1 (median PFS 18.6 months vs. 10.2 months). In the same trial, patients with IHC 3+
HER2 had a median PFS of 14.6 months vs. 7.3 months in patients with IHC 2+ HER2 [77].
In all these trials, the absolute difference in median PFS was lower among patients with
lower HER2 expression or ERBB2 mRNA levels.

Trastuzumab deruxtecan has demonstrated clinical activity in patients with low HER2
expression (traditionally characterized as HER2-unamplified). Among patients with low
HER2 expression, the response rate to trastuzumab deruxtecan was 37% in heavily pre-
treated metastatic breast cancer patients. The median PFS was 11.1 months, and the
duration of response was 10.4 months [78].

Intratumoral heterogeneity of HER2 can also determine treatment-related outcomes.
Intratumoral heterogeneity can present as a clustered type with different HER2 levels
within the same tumor, a mosaic type with diffuse and variable HER2 expression among
individual cancer cells, and a scattered type with HER2-amplified cells scattered within
an otherwise HER2-unamplified tumor [74]. In the KRISTINE trial, which evaluated
neoadjuvant T-DM1 and pertuzumab compared to trastuzumab, pertuzumab, docetaxel,
and carboplatin, patients experiencing locoregional progression before surgery showed a
higher heterogeneity in tumor cell populations, with variable HER2 IHC expression in 80%
of the tumor cells. In contrast, among the patients with no locoregional progression, 85%
had homogeneous HER2 expression [79]. Similarly, post hoc analysis of the MATIANNE
trial also evaluated the impact of HER2 heterogeneity on the treatment-related outcomes
in patients with heterogeneous HER2 expression, showing poor responses to T-DM1. The
median PFS was 14.7 months in HER2 homogeneous tumors compared to <10 months in
more heterogeneous tumors [76]. Despite these reports, reporting the HER2 heterogeneity
is not standard, and the treatment has not been modified in standard clinical practice.

HER3 is another TKR, along with the epidermal growth factor receptor (EGFR) and
HER2, which plays a vital role in cellular proliferation [80]. HER2-HER3 together provides
the most active signal for cellular proliferation. HER3 has also been shown to play an
essential role in the development of resistance to anti-HER2 therapy [81,82]. However, in
multiple clinical trials, the association between different levels of HER3 expression and
treatment-related outcomes has produced variable results [76,77].

Despite variable evidence and unclear roles in tumorigenesis, anti-HER3-directed
therapies are at various stages of development. MCLA-128 is a bispecific antibody targeting
HER2 and HER3 receptors and is being evaluated in a phase II trial (NCT03321981). This
antibody also potentially blocks the HER3 ligand-induced receptor demineralization. This
phase II trial is planned for HER2 low, ER-positive breast cancer patients with advanced
disease after progression on CDK 4/6i. The preliminary data have shown a disease con-
trol rate of 45% [83]. Patritumab is a monoclonal antibody directed against HER3. In a
phase I study, in combination with paclitaxel and trastuzumab, patritumab demonstrated
affordable toxicity [84].

Patritumab deruxtecan is a HER3-directed antibody-drug conjugate being studied in
phase I/II trials in patients with metastatic breast cancer expressing HER3. The preliminary
results showed promising activity in ER+ve/HER2−ve, triple negative, and HER2+ breast
cancers [85]. Lumretuzumab and seribantumab are other HER3-directed antibodies that
have shown significant toxicities in preclinical trials. No efficacy data about these agents
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are available yet [86,87]. Although HER3-directed therapies may not be ready for ‘prime
time’ yet, they could be promising therapeutic targets and prognostic biomarkers for breast
cancer as more data become available.

3.2. DNA and Gene-Based Biomarkers in HER2-Positive Tumors

HER2-amplified breast cancers can present as any of the four intrinsic subtypes of
breast cancer, depending on the co-expression of endocrine receptors. These subtypes are
HER2-enriched, basal-like, luminal A, and luminal B [88]. These intrinsic subtypes of HER2-
amplified breast cancer can determine treatment-related outcomes and can potentially be
used as prognostic biomarkers [89]. The PAM50-based breast cancer subtype in endocrine-
positive and HER2-amplified tumors demonstrated that patients with luminal A cancer
experienced longer median PFS. In the luminal A cohort, the median PFS was 11 months, it
was 5.6 months in the luminal B cohort, 4.4 months for HER2-amplified, and 3.6 months in
basal-like metastatic breast cancers [90]. These studies suggest the utility of gene-based
intrinsic breast cancer subtyping and endocrine receptor expression as dual biomarkers in
localized and metastatic breast cancer patients (Figure 3).
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The analysis of germline and somatic DNA mutation in solid tumors, including breast
cancer, has become a standard of care in advanced settings and is now increasingly being
explored in early-stage settings. This DNA analysis not only provides additional biomark-
ers for tumor-directed therapies but also holds the potential to be used as a predictive
biomarker. However, in HER2-amplified breast cancers, the role of DNA sequencing using
NGS is still in the investigational phase, and there are no FDA-approved DNA mutation-
based targeted therapies yet. This ongoing research underscores the evolving landscape of
breast cancer treatment.

ERBB2 mutation is mainly seen in HER2-amplified breast cancers, with an overall
incidence of about 3% in all breast cancers [91]. ERBB2 has oncogenic potential and could
be a target for HER2-directed therapies. These therapies are tyrosine kinase inhibitors, and
a few trials are underway to target ERBB2 tyrosinase kinases in HER2-amplified tumors
(NCT02544997 and NCT03412382) [74].

BRCA 1/2 germline mutations are common genetic alterations in breast cancer, but
there are no FDA-approved BRCA 1/2-directed therapies in HER2-amplified breast cancers,
as HER2-amplified breast cancer with BRCA mutations were typically excluded from the
trials. BRCA 1 is the most seen in TNBC, and BRCA 2 is the most seen in endocrine-positive
breast cancers. The incidence of BRCA 1/2 in HER2-amplified breast cancers is ~4% [92,93].

PIK3CA is a common gene alteration seen in breast cancers. PIK3CA mutations
are seen on exons 9 and 20, with HER2-amplified tumors exhibiting PIK3CA on exon
9 [89,94,95]. The PIK3CA mutation is associated with poor response to anti-HER2 therapy in
neoadjuvant and metastatic settings [94,96]. This has stemmed from the hypothesis that the
PIK3CA mutation is associated with potential resistance to anti-HER2 therapy [97]. PIK3CA-
targeted therapies are commonly employed in endocrine-positive breast cancer patients
targeting the PI3K/AKT/mTOR pathway [98,99]. However, the role of this pathway in
HER2-amplified breast cancers is still under investigation. Multiple studies have evaluated
the role of PI3Ki in HER2-amplified breast cancers. Buparlisib is a PI3KCAi that has been
trialed in HER2-positive breast cancer in phase Ib and phase II studies in combination
with lapatinib and trastuzumab, respectively. Buparlisib, in combination with lapatinib,
demonstrated an ORR of 4% and CBR of 29% [100], and in combination with trastuzumab,
the ORR was 10% [101]. Pilarasib was also studied in phase I/II trials in combination
with trastuzumab vs. trastuzumab and paclitaxel. The results were disappointing, with
an ORR of 0% for trastuzumab and 20% for trastuzumab and paclitaxel [102]. Taselisib
was investigated in combination with T-DM1 in a phase Ib trial, which demonstrated an
ORR of 33% with a median PFS of 7.6 months [103]. Alpelisib, in combination with T-DM1
in the phase I trial, demonstrated an ORR of 43% with a median PFS of 8.1 months [104].
In another phase I trial, alpelisib demonstrated stable disease in 83% of the breast cancer
patients when used in combination with trastuzumab + LJM716. However, the total
number of patients was only 6 [105]. IPATHER is an ongoing phase Ib trial evaluating the
combination of PIK3CAi ipatasertib in combination with pertuzumab + trastuzumab in
advanced HER2-positive PI3KCA mutant breast cancer (NCT04253561) [106]. The role of
gene testing and NGS in evaluating DNA mutation is evolving in HER2-amplified breast
cancer, and there is potential for NGS-based biomarker utility in HER2-amplified breast
cancer patients.

3.3. Biomarkers for Predicting Pathological Response to HER2-Directed Therapy

Neoadjuvant therapy is a standard of care for HER2-amplified locally advanced breast
cancer [107]. Anti-HER2 therapy in neoadjuvant settings can achieve pCR in over 60% of
cases, especially with a dual blockade by two anti-HER2 monoclonal antibodies [108,109].
Although achieving pCR is associated with improved long-term outcomes, many patients
do not achieve pCR. Several factors can indicate the probability of pCR; however, they
are not routinely used in clinical practice [110]. One of the most studied biomarkers
predicting the response to neoadjuvant therapy is the level of HER2 expression. High ERBB2
mRNA and associated proteins activate the EGFR-HER2 signaling pathway, producing
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high pCR [111,112]. The P1K3CA pathway is also essential in HER2-amplified breast
cancer. PIK3CA is present in the HER2 downstream signaling pathway [113]. PIK3CA
is regulated by PTEN expression, which is present further downstream in the pathway.
Activation of PIK3CA mutation and loss of PTEN lead to aggravated PIK3CA signaling,
resulting in aggressive behavior [114]. The presence of PIK3CA mutation and loss of
PTEN are associated with poor response to anti-HER2 therapy. However, as reported
above, adding PIK3CA inhibitors has resulted in a meager response in HER2-amplified
cancers [100–102,115].

Tumor-infiltrating leukocytes (TILs) indicate immunogenic hot tumors with recruit-
ment of immune modulators and antigen-presenting cells, regulatory T-cells that can result
in increasing anti-tumor activity and indicate increased response to neoadjuvant ther-
apy [116,117]. In the GeparSixto trial, 20% of patients were classified as having lymphocyte-
predominant breast cancer. These patients had a higher rate of pCR than those with lower
lymphocyte infiltration levels (64% vs. 27%) [118]. In the NeoALTTO trial, in patients
with greater than 5% TILs, pCR was higher compared to the patients with a lower percent-
age of TILs [119]. High Ki-67 is also reported to be associated with a higher response to
neoadjuvant therapy [120]. Molecular crosstalk between HER2 amplification and hormone
receptors also leads to poor response to neoadjuvant treatment. This crosstalk supports
the hypothesis that estrogen binding to cytoplasmic estrogen receptors activates HER2
blockage, bypassing the signaling pathway [121,122]. In almost all the trials on neoadjuvant
therapy in HER2-amplified breast cancer, pCR was significantly lower in hormone-positive
patients compared to hormone receptor-negative patients [123,124].

StAR-related lipid transfer domain-3 (STARD3) is co-amplified and co-expressed with
HER2 in breast cancer [125]. Studies have shown that STARD3 silencing is associated
with restricted cellular growth [126]. HER2-amplified breast cancers have a particular
tendency toward STARD3 expression, and STARD3 co-expression is implicated toward
pCR in HER2-amplified breast cancers. Higher STARD3 expression may be associated with
higher sensitivity and pCR to the anit-HER2-directed therapy [127,128].

Although HER2 amplification and its magnitude are major predictors of response to
anti-HER2 therapy, other potential markers also play a role in predicting response and
prognosis following anti-HER2 therapy. Future studies and predictive models incorpo-
rating these biomarkers are needed to identify high-risk patients and develop relevant
treatment strategies.

4. Triple-Negative Breast Cancer

Triple-negative breast cancer (TNBC) represents 15–20% of breast cancers. TNBC
lacks ER, PR, and HER2 expression and is considered a heterogeneous and aggressive
cancer [129,130]. TNBC is typically associated with poor prognosis and lacks targeted
therapeutic strategies. Over the last few years, immunotherapy has gained traction in
TNBC both in locally advanced and metastatic settings. Atezolizumab was the first im-
mune checkpoint inhibitor approved in unresectable locally advanced or metastatic TNBC
expressing ≥1% PD-L1. This approval was based on a phase III Impassion131 trial that,
upon later review, was withdrawn by the FDA based on the lack of efficacy [131,132]. On
13 November 2020, the FDA granted accelerated approval to pembrolizumab in combina-
tion with chemotherapy in the treatment of unresectable locally advanced or metastatic
TNBC breast cancer with a combined positive score (CPS) of ≥10. This approval was
granted based on KEYNOTE-355 (NCT02819518), a multicenter, double-blind, randomized,
placebo-controlled trial [133]. On July 26, 2021, the FDA approved pembrolizumab in
locally advanced, high-risk TNBC for all comers regardless of PD-L1 expression. This
approval was based on the results of the KEYNOTE-522 phase III trial [134]. Since these
approvals, pembrolizumab has been the standard of care in TNBC but is also associated
with considerable toxicities. Although the response rates have improved, there remains
a need to identify patients who would benefit from immunotherapy, as 35% of patients
do not achieve pCR [135]. Moreover, several patients experience toxicities and there is
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considerable financial toxicity with the use of immune checkpoint inhibitors. Identify-
ing potential biomarkers to select patients benefiting from immunotherapy with the least
toxicities is paramount.

TNBC heterogenicity is determined by gene expression profiling, mutational copies,
epigenetics, proteomics, and phospho-proteomics [136,137]. Lehmann et al. reported six
molecular subtypes of the TNBC: basal-like 1 and 2 (BL1 and BL2), immunomodulatory
(IM), mesenchymal (M), mesenchymal stem-like (MSL), and luminal androgen receptors
(LARs) that were further classified into four subtypes (BL1, BL2, M, and LAR) [138,139].
The TNBC subtypes constitute different tumor microenvironments [TME], resulting in
different immunotherapy responses. Molecular crosstalk between tumor inflammatory
immune cells and immune modulatory cells plays a pivotal role in the tumor’s response to
immunotherapy [129,140–142]. Although, along with PD-L1, as reported above, microsatel-
lite instability (MSI-H) and high tumor mutational burden (H-TMB) are tumor agonistic
markers approved for the use of checkpoint inhibitors in solid tumors, their use in TNBC is
minimal due to the very low rate of MSI-H and H-TMB. Therefore, the PD-L1 expression in
the form of CPA remained the primary biomarker in metastatic TNBC settings [143–146].

4.1. Molecular Basis of TNBC Heterogenicity

Lehman et al. reported BL1, BL2, M, and LAR as molecular subtypes in TNBC. These
molecular subtypes result in variable therapeutic vulnerability to therapeutic agents [138,139].
Bareche et al. also reported TNBC molecular subtypes such as BL, M, LAR, MSL, and
IM. They removed the BL2 subtype due to molecular instability [147]. Burnstein et al.
also reported four distinct subtypes of the TNBC by combining gene expression profiling
and copy number variations (CNVs). These four subtypes are LAR, mesenchymal (MES),
basal-like immune-suppressed (BLIS), and basal-like immune-activated (BLIA) [136]. The
IM and BLIA (basal-like immune activated)-related subtypes are characterized by a higher
expression of immune gene signatures and targetable immune modulators, including
immune checkpoints, and are associated with better prognosis [138,139,147,148]. The M
and MSL tumors are associated with angiogenesis and the stroma signature, whereas the
BL subtype is characterized by genomic instability, DNA gene repair deficiency, and a
higher rate of TP53 mutation. The LAR subtype is characterized by the androgen receptor
expression and is usually associated with a worse prognosis. Typically, the LAR subtype
has higher incidences of CHH1, AKT1, and PIK3CA alterations [147].

Several studies have retrospectively evaluated the response to immunotherapy based
on these molecular subtypes, revealing promising results. A retrospective analysis of the
IMpassion130 trial in metastatic TNBC showed improved treatment-related outcomes in
the BLIA subtype with atezolizumab, indicating the potential of immunotherapy in treating
TNBC [149]. In another phase I trial (PCD4989), TNBC patients who received atezolizumab
showed that the BLIA and LAR subtypes were associated with higher tumor-infiltrating
immune cells such as TILs, PD-L1, and CD8-expressing immune cells compared to M
and BLIS subtypes. In this study, BLIA and LAR subtypes were associated with better
prognosis [150]. A 101-gene analysis based on different molecular classifications was
reported in the NeoTRIPaPDL1 trial. In this trial, the pre-treatment TNBC subtype was
not predictive of the response to the treatment. However, numerically, the pCR was higher
(70%) in patients with BL1 tumors receiving atezolizumab and chemotherapy compared to
54% in chemotherapy alone. The pCR was low in both arms in LAR subtypes (22% vs. 19%).
On the flip side, in patients with the M subtype of TNBC, the pCR was high (60% vs. 50%)
in both arms [151,152].

While these molecular subtypes can predict the response to immunotherapy, it is cru-
cial to note that studies have shown molecular subtype evolution within the same patient,
including changes in molecular subtypes with chemotherapy and/or immunotherapy. The
most common change reported is the evolution from BL1 to M subtype in 38% of the cases
following neoadjuvant therapy [153]. This underscores the need for further investigation
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into other prognostic biomarkers. However, clinical implications of molecular subtyping in
routine practice have yet to be validated (Figure 4).
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4.2. Programmed Death-Ligand 1 (PD-L1) Protein Expression as a Biomarker

PD-L1 is expressed in 15–50% of the TNBC. PD-L1 expression is higher in non-metastatic
TNBC (up to 50%), whereas in metastatic TNBC, the expression is 15–20% [154,155]. That is
why in locally advanced TNBC, immunotherapy is added to chemotherapy regardless of
the CPS score compared to the metastatic TNBC, where CPR ³10 is mandated to combine
immunotherapy with chemotherapy [134,135]. It has also been reported that immune-
related molecular subtypes of TNBC, such as BLIA, M, and BL, show higher levels of
PD-L1 expression (up to 78%), followed by BLIS (up to 32%), LAR (up to 35%), MES/MSL
(up to 65%) [156–158]. Keynote 355 and Impassion 130 clinical trials demonstrated a
predictive value of PD-L1 expression based on IHC [140,159]. However, TNBC patients
respond regardless of the PD-L1 status, especially in locally advanced TNBC [134]. It
has also been reported that the PD-L1 expression changes with the incorporation of other
therapeutic modalities, such as chemotherapies, which can also change the responsiveness
of tumors [151,160]. It is further observed that in Impassion 031 and KEYNOTE 522, the
PD-L1 expression did not predict the pCR, and the pCR rate was consistent across all PD-
L1 subclasses [161,162]. In the GeparNuevo trial, patients with higher PD-L1 expression
receiving durvalumab in combination with chemotherapy demonstrated a higher pCR than
the placebo arm [163]. However, overall, in current clinical practice, the utility of PD-L1
expression in locally advanced TNBC is experimental only. This difference in the predictive
value of PD-L1 IHC expression between locally advanced non-metastatic and metastatic
breast cancer could be related to the immune modulation and editing resulting from the
immune suppression from TME in metastatic TNBC [164,165].

CD274 is a gene encoding the PD-L1 immune modulator. Molecular analysis of the
CD274 gene amplification can provide a more accurate analysis of the PD-L1 expression as
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there is discordance between various IHC assays for the PD-L1 expression measurement.
Each therapeutic agent has a companion diagnostic test in clinical utility [151]. In SAFIR02-
BREAST IMMUNO, a phase 2 trial, PD-L1 assessment through a CGH array showed that a
gain (3 to 4 copies) or an amplification (≥4 copies) of CD274 could predict the response to
durvalumab in metastatic breast cancer [151].

4.3. Microsatellite Instability and Tumor Mutation Burden

The FDA approved MSI and TMB as tumor agonistic biomarkers for pembrolizumab
use in solid metastatic or unresectable locally advanced cancers [143–146]. Higher neoanti-
gen load within the tumor cells or TME leads to t-cell activation and tumor suppression.
Higher TMB denotes a higher neoantigen load and acts as its surrogate. Higher TMB
could lead to increased recruitment of the inflammatory cells into the TME and activate
the adaptive immune response. This is mainly observed in TNBC compared to endocrine-
positive tumors [145,166,167]. Although TNBC has higher immunogenic potential and
a higher neoantigen load, the median TMB is still lower than the other solid tumors
(1.8 mut/Mb) [146]. It has been reported that BL1 and M subtypes harbored more mutations
than the different molecular subtypes. Moreover, TMB of >1.5 mut/Mb was associated with
improved PFS [168]. The Keynote-158 trial, which led to the approval of pembrolizumab
for solid tumors with TMB >10 based on the FoundationOne CDX assay, included 5–10%
of TNBC patients [166,167]. However, this definition of higher TMB is controversial across
different tumor types. In the NCT02091141 (MyPathway multi-basket) trial, a higher cut-off
for TMB (≥16) was used. This trial demonstrated a higher response rate and an overall
benefit from atezolizumab therapy across various tumor types regardless of MSI (38%).
However, a limited efficacy was observed in patients with TMB of >10 but <16. This finding
contradicts the findings of the Keynote-158 trial [169]. Pembrolizumab treatment improved
CBR among patients with high TMB based on the exploratory analysis of Keynote-119 [145].
Similarly, in the GeparNuevo trial, high TMB (2.05 mut/Mb or higher) was associated with
pCR with and without immunotherapy [170].

MSI results from the loss and gain of nucleotides in repetitive DNA microsatellite
sequences. This increases tumor mutagenicity and neoantigen, resulting in heightened
adaptive immunity [171,172]. Colorectal cancer and endometrial cancers have the highest
rate of MSI. However, MSI is exceedingly rated in TNBC and is reported to have an
incidence of 0.2% [172,173].

4.4. Tumor Infiltrating Lymphocytes

Tumor-infiltrating lymphocytes (TILs) constitute T-cells, B-cells, and natural killer (NK)
cells. T-cells make up the higher proportion of the TILs [174]. The TIL proportion is higher
in TNBC and, to an extent, HER2-amplified tumors than in luminal breast cancers [175].
The highest proportion of TILs is most seen in IM (38%) followed by BL2 (23%), MSL (21%),
LAR (17%), BL1 (15%), and M (9%) molecular subtypes of the TNBC [139]. The International
Immuno-oncology Biomarker Working Group on Breast Cancer has standardized the TIL
scoring in breast cancer [176,177]. Integrating TIL biomarkers into the TNM American Joint
Committee on Cancer (AJCC) Staging System for breast cancer is under consideration [178].

Higher TIL is reported to be associated with better clinical outcomes in localized
and locally advanced/ metastatic breast cancers. In metastatic TNBC, higher levels of
TILs are associated with improved ORR and OS [179]. TNBC patients with TIL scores
of ≥10% responded better to atezolizumab plus nab-paclitaxel in the IMPassion-130 trial
(HR: 0.64, 95% CI = 0.5–0.84) [159]. In early-stage breast cancer, a higher TIL level was
associated with improved response to the treatment. In NeoTRIPaPDL1, a higher stromal
TIL level was associated with higher pCR in response to the treatment with chemotherapy
and atezolizumab [148]. In KEYNOTE-173 and GeparNuevo trials, the median increase in
TILs from the baseline (both stromal and infiltrating TILs) before and after the treatment
was associated with higher pCR as well, indicating the dynamic role of TILs during the
treatment and its implications on the treatment-related outcomes [160,180]. TILs are used
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to identify TNBC with higher immunogenic potential and to choose therapy based on the
immunogenic potential characterized by higher infiltrating TILs. In BELLINI, a phase II trial
in the TNBC patients, nivolumab was administered with a low-dose ipilimumab or placebo.
This trial met the biomarker-specific primary endpoint. In both cohorts, the increase in
CD8+ T cells and/or interferon-gamma expression was 53% in the nivolumab cohort vs.
60% in the nivolumab/ipilimumab cohort. The TIL level was ≥40% in responders in both
cohorts [181].

CD 8+ TILs are the most important immune cells influencing the response to im-
munotherapy. Multiple trials have shown a positive correlation between the expres-
sion of CD8+ T-cells and regulatory T-cells and response to immunotherapy/chemo-
immunotherapy, such as Keynote 086, I-SPY2, and TONIC trials [182–184]. Further charac-
terization of immune cells contexture within the TME has revealed three subtypes based
on immunophenotyping in TNBC [185]. Fully inflamed phenotype (FI) is characterized by
intra-tumoral localizations of TILs. A stroma-restricted (SR) phenotype is associated with
the absence of infiltrating TILs but the presence of stromal TILs. The margin-restricted (MR)
phenotype denotes the presence of TILs at tumor margins (Figure 2). Tumors with low TILs
are also known as immune desert tumors (ID). The IM molecular subtype of TNBC has
a higher proportion of FI tumors [142,156]. The M subtype has the lowest immunogenic
potential as it has a higher prevalence of MR or ID phenotypes [139,142,156,168].

The immunogenic potential of the TNBC and the characterization of the TME are
being explored further. However, further valuation studies are needed before this can be
incorporated into clinical practice. As reported above, the integration of the TIL biomarker
into the TNM American Joint Committee on Cancer (AJCC) Staging System for breast
cancer is under consideration [178].

4.5. Immune Gene Expression in TNBC

RNA-seq of the tumor samples encompassing tumor cells and the TME. RNA-based
expression profile tool can estimate the TME cells in tumor tissue and provide immune
gene signatures, such as the MCP-counter, Cibersort) [186,187]. Immune gene expression
in the TNBC and HER2-amplified tumors is reported to be associated with response to
immunotherapy. The immune gene signature of breast cancer could reflect the immune cell
population and the immunogenic potential of the tumor [188–190].

In TNBC, B and T cells gene expression signature resulted in better response to the
pembrolizumab [150]. The tissue-resident memory (TRM), T cell signature, and 18-gene T
cell-inflamed gene expression profile (GEP) were associated with better response to pem-
brolizumab [191]. Gene signatures indicating higher levels of STAT1 signature/chemokine
12 and dendritic cells were also associated with better response to immunotherapy (pem-
brolizumab) [192]. The GeparSixto immune gene expression signature (GSIS), TMB, and
interferon signatures predicted the response to durvalumab therapy in the GeparNuevo
phase II trial [170]. The GSIS signature provides 12 immune genes, dividing them into
immune-cold and immune-hot genes. The genes are both immune-suppressive genes
(PDCD1, coding for PD-1, CD274, coding for PD-L1, CTLA4, FOXP3, and IDO1) and
immune-activating genes (CCL5, CXCL9, CXCL13, CD80, CD21, CD8A, IGKC) [179]. The
NeoTRIPaPDL1 trial also demonstrated the predictive value of a 27-gene-based score and
B-cell memory signature that can predict the response to atezolizumab in combination with
chemotherapy [152]. Although these immune gene signatures offer hope for developing
biomarkers that are more accurate in selecting patients with a higher likelihood of respond-
ing to therapy, these assays are costly, need special considerations, and suffer from a lack of
standardization and validation on a larger scale (Figure 5) [193].

TME characterization by infiltrating immune cells.
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5. Circulating Tumor DNA as a Predictive and Prognostic Biomarker

Circulating tumor DNA (ctDNA) consists of tumor-derived fragments of the DNA
found in any body fluids such as blood/plasma, urine, cerebrospinal fluid, pleural fluid,
and ascites. ctDNAs are typically encapsulated in the lipid membranes, trapped by the
leukocytes, lipoproteins, or nucleosomes [194]. ctDNA was first described by Stroun
et al. in 1987 and may contain driver and/or passenger mutations. It can potentially be a
sensitive and specific cancer biomarker [195]. The National Cancer Institute further defines
the term “Liquid Biopsy” as a test conducted on a sample of blood, urine, or other body
fluids, as stated above, to look for cancer cells, DNA, or RNA pieces, or other molecules
released by the tumor cells into the body fluids [196]. The non-invasive nature of the liquid
biopsy is appealing for serial monitoring and detecting of the tumor fragments to inform
the treatment decisions. Thierry et al. assessed the KRAS status via ctDNA in patients with
metastatic colorectal cancer in 2014. This was one of the first studies reporting the clinical
utility of the ctDNA in cancer patients. The cell-free DNA showed 100% sensitivity and
specificity [197]. ctDNA monitoring has shown variable but promising results in several
other tumor types [198–200].

Numerous techniques have been used to detect ctDNA with variable sensitivities.
Highly sensitive techniques for ctDNA detection and characterization are based on NGS,
digital droplet PCR (ddPCR), beads, emulsion, amplification, and magnetics (BEAM-
ing) [201]. NGS is an ultrasensitive method to identify and quantify ctDNA at the lowest
levels in the plasma. It depends on the protocols for low DNA input and designing biotiny-
lated DNA oligonucleotide selectors. These selectors target the frequently mutated regions
of the DNA specialized to the tumor type [202]. ddPCR is a powerful technique used to
accurately quantify rare mutations. This technique relies on partitioning the samples into a
multitude of units, with each unit containing one DNA molecule amplified by the PCR,
resulting in amplification of the individual units and eventual detection [203]. BEAMing
combines emulsion PCR with flow cytometry of the magnetic beads. Following amplifica-
tion of the tumor DNA, the molecules are attached to the magnetic beads, and then further
amplification occurs in numerous water-in-oil emulsion droplets. Each droplet contains
a bead coated with DNA molecules labeled with fluorescence. Flow cytometry helps to
identify and quantify these DNA molecules [204]. The bespoke assay is a tumor-informed
assay that involves sequencing the tumor tissue and then identifying the tumor-specific
genomic alterations in the blood with a sensitivity of 10–6 [205].

5.1. Role of ctDNA in Locally Advanced Early-Stage Breast Cancer

Detection of ctDNA in the blood can provide real-time monitoring of the tumor
and inform therapeutic decisions. ctDNA and minimal residual disease (MRD) are used
interchangeably. MRD represents cancer persisting after treatment, which is not seen by
conventional imaging [206]. The MRD assessment in a curative intent setting in early-stage
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breast cancer can help plan adjuvant therapy. MRD at the end of curative intent therapy
(e.g., surgery and/or adjuvant therapy) is associated with a risk of recurrence and impacts
survival [207]. Approximately 85% of breast cancers are diagnosed at an early stage, and
approximately 30% of these patients will relapse [208]. Several factors determine the risk of
relapse after curative intent therapy, such as tumor stage, tumor size, nodal involvement,
and histological grade [209].

Spot and longitudinal assessments of the ctDNA may provide early information
regarding the risk of relapse and could be predictive and prognostic biomarkers following
curative intent therapy [197–200]. The liquid biopsy detection of ctDNA can improve
precision by detecting driver mutations. The ctDNA load is higher in progressive and
metastatic settings. However, the ctDNA fraction is extremely low in early-stage breast
cancers, where the detection of ctDNA requires highly sensitive methodology, such as a
“Bespoke assay” that can detect the tumor-specific ctDNA down to the level of 10–6 [205].
CancerSEEK is another blood test that combines ctDNA and protein biomarkers, increasing
the sensitivity of ctDNA detection to 43% in stage I, 73% in stage II, and 79% in stage III.
This test has a specificity of 99% [210].

As mentioned above, longitudinal monitoring of the ctDNA can identify breast cancer
patients with a higher risk of relapse. In a prospective study on 100 breast cancer patients,
the primary tumors were sequenced for 14 driver mutations; 45 patients carry at least one
of the driver mutations. The persistence of these driver mutations in ctDNA 2–4 weeks after
the curative intent surgery was associated with the worst prognosis and resulted in earlier
relapse [211]. It has been reported that serial monitoring of ctDNA can detect metastatic
progression on an average of 11 months (0.5–37 months) before clinical, biochemical, and
radiographic manifestations with 100% specificity and up to 93% sensitivity [212,213]. In
another study, ctDNA provided a lead time of up to 3 years before the relapse could be
evident from clinical and radiographic modalities [214].

Detection of MRD via ctDNA after curative intent therapy has excellent clinical utility.
It provides better sensitivity and specificity with a lead time of up to 3 years. MRD
assessment before and after adjuvant and neoadjuvant therapy provided an opportunity to
modify treatment in high-risk patients. Poor prognostic factors, such as tumor stage, tumor
size, nodal involvement, etc., are associated with higher ctDNA levels before neoadjuvant
therapy. The ctDNA clearance is reported to be associated with higher pCR [215]. Another
study reported that the patients clearing their ctDNA over neoadjuvant treatment compared
to those who do not clear their ctDNA have better prognosis [216]. The C-TRAK TN study
reported that 79% of TNBC patients with positive MRD developed metastatic disease.
However, this study was skewed by the large proportion of high-risk patients [217]. In
breast cancer, the utility of ctDNA and MRD testing is in evolution. More extensive studies
are needed to validate the MRD assessment to direct the therapy in early-stage breast
cancers. However, if MRD is proven to be an optimal surrogate marker for clinical trials,
we can expect much faster clinical trials and endpoint reporting [208]. A negative MRD
status can also be utilized to de-escalate the neoadjuvant and adjuvant therapy. This can
have a substantial effect on mitigating the toxicity of cytotoxic neoadjuvant and adjuvant
chemotherapy in breast cancer. In early-stage colon cancer, ctDNA-guided management
spared the use of chemotherapy in about 15% of the patients, and the treatment-related
outcomes were similar in patients with and without chemotherapy [218].

5.2. Role of ctDNA in Metastatic Breast Cancer

ctDNA in metastatic cancer can have several clinical utilities. It can be a prognostic
marker, informative of the tumor burden, and a monitoring tool. It can also inform the
genetic alterations and clonal evolutions in the ctDNA that can be potential therapeutic
targets [219,220]. ctDNA has high sensitivity in metastatic breast cancer and can detect
tumor-derived mutations in up to 85.7% of patients compared to 57.8% in stage I-III
patients [221].
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In active metastatic disease, ctDNA levels are high and could be used to monitor
the disease evolution, predict response to the treatment, and act as prognostic tools, as a
higher level of ctDNA is associated with poor survival. ctDNA percentage is quantitatively
associated with the clinical outcomes, as higher ctDNA levels are associated with shorter
OS [212,222,223]. The LOTUS and INSPIRE phase II trials also reported that the ctDNA
levels correlate with the overall clinical response, PFS, and OS [224,225]. Moreover, ctDNA
in metastatic settings can have a lead time of several months before clinical and radiographic
progression is observed, providing a more personalized approach and the potential to
change therapy early on in the course [224].

ctDNA is now used to detect emerging mutations and clonal evolution during the
treatment. This has limited the utility of tissue biopsies [219,226]. There is an increasing
concordance between the tissue biopsy and the ctDNA-based molecular analysis due to
more sensitive techniques for ctDNA detection. Per the plasma MATCH study, 98% of
the mutations detected by ctDNA coincided with the detection by tissue biopsy [227].
Moreover, ctDNA can provide tumor heterogenicity more accurately than tissue biopsy
due to the lack of uniform tumor tissue and the potential for inaccessible lesions for tissue
biopsy [228].

ctDNA can detect several mutations in breast cancer that can be the targets for multiple
therapeutic agents. The most common mutations that ctDNA detects in breast cancer
are TP53, PIK3CA, ESR1, GATA3, PTEN, and ARID1A [229]. Although these mutations
provide therapeutic targets, typically, they are used after progression on prior lines of
therapy. Currently, ongoing trials are investigating the incorporation of these therapeutic
agents at the appearance of targeted mutation before clinical and radiographic evidence.
Currently, SERENA-6, a phase 3 trial, is investigating the early incorporation of ESR-1-
directed therapy in detecting ESR-1 mutation in patients with stable disease on CDK4/6i
plus AI. The patients are randomized to continue the same treatment or switch AI to
an oral SERM. The primary endpoint of this trial is PFS [230]. In another phase 2 trial
(PADA-1 trial), improvement in PFS was observed by switching from AI + palbociclib to
fulvestrant + palbociclib after the appearance of ESR1 mutation [41]. However, in both
trials, the primary endpoint was PFS, which may not be as reliable as OS. Trials with
more optimal endpoints will be needed to see early switch therapy’s impact before clinical
and radiographic progression. Several other mutations with potential targets or clinical
applications are being detected by the ctDNA, as enlisted in Table 2.

Table 2. Molecular targets and therapeutic implications.

Gene Mutation Clinical Utility

ESR1
Hotspots:

Y537C, Y537N, Y537C, S463P, D538G

Resistance to the endocrine therapy.
Therapeutic agents:

elacestrant, camizestrant, imlunestrant, lasofoxifene, rintodestrant [47–61],

AKT
Hotspots:

E17K

Therapeutic agent:
capivasertib, ipatasertib (AKT kinase) [227,231].

HER2
Hotspots:

V777L, L755S

Increased sensitivity to HER2 targeted therapies.
Therapeutic targets:

neratinib, lapatinib (bind to kinase domains) [232–234]

PTEN
Hotspots:

R130Q, R130G, R130*, R130P, R130Qfs*4

Confers resistance to PI3Ki (loss of PTEN) and confers sensitivity to
AKT inhibitors.

Therapeutic targets:
capivasertib, ipatasertib (AKT kinase) [227]

PIK3CA
Hotspots:

H1047R, H1047L, N345K, E545K, E524K, E726K

Truncal mutation confers resistance to endocrine therapy.
Therapeutic agents:

alpelisib, taselisib, buparlisib, copanlisib, capivasertib [227–229]

ESR1: estrogen receptor 1, AKT: protein kinase B, human epidermal growth factor receptor 2, PTEN: phosphatase
and tensin homolog deleted on chromosome ten, PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-kinase.
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Overall, ctDNA is a powerful tool that is emerging as a great clinical tool for thera-
peutic selection and a predictive and prognostic marker. The evidence on the utility of
ctDNA as a monitoring and therapeutic selection tool is evolving, but more clinical trials
are needed before it could become a norm in breast cancer.

6. Conclusions

Breast cancer is a heterogeneous malignancy with several biological and molecular
subtypes. The treatment of each type of breast cancer differs significantly, with considerable
overlap. Several pathways drive these subtypes. Promising therapies are emerging as more
of these pathways are better understood. The activation/inactivation and amplification of
these pathways result in cancer growth and escape.

Moreover, identifying these pathways has paved the way for recognizing potential
diagnostic, prognostic, and predictive biomarkers such as PDL-1 in TNBC. Moreover, the
immune constitution of TME, molecular cross-talk, and application of modern technologies
such as transcriptomics, proteomics, and individual cell sequencing can lead to better de-
velopment of therapeutics and novel biomarkers. Although hormone-positive, TNBC, and
HER2-positive breast cancers are biologically distinct, there are some common therapeutic
agents (besides traditional chemotherapy) used in each of these subtypes. One example is
fam-trastuzumab-deruxtecan-nxki, which has been approved in hormone-positive, TNBC
(HER2 low, HER2 IHC 1+, 2+) and HER2 breast cancers in metastatic settings based on
Destiny trials [235,236]. Sacituzumab govitecan-hziy is another therapeutic agent approved
for metastatic hormone-positive breast cancer and TNBC [237,238]. Pembrolizumab is
approved in a tumor-agonistic fashion in cancers with a high tumor mutation burden [239].
These indicate common molecular pathways involved in the pathogenesis of a number of
malignancies, including subtypes of breast cancer.

Overall, precision medicine has revolutionized cancer diagnostics and therapeutics
in general, particularly in breast cancer. Cancer treatments are more tailored and have
minimized toxicities without compromising much on efficacy. Patients with breast cancer
are living longer as novel therapeutics are emerging. However, predictive and prognostic
biomarkers, immune response monitoring, and potential biomarkers for toxicity assessment
remain areas of need.
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139. Lehmann, B.D.; Jovanović, B.; Chen, X.I.; Estrada, M.V.; Johnson, K.N.; Shyr, Y.; Moses, H.L.; Sanders, M.E.; Pietenpol, J.A.
Refinement of triple-negative breast cancer molecular subtypes: Implications for neoadjuvant chemotherapy selection. PLoS ONE
2016, 11, e0157368. [CrossRef]

140. Cortes, J.; Rugo, H.S.; Cescon, D.W.; Im, S.A.; Yusof, M.M.; Gallardo, C.; Lipatov, O.; Barrios, C.H.; Perezx-Garcia, J.; Iwata, H.; et al.
Pembrolizumab plus Chemotherapy in Advanced Tri-ple-Negative Breast Cancer. N. Engl. J. Med. 2022, 387, 217–226. [CrossRef]

141. Emens, L.A.; Cruz, C.; Eder, J.P.; Braiteh, F.; Chung, C.; Tolaney, S.M.; Kuter, I.; Nanda, R.; Cassier, P.A.; Delord, J.P.; 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, 74–82. [CrossRef]

142. Bareche, Y.; Buisseret, L.; Gruosso, T.; Girard, E.; Venet, D.; Dupont, F.; Desmedt, C.; Larsimont, D.; Park, M.; Rothé, F.; et al.
Unraveling triple-negative breast cancer tumor microenvironment heterogeneity: Towards an optimized treatment approach.
JNCI J. Natl. Cancer Inst. 2020, 112, 708–719. [CrossRef]

143. Lemery, S.; Keegan, P.; Pazdur, R. First FDA approval agnostic of cancer site-when a biomarker defines the indication. N. Engl. J.
Med. 2017, 377, 1409–1412. [CrossRef]

144. Prasad, V.; Addeo, A. The FDA approval of pembrolizumab for patients with TMB> 10 mut/Mb: Was it a wise decision? No.
Ann. Oncol. 2020, 31, 1112–1114. [CrossRef]

145. Winer, E.P.; Lipatov, O.; Im, S.A.; Goncalves, A.; Muñoz-Couselo, E.; Lee, K.S.; Schmid, P.; Testa, L.; Witzel, I.; Ohtani, S.; et al.
Association of tumor mutational burden (TMB) and clinical outcomes with pembrolizumab (pembro) versus chemotherapy
(chemo) in patients with metastatic triple-negative breast cancer (mTNBC) from KEYNOTE-119. J. Clin. Oncol. 2020, 38, 1013.
[CrossRef]

146. Barroso-Sousa, R.; Jain, E.; Cohen, O.; Kim, D.; Buendia-Buendia, J.; Winer, E.; Lin, N.; Tolaney, S.M.; Wagle, N. Prevalence and
mutational determinants of high tumor mutation burden in breast cancer. Ann. Oncol. 2020, 31, 387–394. [CrossRef]

147. Bareche, Y.; Venet, D.; Ignatiadis, M.; Aftimos, P.; Piccart, M.; Rothe, F.; Sotiriou, C. Unravelling triple-negative breast cancer
molecular heterogeneity using an integrative multiomic analysis. Ann. Oncol. 2018, 29, 895–902. [CrossRef]

148. Paula, B.D.; Crocamo, S.; de Sousa, C.A.M.; Valverde, P.; Rezende, F.; Abdelhay, E. Triple-Negative Breast Cancer Subclassified by
Immunohistochemistry: Correlation with Clinical and Pathological Outcomes in Patients Receiving Neoadjuvant Chemotherapy.
Int. J. Mol. Sci. 2024, 25, 5825. [CrossRef] [PubMed]

149. Loi, S.; Adams, S.; Schmid, P.; Cortés, J.; Cescon, D.W.; Winer, E.P.; Toppmeyer, D.L.; Rugo, H.S.; De Laurentiis, M.; Nanda, R.; et al.
Relationship between tumor infiltrating lymphocyte (TIL) levels and response to pembrolizumab (pembro) in metastatic triple-
negative breast cancer (mTNBC): Results from KEYNOTE-086. Ann. Oncol. 2017, 28, v608. [CrossRef]

150. Loi, S.; Winer, E.; Lipatov, O.; Goncalves, A. Abstract PD5-03: Relationship between tumor-infiltrating lymphocytes (TILs) and
outcomes in the KEYNOTE-119 study of pembrolizumab vs chemotherapy for previously treated metastatic triple-negative breast
cancer (mTNBC). Cancer Res. 2020, 80, 1158–1159. [CrossRef]

151. Bianchini, G.; Huang, C.S.; Egle, D.; Bermejo, B.; Zamagni, C.; Thill, M.; Anton, A.; Zambelli, S.; Russo, S.; Ciruelos, E.M.; et al.
LBA13 Tumour infiltrating lymphocytes (TILs), PD-L1 expression and their dynamics in the NeoTRIPaPDL1 trial. Ann. Oncol.
2020, 31, S1145–S1146. [CrossRef]

152. Bachelot, T.; Filleron, T.; Bieche, I.; Arnedos, M.; Campone, M.; Dalenc, F.; Coussy, F.; Sablin, M.P.; Debled, M.; Lefeuvre-
Plesse, C.; et al. Durvalumab compared to maintenance chemotherapy in metastatic breast cancer: The randomized phase II
SAFIR02-BREAST IMMUNO trial. Nat. Med. 2021, 27, 250–255. [CrossRef]

153. Masuda, H.; Harano, K.; Miura, S.; Wang, Y.; Hirota, Y.; Harada, O.; Jolly, M.K.; Matsunaga, Y.; Lim, B.; Wood, A.L.; et al. Changes
in triple-negative breast cancer molecular subtypes in patients without pathologic complete response after neoadjuvant systemic
chemotherapy. JCO Precis. Oncol. 2022, 6, e2000368. [CrossRef]

https://doi.org/10.1158/1078-0432.CCR-22-1110
https://www.ncbi.nlm.nih.gov/pubmed/35925043
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pembrolizumab-high-risk-early-stage-triple-negative-breast-cancer
https://www.fda.gov/drugs/resources-information-approved-drugs/fda-approves-pembrolizumab-high-risk-early-stage-triple-negative-breast-cancer
https://doi.org/10.1093/annonc/mdz394.003
https://doi.org/10.1158/1078-0432.CCR-14-0432
https://doi.org/10.1016/j.ccell.2019.02.001
https://www.ncbi.nlm.nih.gov/pubmed/30853353
https://doi.org/10.1172/JCI45014
https://www.ncbi.nlm.nih.gov/pubmed/21633166
https://doi.org/10.1371/journal.pone.0157368
https://doi.org/10.1056/NEJMoa2202809
https://doi.org/10.1001/jamaoncol.2018.4224
https://doi.org/10.1093/jnci/djz208
https://doi.org/10.1056/NEJMp1709968
https://doi.org/10.1016/j.annonc.2020.07.001
https://doi.org/10.1200/JCO.2020.38.15_suppl.1013
https://doi.org/10.1016/j.annonc.2019.11.010
https://doi.org/10.1093/annonc/mdy024
https://doi.org/10.3390/ijms25115825
https://www.ncbi.nlm.nih.gov/pubmed/38892013
https://doi.org/10.1093/annonc/mdx440.005
https://doi.org/10.1158/1538-7445.SABCS19-PD5-03
https://doi.org/10.1016/j.annonc.2020.08.2241
https://doi.org/10.1038/s41591-020-01189-2
https://doi.org/10.1200/PO.20.00368


J. Pers. Med. 2024, 14, 719 29 of 32

154. Buisseret, L.; Garaud, S.; de Wind, A.; Van den Eynden, G.; Boisson, A.; Solinas, C.; Gu-Trantien, C.; Naveaux, C.; Lodewyckx,
J.N.; Duvillier, H.; et al. Tumor-infiltrating lymphocyte composition, organization and PD-1/PD-L1 expression are linked in
breast cancer. Oncoimmunology 2017, 6, e1257452. [CrossRef]

155. Ni, Y.; Tsang, J.Y.; Shao, Y.; Poon, I.K.; Tam, F.; Shea, K.H.; Tse, G.M. Combining analysis of tumor-infiltrating lymphocytes (TIL)
and PD-L1 refined the prognostication of breast cancer subtypes. Oncologist 2022, 27, e313–e327. [CrossRef] [PubMed]

156. Gruosso, T.; Gigoux, M.; Manem, V.S.K.; Bertos, N.; Zuo, D.; Perlitch, I.; Saleh, S.M.I.; Zhao, H.; Souleimanova, M.; Johnson,
R.M.; et al. Spatially distinct tumor immune microenvironments stratify triple-negative breast cancers. J. Clin. Investig. 2019, 129,
1785–1800. [CrossRef]

157. Sood, R.; Kumar, S.; Laroiya, I.; Khare, S.; Das, A.; Singh, G.; Bal, A. Assessment of PD-L1 expression and tumor-infiltrating
lymphocytes (TILs) across molecular subtypes of triple-negative breast cancer. Breast J. 2020, 26, 2424–2427. [CrossRef] [PubMed]

158. Alves, A.M.; Paredes, J.; Schmitt, F. Expression of PD-L1 in primary breast carcinoma and lymph node metastases. Surg. Exp.
Pathol. 2019, 2, 7. [CrossRef]

159. Emens, L.A.; Molinero, L.; Loi, S.; Rugo, H.S.; Schneeweiss, A.; Diéras, V.; Iwata, H.; Barrios, C.H.; Nechaeva, M.;
Nguyen-Duc, A.; et al. Atezolizumab and nab-paclitaxel in advanced triple-negative breast cancer: Biomarker evaluation of the
IMpassion130 study. JNCI J. Natl. Cancer Inst. 2021, 113, 1005–1016. [CrossRef]

160. Doroshow, D.B.; Bhalla, S.; Beasley, M.B.; Sholl, L.M.; Kerr, K.M.; Gnjatic, S.; Wistuba, I.I.; Rimm, D.L.; Tsao, M.S.; Hirsch, F.R.
PD-L1 as a biomarker of response to immune-checkpoint inhibitors. Nat. Rev. Clin. Oncol. 2021, 18, 345–362. [CrossRef] [PubMed]

161. Schmid, P.; Cortes, J.; Pusztai, L.; McArthur, H.; Kümmel, S.; Bergh, J.; Denkert, C.; Park, Y.H.; Hui, R.; Harbeck, N.; et al.
Pembrolizumab for early triple-negative breast cancer. N. Engl. J. Med. 2020, 382, 810–821. [CrossRef] [PubMed]

162. Mittendorf, E.A.; Zhang, H.; Barrios, C.H.; Saji, S.; Jung, K.H.; Hegg, R.; Koehler, A.; Sohn, J.; Iwata, H.; Telli, M.L.; 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, 1090–1100. [CrossRef]

163. Sinn, B.V.; Loibl, S.; Hanusch, C.A.; Zahm, D.M.; Sinn, H.P.; Untch, M.; Weber, K.; Karn, T.; Becker, C.; Marmé, F.; et al. Immune-
related gene expression predicts response to neoadjuvant chemotherapy but not additional benefit from PD-L1 inhibition in
women with early triple-negative breast cancer. Clin. Cancer Res. 2021, 27, 2584–2591. [CrossRef] [PubMed]

164. Cimino-Mathews, A.; Ye, X.; Meeker, A.; Argani, P.; Emens, L.A. Metastatic triple-negative breast cancers at first relapse have
fewer tumor-infiltrating lymphocytes than their matched primary breast tumors: A pilot study. Hum. Pathol. 2013, 44, 2055–2063.
[CrossRef] [PubMed]

165. Szekely, B.; Bossuyt, V.; Li, X.; Wali, V.B.; Patwardhan, G.A.; Frederick, C.; Silber, A.; Park, T.; Harigopal, M.; Pelekanou, V.; et al.
Immunological differences between primary and metastatic breast cancer. Ann. Oncol. 2018, 29, 2232–2239. [CrossRef]

166. Emens, L.A.; Molinero, L.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Diéras, V.; Iwata, H.; Barrios, C.H.; Nechaeva, M.;
Winer, E.P.; et al. 296P Tumour mutational burden and clinical outcomes with first-line atezolizumab and nab-paclitaxel in
triple-negative breast cancer: Exploratory analysis of the phase III IMpassion130 trial. Ann. Oncol. 2020, 31, S360–S361. [CrossRef]

167. Turajlic, S.; Litchfield, K.; Xu, H.; Rosenthal, R.; McGranahan, N.; Reading, J.L.; Wong, Y.N.S.; Rowan, A.; Kanu, N.;
Al Bakir, M.; et al. Insertion-and-deletion-derived tumour-specific neoantigens and the immunogenic phenotype: A pan-cancer
analysis. Lancet Oncol. 2017, 18, 1009–1021. [CrossRef]

168. Lehmann, B.D.; Colaprico, A.; Silva, T.C.; Chen, J.; An, H.; Ban, Y.; Huang, H.; Wang, L.; James, J.L.; Balko, J.M.; et al. Multi-omics
analysis identifies therapeutic vulnerabilities in triple-negative breast cancer subtypes. Nat. Commun. 2020, 12, 6276. [CrossRef]
[PubMed]

169. Hainsworth, J.; Friedman, C.F.; Kurzrock, R.; Spigel, D.R.; Burris, H.; Sweeney, C.J.; Meric-Bernstam, F.; Wang, Y.; Levy, J.;
Shames, D.; et al. Efficacy of atezolizumab in the treatment of solid tumors with high tumor mutational burden (TMB): A
MyPathway study cohort. Cancer Res. 2021, 81, LB012. [CrossRef]

170. Karn, T.; Denkert, C.; Weber, K.E.; Holtrich, U.; Hanusch, C.; Sinn, B.V.; Higgs, B.W.; Jank, P.; Sinn, H.P.; Huober, J.; et al. Tumor
mutational burden and immune infiltration as independent predictors of response to neoadjuvant immune checkpoint inhibition
in early TNBC in GeparNuevo. Ann. Oncol. 2020, 31, 1216–1222. [CrossRef]

171. Le, D.T.; Durham, J.N.; Smith, K.N.; Wang, H.; Bartlett, B.R.; Aulakh, L.K.; Lu, S.; Kemberling, H.; Wilt, C.; Luber, B.S.; et al.
Mismatch repair deficiency predicts response of solid tumors to PD-1 blockade. Science 2017, 357, 409–413. [CrossRef]

172. Gilson, P.; Levy, J.; Rouyer, M.; Demange, J.; Husson, M.; Bonnet, C.; Salleron, J.; Leroux, A.; Merlin, J.L.; Harlé, A. Evaluation
of 3 molecular-based assays for microsatellite instability detection in formalin-fixed tissues of patients with endometrial and
colorectal cancers. Sci. Rep. 2020, 10, 16386. [CrossRef] [PubMed]

173. Ren, X.Y.; Song, Y.; Wang, J.; Chen, L.Y.; Pang, J.Y.; Zhou, L.R.; Shen, S.J.; Cao, X.; Wang, Y.X.; Shao, M.M.; et al. Mismatch repair
deficiency and microsatellite instability in triple-negative breast cancer: A retrospective study of 440 patients. Front. Oncol. 2021,
11, 570623. [CrossRef] [PubMed]

174. Savas, P.; Salgado, R.; Denkert, C.; Sotiriou, C.; Darcy, P.K.; Smyth, M.J.; Loi, S. Clinical relevance of host immunity in breast
cancer: From TILs to the clinic. Nat. Rev. Clin. Oncol. 2016, 13, 228–241. [CrossRef] [PubMed]

175. Stanton, S.E.; Adams, S.; Disis, M.L. Variation in the incidence and magnitude of tumor-infiltrating lymphocytes in breast cancer
subtypes: A systematic review. JAMA Oncol. 2016, 2, 1354–1360. [CrossRef] [PubMed]

https://doi.org/10.1080/2162402X.2016.1257452
https://doi.org/10.1093/oncolo/oyab063
https://www.ncbi.nlm.nih.gov/pubmed/35380716
https://doi.org/10.1172/JCI96313
https://doi.org/10.1111/tbj.14110
https://www.ncbi.nlm.nih.gov/pubmed/33314356
https://doi.org/10.1186/s42047-019-0033-z
https://doi.org/10.1093/jnci/djab004
https://doi.org/10.1038/s41571-021-00473-5
https://www.ncbi.nlm.nih.gov/pubmed/33580222
https://doi.org/10.1056/NEJMoa1910549
https://www.ncbi.nlm.nih.gov/pubmed/32101663
https://doi.org/10.1016/S0140-6736(20)31953-X
https://doi.org/10.1158/1078-0432.CCR-20-3113
https://www.ncbi.nlm.nih.gov/pubmed/33593886
https://doi.org/10.1016/j.humpath.2013.03.010
https://www.ncbi.nlm.nih.gov/pubmed/23701942
https://doi.org/10.1093/annonc/mdy399
https://doi.org/10.1016/j.annonc.2020.08.398
https://doi.org/10.1016/S1470-2045(17)30516-8
https://doi.org/10.1038/s41467-021-26502-6
https://www.ncbi.nlm.nih.gov/pubmed/34725325
https://doi.org/10.1158/1538-7445.AM2021-LB012
https://doi.org/10.1016/j.annonc.2020.05.015
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1038/s41598-020-73421-5
https://www.ncbi.nlm.nih.gov/pubmed/33009475
https://doi.org/10.3389/fonc.2021.570623
https://www.ncbi.nlm.nih.gov/pubmed/33747906
https://doi.org/10.1038/nrclinonc.2015.215
https://www.ncbi.nlm.nih.gov/pubmed/26667975
https://doi.org/10.1001/jamaoncol.2016.1061
https://www.ncbi.nlm.nih.gov/pubmed/27355489


J. Pers. Med. 2024, 14, 719 30 of 32

176. Kos, Z.; Roblin, E.; Kim, R.S.; Michiels, S.; Gallas, B.D.; Chen, W.; van de Vijver, K.K.; Goel, S.; Adams, S.; Demaria, S.; et al. Pitfalls
in assessing stromal tumor infiltrating lymphocytes (sTILs) in breast cancer. NPJ Breast Cancer 2020, 6, 17. [CrossRef]

177. Denkert, C.; Wienert, S.; Poterie, A.; Loibl, S.; Budczies, J.; Badve, S.; Bago-Horvath, Z.; Bane, A.; Bedri, S.; Brock, J.; et al.
Standardized evaluation of tumor-infiltrating lymphocytes in breast cancer: Results of the ring studies of the international
immuno-oncology biomarker working group. Mod. Pathol. 2016, 29, 1155–1164. [CrossRef]

178. Loi, S.; Salgado, R.; Adams, S.; Pruneri, G.; Francis, P.A.; Lacroix-Triki, M.; Joensuu, H.; Dieci, M.V.; Badve, S.; Demaria, S.; et al.
Tumor infiltrating lymphocyte stratification of prognostic staging of early-stage triple negative breast cancer. NPJ Breast Cancer
2022, 8, 3. [CrossRef]

179. Yuan, Y.; Lee, J.S.; Yost, S.E.; Li, S.M.; Frankel, P.H.; Ruel, C.; Schmolze, D.; Robinson, K.; Tang, A.; Martinez, N.; et al. Phase II Trial
of Neoadjuvant Carboplatin and Nab-Paclitaxel in Patients with Triple-Negative Breast Cancer. Oncologist 2021, 26, e382–e393.
[CrossRef]

180. Loi, S.; Schmid, P.; Aktan, G.; Karantza, V.; Salgado, R. Relationship between tumor infiltrating lymphocytes (TILs) and response
to pembrolizumab (pembro)+ chemotherapy (CT) as neoadjuvant treatment (NAT) for triple-negative breast cancer (TNBC):
Phase Ib KEYNOTE-173 trial. Ann. Oncol. 2019, 30, iii2. [CrossRef]

181. Nederlof, I.; Isaeva, O.I.; Bakker, N.; de Graaf, M.; Salgado, R.F.; Klioueva, N.; Van De Vijver, K.; van Duijnhoven, F.; Kalashnikova,
E.; Willingham, S.; et al. LBA13 Nivolumab and ipilimumab in early-stage triple negative breast cancer (TNBC) with tumor-
infiltrating lymphocytes (TILs): First results from the BELLINI trial. Ann. Oncol. 2022, 33, S1382. [CrossRef]

182. Galluzzi, L.; Humeau, J.; Buqué, A.; Zitvogel, L.; Kroemer, G. Immunostimulation with chemotherapy in the era of immune
checkpoint inhibitors. Nat. Rev. Clin. Oncol. 2020, 17, 725–741. [CrossRef] [PubMed]

183. Campbell, M.J.; Yau, C.; Bolen, J.; Vandenberg, S.; Hoyt, C.; Brown-Swigart, L.; Hirst, G.; Nanda, R.; Liu, M.; Asare, S.; et al.
Abstract CT003: Analysis of immune cell infiltrates as predictors of response to the checkpoint inhibitor pembrolizumab in the
neoadjuvant I-SPY 2 TRIAL. Cancer Res. 2019, 79, CT003. [CrossRef]

184. Loi, S.; Schmid, P.; Cortes, J.; Cescon, D.W.; Winer, E.P.; Toppmeyer, D.L.; Rugo, H.S.; De Laurentiis, M.; Nanda, R.; Iwata, H.; et al.
Abstract PD14-07: Association between biomarkers and response to pembrolizumab in patients with metastatic triple-negative
breast cancer (mTNBC): Exploratory analysis from KEYNOTE-086. Cancer Res. 2021, 81, PD14-07. [CrossRef]

185. Hammerl, D.; Martens, J.W.; Timmermans, M.; Smid, M.; Trapman-Jansen, A.M.; Foekens, R.; Isaeva, O.I.; Voorwerk, L.; Balcioglu,
H.E.; Wijers, R.; et al. Spatial immunophenotypes predict response to anti-PD1 treatment and capture distinct paths of T cell
evasion in triple negative breast cancer. Nat. Commun. 2021, 12, 5668. [CrossRef] [PubMed]

186. Newman, A.M.; Liu, C.L.; Green, M.R.; Gentles, A.J.; Feng, W.; Xu, Y.; Hoang, C.D.; Diehn, M.; Alizadeh, A.A. Robust enumeration
of cell subsets from tissue expression profiles. Nat. Methods 2015, 12, 453–457. [CrossRef] [PubMed]

187. Loi, S.; Schmid, P.; Cortés, J.; Cescon, D.W.; Winer, E.P.; Toppmeyer, D.; Rugo, H.S.; Laurentiis, M.D.; Nanda, R.; Iwata, H.; et al.
Abstract LB-225: RNA molecular signatures as predictive biomarkers of response to monotherapy pembrolizumab in patients
with metastatic triple-negative breast cancer: KEYNOTE-086. Cancer Res. 2019, 79, LB-225. [CrossRef]

188. He, Y.; Jiang, Z.; Chen, C.; Wang, X. Classification of triple-negative breast cancers based on Immunogenomic profiling. J. Exp.
Clin. Cancer Res. 2018, 37, 327. [CrossRef]

189. Xiao, Y.; Ma, D.; Zhao, S.; Suo, C.; Shi, J.; Xue, M.Z.; Ruan, M.; Wang, H.; Zhao, J.; Li, Q.; et al. Multi-omics profiling reveals
distinct microenvironment characterization and suggests immune escape mechanisms of triple-negative breast cancer. Clin.
Cancer Res. 2019, 25, 5002–5014. [CrossRef]

190. Fridman, W.H.; Zitvogel, L.; Sautès–Fridman, C.; Kroemer, G. The immune contexture in cancer prognosis and treatment. Nat.
Rev. Clin. Oncol. 2017, 14, 717–734. [CrossRef]

191. Lee, Y.J.; Kim, J.Y.; Jeon, S.H.; Nam, H.; Jung, J.H.; Jeon, M.; Kim, E.S.; Bae, S.J.; Ahn, J.; Yoo, T.K.; et al. CD39+ tissue-resident
memory CD8+ T cells with a clonal overlap across compartments mediate antitumor immunity in breast cancer. Sci. Immunol.
2020, 7, eabn8390. [CrossRef]

192. Dugo, M.; Huang, C.S.; Egle, D.; Bermejo, B.; Zamagni, C.; Seitz, R.S.; Nielsen, T.J.; Thill, M.; Anton, A.; Russo, S.; et al. Abstract
PD10-06: Predictive value of RT-qPCR 27-gene IO score and comparison with RNA-Seq IO score in the NeoTRIPaPDL1 trial.
Cancer Res. 2022, 82, PD10-06. [CrossRef]

193. Wang, X.; Collet, L.; Rediti, M.; Debien, V.; De Caluwé, A.; Venet, D.; Romano, E.; Rothé, F.; Sotiriou, C.; Buisseret, L. Predictive
Biomarkers for Response to Immunotherapy in Triple Negative Breast Cancer: Promises and Challenges. J. Clin. Med. 2023,
12, 953. [CrossRef] [PubMed]

194. Chin, R.I.; Chen, K.; Usmani, A.; Chua, C.; Harris, P.K.; Binkley, M.S.; Azad, T.D.; Dudley, J.C.; Chaudhuri, A.A. Detection of solid
tumor molecular residual disease (MRD) using circulating tumor DNA (ctDNA). Mol. Diagn. Ther. 2019, 23, 311–331. [CrossRef]
[PubMed]

195. Stroun, M.; Anker, P.; Maurice, P.; Lyautey, J.; Lederrey, C.; Beljanski, M. Neoplastic characteristics of the DNA found in the
plasma of cancer patients. Oncology 1989, 46, 318–322. [CrossRef]

196. Liquid Biopsy The National Cancer Institute. Available online: https://www.cancer.gov/publications/dictionaries/cancer-
terms/search/liquid%20biopsy/?searchMode=Begins (accessed on 9 February 2024).

197. Thierry, A.R.; Mouliere, F.; El Messaoudi, S.; Mollevi, C.; Lopez-Crapez, E.; Rolet, F.; Gillet, B.; Gongora, C.; Dechelotte, P.;
Robert, B.; et al. Clinical validation of the detection of KRAS and BRAF mutations from circulating tumor DNA. Nat. Med. 2014,
20, 430–435. [CrossRef]

https://doi.org/10.1038/s41523-020-0156-0
https://doi.org/10.1038/modpathol.2016.109
https://doi.org/10.1038/s41523-021-00362-1
https://doi.org/10.1002/onco.13574
https://doi.org/10.1093/annonc/mdz095.003
https://doi.org/10.1016/j.annonc.2022.08.007
https://doi.org/10.1038/s41571-020-0413-z
https://www.ncbi.nlm.nih.gov/pubmed/32760014
https://doi.org/10.1158/1538-7445.AM2019-CT003
https://doi.org/10.1158/1538-7445.SABCS20-PD14-07
https://doi.org/10.1038/s41467-021-25962-0
https://www.ncbi.nlm.nih.gov/pubmed/34580291
https://doi.org/10.1038/nmeth.3337
https://www.ncbi.nlm.nih.gov/pubmed/25822800
https://doi.org/10.1158/1538-7445.AM2019-LB-225
https://doi.org/10.1186/s13046-018-1002-1
https://doi.org/10.1158/1078-0432.CCR-18-3524
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1126/sciimmunol.abn8390
https://doi.org/10.1158/1538-7445.SABCS21-PD10-06
https://doi.org/10.3390/jcm12030953
https://www.ncbi.nlm.nih.gov/pubmed/36769602
https://doi.org/10.1007/s40291-019-00390-5
https://www.ncbi.nlm.nih.gov/pubmed/30941670
https://doi.org/10.1159/000226740
https://www.cancer.gov/publications/dictionaries/cancer-terms/search/liquid%20biopsy/?searchMode=Begins
https://www.cancer.gov/publications/dictionaries/cancer-terms/search/liquid%20biopsy/?searchMode=Begins
https://doi.org/10.1038/nm.3511


J. Pers. Med. 2024, 14, 719 31 of 32

198. Siravegna, G.; Marsoni, S.; Siena, S.; Bardelli, A. Integrating liquid biopsies into the management of cancer. Nat. Rev. Clin. Oncol.
2017, 14, 531–548. [CrossRef] [PubMed]

199. Alix-Panabières, C.; Pantel, K. Liquid biopsy: From discovery to clinical application. Cancer Discov. 2021, 11, 858–873. [CrossRef]
[PubMed]

200. Kasi, P.M.; Chakrabarti, S.; Sawyer, S.; Krainock, M.; Poklepovic, A.; Ansstas, G.; Maninder, M.; Malhotra, M.; Ensor, J.;
Gao, L.; et al. BESPOKE IO protocol: A multicentre, prospective observational study evaluating the utility of ctDNA in guiding
immunotherapy in patients with advanced solid tumours. BMJ Open 2022, 12, e060342. [CrossRef]

201. Vlataki, K.; Antonouli, S.; Kalyvioti, C.; Lampri, E.; Kamina, S.; Mauri, D.; Harissis, H.V.; Magklara, A. Circulating Tumor DNA in
the Management of Early-Stage Breast Cancer. Cells 2023, 12, 1573. [CrossRef]

202. Newman, A.M.; Bratman, S.V.; To, J.; Wynne, J.F.; Eclov, N.C.; Modlin, L.A.; Liu, C.L.; Neal, J.W.; Wakelee, H.A.; Merritt, R.E.; et al.
An ultrasensitive method for quantitating circulating tumor DNA with broad patient coverage. Nat. Med. 2014, 20, 548–554.
[CrossRef]

203. Vogelstein, B.; Kinzler, K.W. Digital pcr. Proc. Natl. Acad. Sci. USA 1999, 96, 9236–9241. [CrossRef]
204. Diehl, F.; Li, M.; He, Y.; Kinzler, K.W.; Vogelstein, B.; Dressman, D. BEAMing: Single-molecule PCR on microparticles in

water-in-oil emulsions. Nat. Methods 2006, 3, 551–559. [CrossRef] [PubMed]
205. Kasi, P.M.; Sawyer, S.; Guilford, J.; Munro, M.; Ellers, S.; Wulff, J.; Hook, N.; Krinshpun, S.; Malashevich, A.K.; Malhotra, M.; et al.

BESPOKE study protocol: A multicentre, prospective observational study to evaluate the impact of circulating tumour DNA
guided therapy on patients with colorectal cancer. BMJ Open 2021, 11, e047831. [CrossRef] [PubMed]

206. ROSS, A.A. Minimal residual disease in solid tumor malignancies: A review. J. Hematotherapy 1998, 7, 9–18. [CrossRef] [PubMed]
207. Cohen, S.A.; Liu, M.C.; Aleshin, A. Practical recommendations for using ctDNA in clinical decision making. Nature 2023, 619,

259–268. [CrossRef] [PubMed]
208. Sant, M.; Bernat-Peguera, A.; Felip, E.; Margelí, M. Role of ctDNA in breast cancer. Cancers 2022, 14, 310. [CrossRef] [PubMed]
209. Neri, A.; Marrelli, D.; Rossi, S.; De Stefano, A.; Mariani, F.; De Marco, G.; Caruso, S.; Corso, G.; Cioppa, T.; Pinto, E.; et al. Breast

cancer local recurrence: Risk factors and prognostic relevance of early time to recurrence. World J. Surg. 2007, 31, 36–45. [CrossRef]
210. Cohen, J.D.; Li, L.; Wang, Y.; Thoburn, C.; Afsari, B.; Danilova, L.; Douville, C.; Javed, A.A.; Wong, F.; Mattox, A.; et al. Detection

and localization of surgically resectable cancers with a multi-analyte blood test. Science 2018, 359, 926–930. [CrossRef] [PubMed]
211. Garcia-Murillas, I.; Schiavon, G.; Weigelt, B.; Ng, C.; Hrebien, S.; Cutts, R.J.; Cheang, M.; Osin, P.; Nerurkar, A.; Kozarewa, I.; et al.

Mutation tracking in circulating tumor DNA predicts relapse in early breast cancer. Sci. Transl. Med. 2015, 7, 302ra133. [CrossRef]
[PubMed]

212. Olsson, E.; Winter, C.; George, A.; Chen, Y.; Howlin, J.; Tang, M.H.E.; Dahlgren, M.; Schulz, R.; Grabau, D.; van Westen, D.; et al.
Serial monitoring of circulating tumor DNA in patients with primary breast cancer for detection of occult metastatic disease.
EMBO Mol. Med. 2015, 7, 1034–1047. [CrossRef] [PubMed]

213. Coombes, R.C.; Page, K.; Salari, R.; Hastings, R.K.; Armstrong, A.; Ahmed, S.; Ali, S.; Cleator, S.; Kenny, L.; Stebbing, J.; et al.
Personalized detection of circulating tumor DNA antedates breast cancer metastatic recurrence. Clin. Cancer Res. 2019, 25,
4255–4263. [CrossRef] [PubMed]

214. Lipsyc-Sharf, M.; de Bruin, E.C.; Santos, K.; McEwen, R.; Stetson, D.; Patel, A.; Kirkner, G.J.; Hughes, M.E.; Tolaney, S.M.;
Partridge, A.H.; et al. Circulating tumor DNA and late recurrence in high-risk hormone receptor–positive, human epidermal
growth factor receptor 2–negative breast cancer. J. Clin. Oncol. 2022, 40, 2408–2419. [CrossRef]

215. Magbanua, M.J.M.; Swigart, L.B.; Wu, H.T.; Hirst, G.L.; Yau, C.; Wolf, D.M.; Tin, A.; Salari, R.; Shchegrova, S.; Pawar, H.; et al.
Circulating tumor DNA in neoadjuvant-treated breast cancer reflects response and survival. Ann. Oncol. 2021, 32, 229–239.
[CrossRef]

216. Magbanua, M.J.M.; Swigart, L.B.; Ahmed, Z.; Sayaman, R.W.; Renner, D.; Kalashnikova, E.; Hirst, G.L.; Yau, C.; Wolf, D.M.;
Li, W.; et al. Clinical significance and biology of circulating tumor DNA in high-risk early-stage HER2-negative breast cancer
receiving neoadjuvant chemotherapy. Cancer Cell 2023, 41, 1091–1102. [CrossRef] [PubMed]

217. Turner, N.C.; Swift, C.; Jenkins, B.; Kilburn, L.; Coakley, M.; Beaney, M.; Fox, L.; Goddard, K.; Garcia-Murillas, I.; Proszek, P.; et al.
Results of the c-TRAK TN trial: A clinical trial utilising ctDNA mutation tracking to detect molecular residual disease and trigger
intervention in patients with moderate-and high-risk early-stage triple-negative breast cancer. Ann. Oncol. 2023, 34, 200–211.
[CrossRef]

218. Tie, J.; Cohen, J.D.; Lahouel, K.; Lo, S.N.; Wang, Y.; Kosmider, S.; Wong, R.; Shapiro, J.; Lee, M.; Harris, S.; et al. Circulating tumor
DNA analysis guiding adjuvant therapy in stage II colon cancer. N. Engl. J. Med. 2022, 386, 2261–2272. [CrossRef] [PubMed]

219. Raei, N.; Safaralizadeh, R.; Latifi-Navid, S. Clinical application of circulating tumor DNA in metastatic cancers. Expert Rev. Mol.
Diagn. 2023, 23, 1209–1220. [CrossRef] [PubMed]

220. Heidary, M.; Auer, M.; Ulz, P.; Heitzer, E.; Petru, E.; Gasch, C.; Riethdorf, S.; Mauermann, O.; Lafer, I.; Pristauz, G.; et al. The
dynamic range of circulating tumor DNA in metastatic breast cancer. Breast Cancer Res. 2014, 16, 421. [CrossRef]

221. Zhou, Y.; Xu, Y.; Gong, Y.; Zhang, Y.; Lu, Y.; Wang, C.; Yao, R.; Li, P.; Guan, Y.; Wang, J.; et al. Clinical factors associated with
circulating tumor DNA (ct DNA) in primary breast cancer. Mol. Oncol. 2019, 13, 1033–1046. [CrossRef]

222. Wang, R.; Li, X.; Zhang, H.; Wang, K.; He, J. Cell-free circulating tumor DNA analysis for breast cancer and its clinical utilization
as a biomarker. Oncotarget 2017, 8, 75742. [CrossRef]

https://doi.org/10.1038/nrclinonc.2017.14
https://www.ncbi.nlm.nih.gov/pubmed/28252003
https://doi.org/10.1158/2159-8290.CD-20-1311
https://www.ncbi.nlm.nih.gov/pubmed/33811121
https://doi.org/10.1136/bmjopen-2021-060342
https://doi.org/10.3390/cells12121573
https://doi.org/10.1038/nm.3519
https://doi.org/10.1073/pnas.96.16.9236
https://doi.org/10.1038/nmeth898
https://www.ncbi.nlm.nih.gov/pubmed/16791214
https://doi.org/10.1136/bmjopen-2020-047831
https://www.ncbi.nlm.nih.gov/pubmed/34561256
https://doi.org/10.1089/scd.1.1998.7.9
https://www.ncbi.nlm.nih.gov/pubmed/9507377
https://doi.org/10.1038/s41586-023-06225-y
https://www.ncbi.nlm.nih.gov/pubmed/37438589
https://doi.org/10.3390/cancers14020310
https://www.ncbi.nlm.nih.gov/pubmed/35053474
https://doi.org/10.1007/s00268-006-0097-2
https://doi.org/10.1126/science.aar3247
https://www.ncbi.nlm.nih.gov/pubmed/29348365
https://doi.org/10.1126/scitranslmed.aab0021
https://www.ncbi.nlm.nih.gov/pubmed/26311728
https://doi.org/10.15252/emmm.201404913
https://www.ncbi.nlm.nih.gov/pubmed/25987569
https://doi.org/10.1158/1078-0432.CCR-18-3663
https://www.ncbi.nlm.nih.gov/pubmed/30992300
https://doi.org/10.1200/JCO.22.00908
https://doi.org/10.1016/j.annonc.2020.11.007
https://doi.org/10.1016/j.ccell.2023.04.008
https://www.ncbi.nlm.nih.gov/pubmed/37146605
https://doi.org/10.1016/j.annonc.2022.11.005
https://doi.org/10.1056/NEJMoa2200075
https://www.ncbi.nlm.nih.gov/pubmed/35657320
https://doi.org/10.1080/14737159.2023.2268008
https://www.ncbi.nlm.nih.gov/pubmed/37797209
https://doi.org/10.1186/s13058-014-0421-y
https://doi.org/10.1002/1878-0261.12456
https://doi.org/10.18632/oncotarget.20608


J. Pers. Med. 2024, 14, 719 32 of 32

223. Rossi, G.; Mu, Z.; Rademaker, A.W.; Austin, L.K.; Strickland, K.S.; Costa, R.L.B.; Nagy, R.J.; Zagonel, V.; Taxter, T.J.;
Behdad, A.; et al. Cell-free DNA and circulating tumor cells: Comprehensive liquid biopsy analysis in advanced breast cancer.
Clin. Cancer Res. 2018, 24, 560–568. [CrossRef]

224. Dawson, S.J.; Tsui, D.W.; Murtaza, M.; Biggs, H.; Rueda, O.M.; Chin, S.F.; Dunning, M.J.; Gale, D.; Forshew, T.;
Mahler-Araujo, B.; et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. N. Engl. J. Med. 2013,
368, 1199–1209. [CrossRef] [PubMed]

225. Fiste, O.; Liontos, M.; Koutsoukos, K.; Terpos, E.; Dimopoulos, M.A.; Zagouri, F. Circulating tumor DNA-based predictive
biomarkers in breast cancer clinical trials: A narrative review. Ann. Transl. Med. 2020, 8, 1603. [CrossRef] [PubMed]

226. Appierto, V.; Di Cosimo, S.; Reduzzi, C.; Pala, V.; Cappelletti, V.; Daidone, M.G. How to study and overcome tumor heterogeneity
with circulating biomarkers: The breast cancer case. Semin. Cancer Biol. 2017, 44, 106–116. [CrossRef]

227. Turner, N.C.; Kingston, B.; Kilburn, L.S.; Kernaghan, S.; Wardley, A.M.; Macpherson, I.R.; Baird, R.D.; Roylance, R.; Stephens,
P.; Oikonomidou, O.; et al. Circulating tumour DNA analysis to direct therapy in advanced breast cancer (plasmaMATCH): A
multicentre, multicohort, phase 2a, platform trial. Lancet Oncol. 2020, 21, 1296–1308. [CrossRef] [PubMed]

228. Krawczyk, N.; Fehm, T.; Banys-Paluchowski, M.; Janni, W.; Schramm, A. Liquid biopsy in metastasized breast cancer as basis for
treatment decisions. Oncol. Res. Treat. 2016, 39, 112–116. [CrossRef] [PubMed]

229. Kingston, B.; Cutts, R.J.; Bye, H.; Beaney, M.; Walsh-Crestani, G.; Hrebien, S.; Swift, C.; Kilburn, L.S.; Kernaghan, S.;
Moretti, L.; et al. Genomic profile of advanced breast cancer in circulating tumour DNA. Nat. Commun. 2021, 12, 2423. [CrossRef]

230. Turner, N.; Huang-Bartlett, C.; Kalinsky, K.; Cristofanilli, M.; Bianchini, G.; Chia, S.; Iwata, H.; Janni, W.; Ma, C.X.; Mayer, E.L.; et al.
Design of SERENA-6, a phase III switching trial of camizestrant in ESR1-mutant breast cancer during first-line treatment. Future
Oncol. 2023, 19, 559–573. [CrossRef]

231. Hua, H.; Zhang, H.; Chen, J.; Wang, J.; Liu, J.; Jiang, Y. Targeting Akt in cancer for precision therapy. J. Hematol. Oncol. 2021,
14, 128. [CrossRef] [PubMed]

232. Ma, C.X.; Bose, R.; Gao, F.; Freedman, R.A.; Telli, M.L.; Kimmick, G.; Winer, E.; Naughton, M.; Goetz, M.P.; Russell, C.; et al.
Neratinib efficacy and circulating tumor DNA detection of HER2 mutations in HER2 nonamplified metastatic breast cancer. Clin.
Cancer Res. 2017, 23, 5687–5695. [CrossRef]

233. Hirotsu, Y.; Nakagomi, H.; Amemiya, K.; Oyama, T.; Inoue, M.; Mochizuki, H.; Omata, M. Intrinsic HER2 V777L mutation
mediates resistance to trastuzumab in a breast cancer patient. Med. Oncol. 2017, 34, 3. [CrossRef] [PubMed]

234. Guan, X.; Liu, B.; Niu, Y.; Dong, X.; Zhu, X.; Li, C.; Li, L.; Yi, Z.; Sun, X.; Chen, H.; et al. Longitudinal HER2 amplification tracked
in circulating tumor DNA for therapeutic effect monitoring and prognostic evaluation in patients with breast cancer. Breast 2020,
49, 261–266. [CrossRef] [PubMed]

235. Modi, S.; Jacot, W.; Yamashita, T.; Sohn, J.; Vidal, M.; Tokunaga, E.; Tsurutani, J.; Ueno, N.T.; Prat, A.; Chae, Y.S.; et al. Trastuzumab
deruxtecan in previously treated HER2-low advanced breast cancer. N. Engl. J. Med. 2022, 387, 9–20. [CrossRef] [PubMed]

236. Lee, J.; Park, Y.H. Trastuzumab deruxtecan for HER2+ advanced breast cancer. Future Oncol. 2021, 18, 7–19. [CrossRef]
237. Seligson, J.M.; Patron, A.M.; Berger, M.J.; Harvey, R.D.; Seligson, N.D. Sacituzumab govitecan-hziy: An antibody-drug conjugate

for the treatment of refractory, metastatic, triple-negative breast cancer. Ann. Pharmacother. 2021, 55, 921–931. [CrossRef]
238. Rugo, H.S.; Bardia, A.; Tolaney, S.M.; Arteaga, C.; Cortes, J.; Sohn, J.; Marmé, F.; Hong, Q.; Delaney, R.J.; Hafeez, A.; et al.

TROPiCS-02: A Phase III study investigating sacituzumab govitecan in the treatment of HR+/HER2-metastatic breast cancer.
Future Oncol. 2020, 16, 705–715. [CrossRef]

239. Marcus, L.; Fashoyin-Aje, L.A.; Donoghue, M.; Yuan, M.; Rodriguez, L.; Gallagher, P.S.; Philip, R.; Ghosh, S.; Theoret, M.R.;
Beaver, J.A.; et al. FDA approval summary: Pembrolizumab for the treatment of tumor mutational burden–high solid tumors.
Clin. Cancer Res. 2021, 27, 4685–4689. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1158/1078-0432.CCR-17-2092
https://doi.org/10.1056/NEJMoa1213261
https://www.ncbi.nlm.nih.gov/pubmed/23484797
https://doi.org/10.21037/atm-20-1175
https://www.ncbi.nlm.nih.gov/pubmed/33437802
https://doi.org/10.1016/j.semcancer.2017.04.007
https://doi.org/10.1016/S1470-2045(20)30444-7
https://www.ncbi.nlm.nih.gov/pubmed/32919527
https://doi.org/10.1159/000444605
https://www.ncbi.nlm.nih.gov/pubmed/27031542
https://doi.org/10.1038/s41467-021-22605-2
https://doi.org/10.2217/fon-2022-1196
https://doi.org/10.1186/s13045-021-01137-8
https://www.ncbi.nlm.nih.gov/pubmed/34419139
https://doi.org/10.1158/1078-0432.CCR-17-0900
https://doi.org/10.1007/s12032-016-0857-2
https://www.ncbi.nlm.nih.gov/pubmed/27900589
https://doi.org/10.1016/j.breast.2019.12.010
https://www.ncbi.nlm.nih.gov/pubmed/31927339
https://doi.org/10.1056/NEJMoa2203690
https://www.ncbi.nlm.nih.gov/pubmed/35665782
https://doi.org/10.2217/fon-2021-0550
https://doi.org/10.1177/1060028020966548
https://doi.org/10.2217/fon-2020-0163
https://doi.org/10.1158/1078-0432.CCR-21-0327
https://www.ncbi.nlm.nih.gov/pubmed/34083238

	Background on Breast Cancer 
	Personalization Based on Histopathological and Clinical Parameters 
	Personalization in Endocrine-Positive Breast Cancer 
	Endocrine Resistance 
	Overcoming the Resistance to Endocrine Therapy 


	Personalization in Human Epidermal Growth Factor Receptos-2 (HER2)-Amplified Breast Cancer 
	Level of HER2 and HER3 Expression 
	DNA and Gene-Based Biomarkers in HER2-Positive Tumors 
	Biomarkers for Predicting Pathological Response to HER2-Directed Therapy 

	Triple-Negative Breast Cancer 
	Molecular Basis of TNBC Heterogenicity 
	Programmed Death-Ligand 1 (PD-L1) Protein Expression as a Biomarker 
	Microsatellite Instability and Tumor Mutation Burden 
	Tumor Infiltrating Lymphocytes 
	Immune Gene Expression in TNBC 

	Circulating Tumor DNA as a Predictive and Prognostic Biomarker 
	Role of ctDNA in Locally Advanced Early-Stage Breast Cancer 
	Role of ctDNA in Metastatic Breast Cancer 

	Conclusions 
	References

