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Abstract: In the 1980s, the discovery of a 185 KDa transmembrane human receptor protein which is now known
as human epidermal growth factor receptor 2 (HER2), paved the way for the development of the most success-
ful and 1st humanized monoclonal antibody, Trastuzumab. The antibody received FDA and EU approval in
1998 and 2000, respectively for the treatment of patients with HER2+ breast cancer (BC). The high affinity of
Trastuzumab binding with HER2 having a Kd value of <1 nM is due to the dual action of two antibody do-
mains. Here, the Fab domain provides selective binding with the HER2 receptor whereas the Fc domain binds
with the Fc receptor in natural killer cells and leukocytes to kill the tumour cells by antibody-directed cellular
cytotoxicity (ADCC). Trastuzumab is widely used for the treatment of BC where it blocks the over-expressed
HER?2 receptor-mediated dimerization and consequent intracellular signaling that leads to cancerous growth.
The phosphatidylinositol 3'-kinase (PI3K)/protein kinase B (PKB)/mammalian target of rapamycin pathway
(mTOR), cross-talk with estrogen receptors, over-expression of Mucin 1 (MUC1) protein, and involvement of
tyrosine kinase receptors like insulin-like growth factor I receptor are key pathways involved in trastuzumab
resistance (TR). In this review, we have provided a molecular view of how this resistance appears, and what
are the possible remedies using BC stem cell (BCSC)-based therapy, PI3K pathway inhibitors, MUC1-directed
therapy, etc. We have also elaborated on the claims from different patents and data from clinical trials where
overcoming the TR is one of the primary focuses of those studies.
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OVERCOMING TRASTUZUMAB RESISTANCE

The humanized Trastuzumab Monoclonal antibody Targets the domain IV of HER2 receptor to
initiate Tyrosine kinase-based signaling to generate BC where activation of different signaling path-
ways which are involved in resistance can be overcome though use of selective inhibitors of these
pathways.

1. Introduction

In 2020, the International Agency for Research on Cancer (IARC), a specialized cancer agency of
the World Health Organization (WHO), released a report that showed that BC (BC) has overtaken
lung cancer as the most prevalent cancer throughout the globe[1]. BC is also the leading cause of
cancer-related deaths in women worldwide [2]. The observed over-expression of HER?2 in approxi-
mately 20-30% of BC patients has encouraged researchers for years to find a drug/antibody to spe-
cifically target HER2 so that HER2-mediated BC can be stopped. In 1984, a gene named ‘neu’ [3]was
isolated from rat neuro/glioblastoma encoding a protein with 185 kDa which was found to be similar
to a gene located at the human q21 region of chromosome 17[4]. Due to the significant similarities of
‘neu’ gene with the protein sequence of the EGFR (HER1) the ‘neu’ gene was named HER2 which is
a kinase receptor at the cell surface. In 1986, it was proven for the first time that the NIH3T3 cells
become tumorigenic when transfected with the HER2 gene in vivo[5]. Further, that study also
showed that the treatment of the mice with an antibody against the ‘neu’ gene product (named an
anti-HER2 antibody) suppresses tumor growth significantly. In 1987, it was established that poor
prognosis in BC patients is significantly correlated with the amplification HER2 gene in about 30% of
BC tumors|[6]. In 1989, a monoclonal antibody (Mab) “4D5” (based on the Hybridoma culture name)
was isolated from BALB/c mice, which has a high specificity of binding toward human HER2 and not
HERI; thereby selectively suppressing the progression of HER2-positive BC cells [7]. The mouse 4D5
monoclonal antibody was eventually humanized [8] and named Trastuzumab or Herceptin which
showed significant clinical efficacy toward patients with HER2-positive BC compared to conven-
tional chemotherapies. The results from two clinical trials demonstrated the efficacy and safety of
trastuzumab where it was established that progression-free survival (PFS) was significantly longer
due to the addition of trastuzumab to chemotherapy (7.6 vs 4.6 months with chemotherapy alone) as
was median overall survival (OS) (25.4 vs 20.3 months) [9, 10]. The success of Trastuzumab and its
subsequent commercialization emerged from the work of 3 scientists: Axel Ullrich and Michael Shep-
ard of Genentech, and Dennis Slamon of the University of California at Los Angeles (UCLA).
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Trastuzumab had 2018 worldwide sales of US$7.5 billion. The patents on Trastuzumab expired in the
US in June 2019 and Europe in July 2014. There are currently five trastuzumab biosimilars available
in the USA. The global trastuzumab biosimilars market is expected to grow from $2.08 billion in 2021
to $2.64 billion in 2022 at a compound annual growth rate (CAGR) of 27.1%. These numbers indicate
the importance of Trastuzumab in BC treatment.

The HER?2 receptors, which are similar to epithelial growth factor receptor (EGFR, HER1), ErbB3
(HER3), and ErbB4 (HER4) consist of three main domains: (a) the extracellular domain that contains
the four subdomains of HER2 receptor allowing ligand-dependent or -independent dimerization, (b)
transmembrane domain that connects extracellular and cytoplasmic domains, and (c) the C-terminal
cytoplasmic domain that contains tyrosine kinase and regulatory subdomains for activation of down-
stream signaling pathways [11]. To date, no HER2-specific ligand has been identified indicating that
HER?2 can go for ligand-independent homo or hetero dimerization to activate the signaling pathway
that leads to BC. Therefore, the inhibition of HER2 dimerization, the primary target of trastuzumab,
leads to suppression of HER2-mediated cell signaling and tumor growth. One of the major reasons
for the highly specific binding of Trastuzumab is that the Mab never has to compete with any intra-
cellular ligand for binding with the HER2 receptor. However, during 2005-2007, it was observed that
a fraction (~20%) of early-stage BC patients do not respond to trastuzumab, and ~70% of patients with
metastatic disease who receive trastuzumab monotherapy are resistant to treatment within 1 year of
treatment [12, 13]. This indicates that although the application of anti-HER2-based trastuzumab rep-
resents a striking advantage over chemotherapy, resistance to trastuzumab therapy leads to recur-
rence which limits the survival of HER2-positive BC patients. Therefore, the resistance of
trastuzumab has become a global concern for BC treatment considering the early success of the mon-
otherapy of this Mab. This review, therefore, initially focuses on the pathways and biomarkers that
are related to TR. In the later stage, we looked at different applications and strategies that dealt with
the overcoming of this resistance. We have summarized the claims of different patents &clinical trials
targeting the TR with subsequent mechanisms.

2. Different Mechanisms of TR
2.1. HER2 Mutations

The discovery of HER?2 receptor and its consequent overexpression in BC cells catalyzed the
discovery of 1t humanized monoclonal antibody Trastuzumab, ADC etc. (Figure 1). Trastuzumab
cannot bind to the receptor when HER2 is mutated by deletion of its extracellular domain [14].The
shortened and N-terminally deleted p95HER2 isoform with constitutive kinase activity is produced
by proteolysis or by translation of the HER2 mRNA from internal initiation codons [15-17]. This mu-
tant isoform encourages ongoing oncogenic signaling activation while evading the effects of
trastuzumab by not allowing any binding sites on the HER2 receptor for the Mab. Those who devel-
oped the p95SHER2 mutation were less likely to respond to trastuzumab than those who had full-
length HER2. This was established in a study of 46 patients with metastatic BC tumor[17]. Among 46
patients with metastatic BC only, 11% of patients expressing p95HER2 responded to trastuzumab.
But >51% of patients with tumors expressing full-length HER2 achieved either a complete or partial
response in the presence of Trastuzumab. However, treatment with lapatinib (a tyrosine kinase in-
hibitor) shows almost equal response indicating that tyrosine kinase activity is retained in p95SHER?2-
expressing cells. The increased expression of mucin-4 is another factor that masks the trastuzumab-
binding on HER2. The presence of mucin-4 (MUC4), a highly O-glycosylated membrane protein that
is also thought to be HER2's partner, was associated with a poor prognosis in both BC and other
carcinoma types[18]. The study using Trastuzumab-resistant JIMT-1 cell lines showed that MUC4 is
overexpressed. Further knockdown of MUC4 at RNA levels increases trastuzumab susceptibility. In
another study, TNFa-induced MUC4 expression was proposed as a novel TR mechanism where the
administration of TNFa-blocking antibodies downregulated MUC4 and decreased TR by blocking
the ADCC[19]. Therefore, steric Inhibition of Antibody-Receptor Interaction in the presence of over-
expressed MUC4 is a possible mechanism of TR[20].ABC cell line developed TR by upregulating
MUCT*, a cleaved version of the MUC1 protein where treatment with MUC1 antagonists can over-
come the resistance[21]. Further, the humanized antibody targeting Mucinl reduced the growth of
HCC1954 xenograft tumors by inhibiting cell proliferation thereby reducing TR[22].
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Figure 1. Timeline describing the brief History of development of Trastuzumab (1994-2023) from gene discovery
to ADC and its use for overcoming resistance.

The HER2 protein's inability to bind trastuzumab is caused by several genetic abnormalities,
which also contribute to TR. Trastuzumab regimens are now frequently combined with other anti-
HER?2 medicines that specifically target these variants because of an increased understanding of these
polymorphisms [23]. As an illustration, p95HER2, also referred to as the HER2 carboxy-terminal frag-
ment is deficient in the N-terminal extracellular domain required for trastuzumab binding. This frag-
ment is produced either by the metalloprotease ADAM10 shedding the extracellular domain or by
the alternate start or translation of the HER2-coding mRNA. ADAM10 are unique metalloproteases
that are known as “sheddase’ because they cleave off the ectodomain from the membrane proteins
also referred to as shedding. Through its capacity to constitutively create homodimers that are stabi-
lized by disulfide linkages, p95HER2 enhances TR[24]. High levels of p95HER2 were found to be
associated with shorter PFS and worse OS in metastatic BC patients receiving trastuzumab [25].
Therefore, for a fraction of HER2+ patients with metastatic BC, p95HER2 is an appropriate target. TR
has been linked to increased levels of MUC4 in rats also, where it blocks cell-cell and cell-matrix
interactions thereby inhibiting binding of trastuzumab [26]. The involvement of MUC4 in cancer
pathogenesis is proven by its multifaceted contributions, including attenuation of immune recogni-
tion, facilitation of tumor development, suppression of apoptosis, and activation of HER2 signal-
ling[27].

2.2. Mechanism of TR Through Crosstalk Between HER2 and Estrogen Receptors

TR is a significant concern in the treatment of HER2-positive BC, with evidence suggesting a
mechanism involving crosstalk between HER2 and Estrogen Receptors (ER)/hormone receptors (HR)
[28]. Approximately 50% of HER2-positive breast tumors also express ER, and preclinical models
have demonstrated the critical roles played by both HER2 and ER in promoting tumor growth [29].
Notably, therapies targeting HER2 have been shown to increase ER expression, which can enhance
cell survival [30]. In 2006, Munzone et al showed for the first time that a patient with HER2+ and ER-
negative advanced BC can convert into an ER-positive patient after treatment with trastuzumab and
chemotherapy. [31]The data was based on clinical samples with histological assessment for ER mark-
ers. More than 50% of all HER2+ BC show the coexistence of HER2 over-expression and ER and/or
PR over-expression. It was concluded that inhibition of HER2 by trastuzumab and chemotherapy
leads to the activation of ER gene transcription via signaling crosstalk pathways involving more
prominently the PI3K/AKT/mTOR pathway. This increased ER signaling pathway acts as a compen-
satory mechanism for tumor growth and survival under trastuzumab treatment for HER2+ BC.[32]
Consequently, there is a growing interest in combination treatments that simultaneously target both
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HER2 and ER (by endocrine therapy) to effectively combat this resistance mechanism.[33]However,
a critical question that remains unanswered is whether patients who have previously received HER2-
targeted therapies would benefit from the continuation of endocrine therapy alongside chemother-
apy or Antibody-Drug Conjugate (ADC)-based treatments in the future.[34, 35] The phase II clinical
trial (PERTAIN, NCT01491737) was a randomized, open-label, multicenter-80 sites trial with patients
of HER2+ and ER+ BC. In this trial, primary PFS was achieved due to a combination treatment of
Trastuzumab and Pertuzumab [35].Therefore it indicates that when ER is overexpressed
Trastuzumab alone can’t work and combination therapy is required. In this context, the trastuzumab
and tamoxifen combined therapy was found to be effective for HER2+ and ER+ BC. The combination
treatment was found to be more growth inhibitory against BT 474 cells than trastuzumab and tamox-
ifen alone.[36] It was observed that patients with ER+ mBC showed better prognosis after treatment
in combination with immunotherapy (pembrolizumab) and antiestrogen agents like letrozole or ta-
moxifen[37]. All these studies prove that targeting both HER2 and ER is more beneficial than alone
HER?2-targeted therapy. The mechanism of action of Trastuzuamb with its structure is shown in Fig-
ure 2.

Antigen Binding Sites
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Figure 2. Schematic structure of Trastuzumab with Fab and Fc part, where residue important for Inflammation
and ADCC is indicated (A). Specific binding domain of Trastuzumab, Pertuzumab and Tyrosine kinase inhibi-
tors on HER-2 is indicated (B).

One potential avenue of resistance to HER2-directed therapies is the activation of the ER path-
way.[38] Several studies have explored the possibility of crosstalk between HER2 and ER.[39, 40] This
interaction is particularly significant as the upregulation of ER expression has been observed follow-
ing treatment with lapatinibor aromatase inhibitors which target ER [41]. This phenomenon suggests
that the ER may serve as a redundant survival pathway in the context of HER2-targeted therapy. BC
progression appears to involve complex interactions between the HER family of receptors and steroid
hormone receptors, such as ER and progesterone receptor (PR). Proietti et al. [42] identified the Signal
Transducer and Activator of Transcription 3 (Stat3) as a pivotal protein activated by heregulin (HRG).
HRG is a soluble and secreted growth factor, which binds and activates HER3 and HER4 transmem-
brane receptor tyrosine kinases, but not HER2. Stat3 is activated through a co-opted, ligand-inde-
pendent PR activity, acting as a signaling molecule. In this context, the targeting of Stat3 becomes
crucial for impeding the growth of mammary tumors induced by HRG.[38] Their data suggests that
HER2+ BC can be blocked by inhibiting the ER/PR signaling pathway. In another study, it was estab-
lished that the expression of two isoforms of ErbB-2 in the nucleus promotes triple-negative BC
(TNBC). These isoforms which act as transcription factors if evicted from the nucleus result in block-
age of TNBC and tumor cell growth [43]. The Stat3 was found to be a direct upstream regulator of
ErbB-2 and microRNA-21 (miR-21) both of which initiate metastatic BC [44].

These findings underscore the intricate interplay between HER?2, ER, and PR in BC growth and
the potential for signaling molecules like Stat3 and regulators of PI3K/AKT/mTOR pathways to play
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key roles in mediating this crosstalk. Understanding these mechanisms is essential for the develop-
ment of more effective treatment strategies for HER2-positive BC and the prevention of TR.

2.3. HER2/ER Crosstalk in Acquired Endocrine Resistance Models

In the context of acquired endocrine resistance models, recent investigations have uncovered a
significant association between enhanced Epidermal Growth Factor Receptor (EGFR) and Human
Epidermal Growth Factor Receptor 2 (HER?2) signaling and resistance to tamoxifen (an ER modulator)
in tumors characterized by initially low levels of EGFR and HER?2 expression [45, 46]. Nicholson and
Gee [47] demonstrated that EGFR/HER2 signaling contributes to the development of acquired tamox-
ifen resistance in BC cells maintained under long-term culture conditions. These resistant cells exhibit
elevated levels of EGFR and HER2 expression, increased activation of EGFR/HER2 heterodimers, and
heightened phosphorylation levels of key signaling molecules, including p42/44 Mitogen-Activated
Protein Kinase (MAPK), AKT, and nuclear Estrogen Receptor (ER) at serine residues 118 and 167 [48,
49]. Notably, the utilization of the EGFR inhibitor gefitinib or the aromatase inhibitor exemestane
exerts strong inhibitory effects on the growth of these resistant cells, mirroring the outcomes observed
in de novo experimental models of tamoxifen resistance.

Furthermore, increased EGFR and HER?2 expression, coupled with the consequent activation of
downstream signaling pathways mediated by p42/44 MAPK, has been documented in BC cell models
that have developed resistance to estrogen depletion or aromatase inhibitor (Al) therapy over an ex-
tended period [50-52]. Intriguingly, it has been observed that MCF-7 cells, which have adapted to
proliferate in the presence of the potent fulvestrant (a selective ER degrader) exhibit heightened EGFR
signaling. Therefore, estrogen deprivation with fulvestrant can effectively inhibit HER-2overexpress-
ing tumors but resistance against tamoxifen develops quickly. This observation implies that growth
factor receptors, including EGFR and HER?2, play pivotal roles in the development of resistance to
endocrine therapies including tamoxifen and beyond [47, 53].

These findings underscore the significance of EGFR and HER?2 signaling pathways in the context
of acquired endocrine resistance, shedding light on potential therapeutic strategies to counteract re-
sistance in BC patients undergoing endocrine therapies [54].

2.4. Failure to Trigger ADCC

The concept of immunomodulatory antibodies came in the limelight due to the discovery of
cytotoxic T lymphocyte-associated antigen 4 (CTLA4) and programmed cell death protein 1 (PD1) as
immune checkpoint inhibitors. The checkpoint proteins like program death (PD)-1 (present in T cells)
bind with PD ligand-1 (PD-L1) which is, generally, overexpressed in most cancer cells. This binding
acts as an ‘off-signal” for immune-mediated signaling so that cancer cells can evade T-cell-mediated
death. A very similar mechanism is involved in ADCC where the antibody's constant region (Fc)
interacts with Fcy receptors (FcyRs) which recruits neutrophils and NK cells to the tumor cells which
are already bound by the Fab part of the antibody due to receptor-ligand interaction (Figure 3).[55]
The NK cells then release perforins and granules to kill the bound tumor cells by apoptosis. "The
initial observation of trastuzumab's mechanism of action, involving Antibody-Dependent Cell-Me-
diated Cytotoxicity (ADCC), was first documented in preclinical animal models. Subsequently, a clin-
ical study confirmed this concept, revealing a significant lymphocytic infiltrate in all patients under-
going neoadjuvant trastuzumab treatment, with a more pronounced effect seen in partial respond-
ers.[56] Factors influencing the efficacy of HER2-directed therapy in ADCC induction include Tumor-
Infiltrating Lymphocytes (TILs) and Fcy receptor polymorphisms. The Fcy receptors are abundant
on leukocytes and they recognize IgG-coated immune complexes through the Fc receptor of Anti-
body. Various strategies have been investigated to enhance ADCC in the context of HER2-targeted
therapies. ADCC is governed by three Fcy receptors expressed on immune cells: CD16A, CD32A,
and CD32B [57]. To enhance ADCC, margetuximab (a chimeric Mab targeting HER2+ BC cells) was
engineered to preserve the epitope specificity of trastuzumab while introducing five amino acid mod-
ifications, increasing its affinity for the activating Fcy receptor IIIA (CD16A) and reducing its affinity
for the inhibitory Fcy receptor II (CD32B)[58, 59]. This antibody is very similar to trastuzumab except
that the Fc section is engineered so that it can bind with both alleles of CD16A with improved ADCC.
The mutant version of allele CD16A-158V is generated in BC cells due to progressive Trastuzumab
treatment. This eventually makes Trastuzumab treatment ineffective for these BC cells due to reduced
Fc-FcyRs  interaction involved in ADCC [60].In the phase 3 SOPHIA trials,
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margetuximab+chemotherapy, and trastuzumab+chemotherapy were compared in 536 patients with
previously treated HER2+ advanced BC+ metastatic BC (MBC). The PFS was much better for mar-
getuximab+chemotherapy even though Her2+ binding is similar for both margetuximab and
Trastuzumab. This indicates better ADCC activity of margetuximab is responsible for BC cure.

The direct involvement of trastuzumab in ADCC and antibody-dependent cell-mediated phag-
ocytosis (ADCP) was observed from a clinical data set where PBMCs from human HER2+ BC patients
receiving trastuzumab therapy (both, metastatic and adjuvant) were analyzed for CD14+ (monocytes)
and CD56+ (NK) cells. Here, ADCC and ADCP activity was directly correlated with the altered ex-
pression of antibody binding (FcyR)I (CD64), FcyRIII (CD16), and FcyRII (CD32) on CD14+ (mono-
cytes), and CD56+ (NK) cells by FACS studies. Further, the expression of CD107a+ (LAMP-1) on NK
cells and the total amount of CD4+CD25+FOXP3+ (Treg) cells were measured where ADCC activity
was inversely correlated with the expression of LAMP1 on CD56+ cells in adjuvant patients.[61] The
study concluded that trastuzumab-mediated ADCC is reduced in BC patients compared to healthy
volunteers but efficacy of trastuzumab-specific ADCC and ADCP is not affected by disease progres-
sion, treatment duration, or concomitant chemotherapy. Furthermore, results of this work suggested
that CD4+CD25+FOXP3+ Treg cells can act as a potential prognostic factor in mBC. In another study
it was shown that the extent of phagocytosis and consequent ADCP was influenced by FcyRlIla and
FcyRlIlla expression where polymorphism in these receptors (FcyRIlla 158V and FcyRlla 131H) may
cause significantly altered effect of trastuzumab therapy for different individuals.[62]
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Figure 3. A schematic diagram of HER2-mediated therapy using Trastuzumab with a specific focus on ADCC.
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The therapeutic landscape for TNBC and various other malignancies has been significantly re-
shaped by the introduction of immune checkpoint inhibitors (ICIs). [63-65] Preclinical studies have
demonstrated that ICIs possess the potential to enhance and optimize the therapeutic efficacy of
HER2-targeted therapies.[66] However, in a few clinical trials, the combination of immunotherapy
with HER2-targeted treatments has not exhibited substantial benefits. In a single-arm, phase 1b-2
PANACEA study, pembrolizumab, an inhibitor of programmed cell death 1 (PD1), was administered
in conjunction with trastuzumab for the treatment of advanced BC cases resistant to trastuzumab
[67]. Among the forty patients with programmed cell death ligand-1 (PDL1)-positive disease, only
six individuals demonstrated an objective response, while resistance was prevalent within the PDL1-
positive population. Notably, none of the 12 patients in this subgroup exhibited a clinical response.
In total, 58 patients were enrolled in this clinical trial. In the subset of patients with programmed cell
death ligand-1-positive (PDL1+) disease, the PFS (progression-free survival) reached 2.7 months with
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a median follow-up of 13 months, while overall survival (OS) was not reached during this period
[67]. In the broader PDL1 population, where the median follow-up was 12 months, the PFS was 2.5
months, and the OS extended to 7 months. 62 The KATE2 study, a phase 2 randomized trial, enrolled
202 patients who had previously received treatment for advanced HER2-positive BC. These patients
were randomized to receive T-DM1 either with or without atezolizumab.[68] Although atezolizumab
did not significantly improve PFS in the intent-to-treat (ITT) population, a modest enhancement in
PFS was observed in the PDL1-positive subset. However, the clinical significance of this improve-
ment remains uncertain, and it is important to note that patients treated with ICIs experienced a
higher incidence of toxicities.[68]

The ongoing phase 3 clinical trial, KATE3/MP42319 (NCT04740918), is currently in progress, en-
rolling patients diagnosed with advanced BC who are both HER2-positive and PD-L1-positive. In
this trial, patients are being randomized to receive either Trastuzumab emtansine (T-DM1) as an an-
tibody-drug conjugate (ADC) alone or in combination with atezolizumab as a second-line treatment
option.[69] Atezolizumab is a Mab that is commonly used for non-small cell lung cancer (NSCLC),
small cell lung cancer (SCLC), hepatocellular carcinoma (HCC) but not used anymore for TNBC.
Meanwhile, another clinical trial study (NCT03199885) is focused on assessing the role of atezoli-
zumab in the first-line treatment setting, specifically in a patient population that is not pre-selected
based on their PD-L1 status.[69] These investigations aim to elucidate the potential contribution of
immune checkpoint inhibitors (ICIs) in the management of advanced HER2-positive BC. Atezoli-
zumab with doxorubicin/cyclophosphamide-paclitaxel and pertuzumab-trastuzumab (PT) for high-
risk, HER2-positive early BC did not increase pathologic complete response (pCR) rates versus pla-
cebo in the ITT or PD-L1-positive populations. However, this study confirms that PT is better than
Atezolizumab with doxorubicin/cyclophosphamide-paclitaxel combination. Additionally, in the ne-
oadjuvant setting, there have been studies exploring the integration of ICIs into standard therapeutic
approaches. The ongoing phase 3 clinical trial, KATE3/MP42319 (NCT04740918), is currently in pro-
gress and is enrolling patients with advanced BC characterized by HER2 overexpression and PD-L1
positivity. In this trial, patients are randomly assigned to receive T-DM1 either as a standalone treat-
ment or in combination with atezolizumab in a second-line treatment context. In parallel, the study
with identifier NCT03199885 is examining the potential of atezolizumab in the first-line treatment
setting, specifically in a patient population not pre-selected based on their PDL1 status. These inves-
tigations aim to elucidate the potential utility of immune checkpoint inhibitors (ICIs) in managing
advanced HER2-positive BC. Furthermore, in the neoadjuvant setting, investigations have been con-
ducted to explore the incorporation of ICIs alongside conventional therapies.[69] In both the intent-
to-treat (ITT) and programmed cell death ligand-1-positive (PDL1+) populations, the incorporation
of immune checkpoint inhibitors (ICI) did not result in an elevation of pathologic complete response
(purr) rates, and the one-year event-free survival rates within these groups remained comparable.

Currently, an ongoing study known as Astefania (NCT04873362) is enrolling patients with high-
risk, HER2-positive BC who exhibit residual disease following neoadjuvant therapy. In this study,
patients are randomly allocated to receive standard T-DM1 therapy with or without atezolizumab,
further examining the potential impact of this treatment approach. These findings indicate that, at
present, the use of immune checkpoint inhibitors (ICIs) is not a standard practice in the treatment of
HER2-positive BC. Further investigation is imperative to determine whether immunotherapy may
offer advantages for a specific subgroup of patients. Like the observations in triple-negative BC,[70]
the expression of PDL1 appeared to correlate with treatment response in patients with metastatic
disease. However, it's worth noting that these studies were not explicitly designed to assess this pa-
tient population, and the utilization of ICIs occurred in later lines of therapy, a factor that has shown
modest responses in the context of TNBC.[71, 72] Consistent with previous reports on early-stage
TNBC, the presence of PDL1 did not emerge as a reliable predictor of treatment response in the IM-
passion050 study. Elevated levels of TILs have been associated with favorable prognoses in HER2-
positive BC, spanning both early and advanced stages of the disease.[73, 74] In the CLEOPATRA
phase III clinical study the TILs are isolated and analyzed from 819 patients where early-stage HER2+
BC patients are treated with either pertuzumab or placebo in addition to trastuzumab and docetaxel
[74]. It was concluded from the study that higher TIL values are significantly associated with im-
proved OS but not PFS. Nonetheless, it is noteworthy that the potential role of TILs as a predictive
biomarker for immune checkpoint inhibitor (ICI) response in HER2-positive BC has yet to be ex-
plored mechanistically although the partial role of TILs is evident. In summary, it is evident that
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ADCC plays a pivotal role in the mechanism of action of trastuzumab, and the concept of immune
evasion may function as a defensive strategy against HER2-targeted therapies. Therefore, interven-
tions such as modifying the trastuzumab FcyRs or integrating immune checkpoint inhibitors (ICI)
into conventional therapeutic regimens have thus far resulted in only marginal enhancements in pa-
tient outcomes.

2.5. Changes in HER2 Downstream Signaling Pathways
2.5.1. Loss of PTEN Expression /Function

Humans have a phosphatase called Phosphatase and Tensin Homolog (PTEN), which is pro-
duced by the PTEN gene[75]. The enzyme acts as a tumor suppressor, where it regulates cell division
by keeping cells from growing and proliferating too rapidly or in an uncontrolled way through its
phosphatase function. Mutations of the PTEN gene are a step in the development of many cancers
including BC. PI3K/Akt is constitutively activated as a result of PTEN depletion [76]. Reduced PTEN
expression or activity prevented trastuzumab-mediated growth suppression in BC cells overexpress-
ing HER2[77]. Numerous malignancies, including about 50% of BCs, have been shown to have PTEN
loss of function brought on by mutation or by transcriptional regulation [38, 78]. Trastuzumab treat-
ment outcomes were noticeably lower in patients with PTEN-deficient HER2-overexpressing MBC
than in those with normal PTEN tumors. Later, another group showed that tumors from a cohort of
55 patients who were resistant to trastuzumab included 25% PI3K catalytic subunit alpha (PI3KCA)
activating mutations and 20-25% PTEN deficiency. The study also showed that HER2-positive BC
cell lines with activating PIK3CA mutations (E545K and H1047R) are more trastuzumab-resistant
than HER2-positive cell lines without such mutations[79]. The PIK3CA mutation frequency has
ranged from 8%-40% in human BCs where the majority of mutations occur at three hotspots: E542K
and E545K at exon 9, which encodes the helical domain, and H1047R at exon 20, which encodes the
kinase domain.In a retrospective examination of 47 HER2-amplified primary BCs from stage IV pa-
tients treated with trastuzumab plus taxane, Nagata and colleagues used immunohistochemistry to
correlate PTEN expression with tumor response to treatment [76, 78]. It was established Trastuzumab
treatment increased PTEN membrane localization with phosphatase activity with reduced PTEN ty-
rosine phosphorylation via Src inhibition.[80]The observation was further supported by reducing
PTEN in BC cells by antisense oligonucleotides conferred TR in vitro and in vivo.

2.5.2. P13K Mutation or Increased Activity

TR has also been linked to oncogenic activating PI3K mutations. Berns and colleagues looked
for activating PIK3CA mutations in hotspot areas of 55 HER2-amplified primary tumor samples from
trastuzumab-refractory patients. According to earlier investigations on the frequency of mutations in
HER2-amplified BC, 25% of tumors had mutations [79, 81, 82]. In this collection of cancers, PTEN
expression was also examined, and in 22% of tumors, decreased PTEN expression was seen. Patients
with active PI3K (defined as decreased PTEN expression or PIK3CA mutation) exhibited a substan-
tially lower PFS on trastuzumab-based treatment than patients without evidence of PI3K pathway
activation, according to Kaplan-Meier survival curves. An integrative genomic and proteomic anal-
ysis that involved mass spectroscopy-based sequencing and reverse-phase protein arrays analyzed
547 human BCs and 41 cell lines to understand the signalling effects of PIK3CA, AKT, and PTEN
mutations in HER2+ BC79. The PIK3CA mutations were more common in HR+ (34.5%) and HER2+
(22.7%) compared to basal-like tumors (8.3%). Further, PIK3CA (39%) and PTEN (20%) mutations
were more common in cell lines than tumors but PIK3CA mutations did not have a significant effect
on clinical efficacy after adjuvant tamoxifen therapy in 157 HR+BC patients. A more recent study that
examined PI3K-AKT pathway changes as predictive biomarkers of TR in a larger cohort of tumors
from patients with HER2-amplified MBC discovered that the individual biomarkers by themselves
were insufficient to predict diminished response to trastuzumab-based therapy[83]. More recent re-
search compared several tumor samples that had been treated with trastuzumab before and after to
see if similar alterations in the PI3K pathway were present in the tumors[84]. Here Biopsies and IHC
staining were done on 19 patients who are having HER2+ BC under trastuzumab treatment. They
observed abnormality in HER3, PI3K, or PTEN implying a critical role for this pathway in mediating
resistance to Trastuzumab however abnormalities are not co-existent. For example, loss and PI3K
mutation were not seen in the same samples and vice versa. In early reports of this research, tumor
samples (n=45) obtained after trastuzumab progression showed that PTEN loss in
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immunohistochemistry [85] and PIK3CA mutations (in Sequenom assay)[86] were frequently found
even in a cohort of patients who had initially benefited from trastuzumab treatment. The PI3K regu-
latory subunit p85 is encoded by the PIK3R1 gene, which alters its functionality and causes constitu-
tive activation of the PI3K/Akt pathway [87, 88]. Additionally, the gene that codes for the catalytic
subunit of p100 of PI3K is called PIK3CA (activator of the same pathway and commonly mutated in
BC). In human cancer, it is commonly mutated or overexpressed and can give TR in cell culture-based
studies [81, 89].

2.5.3. Cyclin Dependent Kinases and p27

In vivo, p27 can inhibit the kinase activities of a variety of cyclin/CDK complexes (where N-
terminal domain is sufficient to block cyclin/CDK kinase activity) including those containing CDK1,
-2, -4, or -6, and cyclins A, E, or D. The p27KIP1 protein downregulation is often correlated with poor
prognosis in several types of human cancers where the protein is functionally inactivated by cyto-
plasmic localization or by phosphorylation. Trastuzumab intracellularly influences cyclin-depend-
ent kinase (CDK)1 inhibitor p27Kip1, the most significant CDK inhibitor, as one of the growth-regu-
lating molecules and

Performs a crucial function in regulating the cell cycle by binding to the cyclin E.CDK2 complex
throughout the G1 phase of the cell cycle [90].Proliferating cells are forced out of the cell cycle by an
elevation in the protein p27Kip1, while quiescent cells are encouraged to start proliferating again by
a reduction in p27Kipl. Several studies have suggested that the p27Kip1 protein plays a role in the
development of human cancer because of its crucial role in regulating the cell cycle. A deficiency in
the expression of the p27Kip1 protein has been connected to a variety of human malignancies, in-
cluding BC, where it is linked to increased growth of cells[91]. Low chances of surviving and higher
grade neoplasms are strongly correlated with decreased levels of the protein p27Kip1 and also coin-
cide in reverse with HER2 overexpression [92, 93]. Maurizio et al found a correlation between Cyclin
E amplification/overexpression with TR in a cohort study involving 34 HER2+ BC patients[90]. They
have identified genomewide copy-number variation in the trastuzumab-resistant vs. sensitive cells
by measuring focal amplification of genomic DNA containing the cyclin E gene. They found that
cyclin E amplification/overexpression was associated with a lower PFS (6 mo vs. 14 mo, P < 0.002)
and worse clinical benefit (33.3% compared with 87.5%, P < 0.02) compared to non overexpressing
cyclin E tumors. In parallel, knockdown of cyclin E expression or treatment with CDK2 inhibitors
downregulated cyclin E activity in cyclin E-amplified trastuzumab-resistant clones with concomitant
decrease in proliferation and enhanced apoptosis. Their data suggested a direct role for cyclin E over-
expression and CDK2 activity in TR and implicate that treatment with CDK2 inhibitors may be a
good strategy in patients with BC with HER2 and cyclin E co-amplification/overexpression. During
the preclinical study, it was observed that trastuzumab inhibits HER2-overexpressing BC by inducing
G1 cell cycle arrest, with an elevation of p27Kip1 and a decrease of CDK2. They further discovered
that through a post-translational method,anti-HER2 antibodies control the phosphorylation of the
p27Kip1 protein, via which the protein is upregulated. The magnitude of G1 cell cycle arrest induced
by trastuzumab or 4D5 is well correlated with the induced level of p27Kipl. Anti-HER2 antibody-
induced p27Kip1 protein, G1 arrest, and growth inhibition persist at least 5 days after 14 h of treat-
ment with a single dose of trastuzumab[94].In another study, the magnitude of G1 arrest, the level of
p27Kipl upregulation, and inhibition of CDK2 activity were analyzed by treatment of trastuzumab
against BT474 and SKBR3 HER2-overexpressing BC cells [95]. This was also found to be correlated
with HER2 receptor expression level. The continuous exposure of cells to Trastuzumab for 3 days
results in the downregulation of the cell surface receptor and a concomitant increase in the level of
p27Kipl protein.

2.6. Overxpression of Other Receptors and Proteins in Resistance
2.6.1. Increased Expression of IGF-1R

The insulin-like growth factor 1 receptor (IGF-1R) is another receptor whose abnormal expres-
sion may confer TR. According to Lu et al, excessive expression of IGF-1R causes trastuzumab-sensi-
tive SKBR3 cells to become resistant to the therapy. Furthermore, IGF-1R-overexpressing SKBR3 cells
have substantially decreased amounts of p27Kipl and p21Cipl proteins, and an elevated level of
CDK2 kinase function[96]. Jerome et al, proved that IGF1R-overexpressing cells play a role in devel-
oping Trastuzumab -resistance by escaping cell cycle arrest caused by trastuzumab. In this study, a
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human IGF binding protein 3 (thIGFBP-3) which is an antagonist of IGF-IR signaling was tested in
Herceptin-resistant BC cells in vitro and in tumors in vivo. It was observed that rhIGFBP-3 educed
IGF-I-induced IGF-IR phosphorylation with a synergistic interaction with Herceptin against cultured
HER-2-overexpressing BC cells in vitro. Furthermore, a high degree of IGF-1 receptor (IGF-1R) ex-
pression in HER2-amplified cell lines is associated with a reduced response to trastuzumab [97, 98] .
This is thought to be owing to HER2 and IGF-1R interaction, with IGF-1 activation resulting in HER2
phosphorylation and PI3K stimulation. IGF-1R signaling attenuation stops HER2 phosphorylation
and restoration of trastuzumab sensitivity in particular laboratory models[99]. These results provide
an opportunity to evaluate the simultaneous blockade of the HER-2 and IGF-IR pathways using a
combination therapy which may include rhIGFBP-3 and Herceptin in patients with HER-2-positive
BC. Evaluation of primary tumor samples from a neoadjuvant study of vinorelbine and trastuzumab
revealed that the existence of membrane expression of IGF-1R was associated with a lower response
rate to therapy in contrast with tumors without IGF-1R expression (50 vs 97%; p = 0.001), providing
additional evidence that IGF-1R plays a role in mediating TR[96, 100, 101] .

2.6.2. C-Met Coexpression

The C-MET (mesenchymal-epithelia transition factor) is a receptor tyrosine kinase that binds
with its ligand, hepatocyte growth factor (HGF), thereby activating a wide range of different cellular
signaling pathways, involved in proliferation, motility, migration, and invasion.[102] C-Met is ex-
pressed in epithelial and endothelial cells whereas MET is a membrane receptor involved in embry-
onic development and wound healing. c-Met, a crucial oncogene, is a 145 KDa tyrosine phosphory-
lation protein that was found to be the ligand for HGF [103]. Patients with BC who have elevated
levels of c-Met are associated with a bad prognosis[104]. When tissue microarray was analyzed with
30-year, disease-specific patient follow-up data, a strong correlation between the expression of HGF,
matriptase (an activator of HGF), and Met was confirmed in breast carcinoma. Data from this paper
indicated that overexpression of the cytoplasmic tail of Met (c-MET), which can happen due to cleav-
age or truncating mutation, may play an important role in BC progression. Further, it was discovered
that 25% of the tissues from HER2-positive BC patients and HER2-positive cell lines of BC had sig-
nificantly higher levels of c-Met [100, 105, 106]. More significantly, it has lately been shown that c-
Met physically interacts with HER2 based on receptor tyrosine kinase (TK) capture arrays to identify
receptors active in NSCLC cell lines. Overexpression of MET showed physical interaction of c-MET
with EGFR and HER2 which implies that c-Met and HER?2 signaling may work together to produce
TR[107]. This study provides first evidence that the combined use of MET inhibitor with a dual
EGFR/Her2 inhibitor provides maximal growth inhibition in cancer. Sweeney's team discovered
that trastuzumab quickly increases c-Met expression in vitro and that c-Met deletion increases the
cells' sensitivity to the drug [100, 108]. Met contribution to TR, was proven as inhibition of Met sen-
sitizes cells to trastuzumab-mediated growth inhibition, whereas Met activation creates by removing
the p27 induction. Their study implicated that a certain proportion of Her2 (+) patients may benefit
from combined inhibition of MET and HER2. C-met overexpression and specific signal from c-met to
HERS3 causes developed resistance to the EGFR TKIs gefitinib and erlotinib In non small cell lung
cancer[109]. Further, in a pilot phase I trial (NCT03060356) the safety and feasibility for the delivery
of intravenous RN A-electroporated chimeric antigen receptor (CAR) T cells targeting the cell-surface
antigen cMET was proven [110].

2.6.3. Over Expression of Erythropoietin

Erythropoietin (EPO) is a crucial hematopoietic hormone that controls the differentiation, sur-
vival, and proliferation of progenitor cells of erythroid, which are found in the bone marrow[111].
Through contact with particular tyrosine-phosphorylated areas within the activated receptor for
EPO(EpoR), EPO-induced cellular signaling activates downstream signaling chains, including the
PI3K/Akt and MEK/Erk pathways[112]. These HER2-activated downstream signaling pathways com-
bine with those triggered by EPO via EpoR. They showed that, out of a panel of ten primary cell lines
of breast carcinoma, two exhibit relatively high levels of both HER2 and EpoR, and five express the
erythropoietin receptor (EpoR)[38].

These findings suggest that the overexpression of, both, HER2 and EpoR occurs in a significant
percentage of BCs. It was discovered that recombinant human EPO (rHuEPO) considerably lessens
the trastuzumab-induced reduction of cell growth in BC tumors. Here it was observed that rHuEPO
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antagonizes trastuzumab treatment of BC cells via Jak2-mediated Src activation and PTEN inactiva-
tion [23, 113, 114]. It was hypothesized that since the downstream signaling pathways for EpoR and
HER2 are overlapped, partially, therefore EPOR may play a role in the inhibition effect of
trastuzumab and its resistance. Interestingly it was observed that EpoR was positive in 42 samples
and highly expressed in 24 samples as measured by immunohistochemistry among 55 tested Bc cell
lines[112]. In parallel, when the trastuzumab-resistant SKBP3 cell line was generated it showed
higher EPO expression with high phosphorylated EPOR level[115]. Therefore, EPO/EpoR expression
is directly correlated with tumor progression and proliferation in HER2-positive BC.

2.6.4. Increased Activity of Racl

The Rho family of GTPases is a family of small (~21 kDa) monomeric G proteins that belong to
the Ras superfamily of GTPases. The Ras superfamily of GTPases comprises more than 50 members
that share several common features: their molecular weight (18-28 kDa), their C-terminal poly iso-
prenylation region, and the property to bind to and hydrolyze guanine nucleotides. The Rho GTPases
form 8 subfamilies among which one subfamily comprises of Racl, Rac2, Rac3, and RhoG. Racl, a
tiny GTPase that resembles Ras, has been linked to the regulation of cell development and morphol-
ogy and is thought to be connected to BC advancement[116, 117]. In SKBR3 cells, resistance to
trastuzumab was linked to elevated Racl activity, which resulted in considerable cytoskeleton disar-
ray. Decreased extracellular signaling regulates kinase function in resistant clones, trastuzumab-fa-
cilitated endocytic downregulation of HER2, and low Racl activity with a particular inhibitor[118].
Further, it was shown that dysregulation of classical Rho GTPase like Rho, Rac, and Cdc42 can initiate
BC and its metastasis [119].

2.6.5. Activation of Tumor Necrosis Factor a

Tumor necrosis factor-a (TNFa) activates c-Src to cause HER2 phosphorylation in BC cells. Ad-
ditionally, TNFa facilitated the development of the HER2/HER3 heterocomplex, activated AKT, and
transcription of NF-kB. TNFa-induced NFkB activation and cell proliferation were inhibited by HER2
knockdown via RNA modification or by the use of AG825, an inhibitor of EGFR/HER2-TK.
Trastuzumab, nevertheless, was unable to prevent TNFa from stimulating the growth of BC. It's in-
teresting to note that TNFa can trans-express HER?2 and employ it as a downstream signaling mol-
ecule that is necessary for the production of mitogenic signaling. Since a considerable percentage of
people infiltrating breast tumors have TNFa in their tumor microenvironment, treating HER2-posi-
tive with TNF-a as a target may be a potential [120, 121]. The blockade of TNF-a was proposed as a
therapy to treat BC since TNFa enhances luminal BC cell proliferation by aromatase upregulation.
This aromatase enzyme increases estradiol synthesis which after binding to ER promotes luminal
cancer cell proliferation[122]. Stable overexpression of TNFa in BT-474 cells, a human HER2-positive
BC cell line, led to high activation Akt and NF-«kBsignalling pathways. Further, it was proven that
TNFa-induced expression of mucin 4 is partially responsible for TR in HER2-positive BC[19]. This
was further supported by an experiment where treatment, in combination with trastuzumab and a
soluble TNF inhibitor, showed MUC4 downregulation with consequent immunomodulatory effect
through M1-like phenotype macrophage polarization and NK cells degranulation [123].

3. Overcoming TR Against HER2-Positive BC
3.1. BC Stem Cell (BCSC)-Specific Therapeutic Approaches forTR

In recent years, multiple studies have found indirect and direct correlations between BCSCs and
the development of TR. The aggressive progression and recurrence of BCwas due to the presence of
a subset of tumor cells known as BC stem cells (BCSCs). These cells possess the abilities of self-re-
newal and tumor initiation, which allows them to drive metastases and tumor growth. These cells
reside in a microenvironment that is filled with residential inflammatory cells that generate signaling
cues for BCSC-mediated self-renewal and survival[124]. Three key proteins were known markers for
BCSCs: CD44, CD24, and aldehyde dehydrogenase (ALDH). However, studies have shown that
BCSCs contain both CD44 and ALDH, but not CD24 [125]. The role of several signaling pathways,
noncoding RNAs, microenvironmental metabolic alterations, and immunological factors that have
been shown to generate TR by modulating BCSC biology is discussed there [120]. The behaviour of
BCSCs is regulated by several pathways, including PI3K/AKT, TGF-/SMAD, Wnt/Catenin, Notch,
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JAK/STAT, NEF-B, integrin, Hodge, and Hippo signaling pathways; therefore, crosstalk or deregula-
tion of those pathways may be a factor in the growth or transition of BCSCs.

3.1.1. AKT/PI3K Signaling and TGF-{ Signalling

Dysregulation of the PI3K/AKT pathway and loss of the tumor suppressor Phosphatase and
TENsin homolog (PTEN), a downstream mediator of the PI3K/AKT pathway [80, 126] have been
linked to adaptation or resistance to trastuzumab and have been found in over 40% of HER2-positive
BCs in one study[127]. PTEN loss may cause TR in HER2-positive BC by initiating epithelial-mesen-
chymal transition (EMT) and switching the CD #+/CD 2¢-/low/HER2-/low subtypes. The dimerization
of HER?2 with its coreceptor HER3 and subsequent direct coupling to the p85 regulatory subunit of
PI3K and activation of PI3K-AKT signaling, which drives ALDH+ populations in HER2-overexpress-
ing cells, is another explanation for the emergence of TR[128]. Trastuzumab could decrease the
ALDH+ population, but it could not eradicate it [129, 130]. As a result, PI3K inhibitors might be able
to lower the proportion of BCSCs (including CD44+/CD24/low and ALDH+ cells), hence lowering the
HER2-positive BCs susceptibility to trastuzumab [131-134]. When coupled with trastuzumab, the
pan-PI3K inhibitor, XL147 lowered BCSC fractions and slowed the carcinogenesis, possibly by pre-
venting acquired TR[132]. It was discovered that NVP-BKM120, another pan-PI3K inhibitor, effec-
tively silenced the PI3K/AKT signaling pathway, by preventing BCSC growth. In the case of HER2-
positive BC, this inhibitor also exhibits a synergistic impact with trastuzumab in the elimination of
BCSCs. More importantly, the administration of combinatorial therapy to patients with HER2-posi-
tive BC is supported by the fact that this medication combination was well tolerated in xenograft
animal models[133]. Additionally, an AKT inhibitor reduced the PI3K/AKT pathway and helped
HER2-positive BC patients' refractory BCSCs regain their sensitivity to trastuzumab. Perifosine, an
Akt inhibitor, has been shown to drastically lower the ALDH+ population by preventing PI3K/AKT
signaling[135]. Disulfiram/copper (DSF/Cu), a substance medication commonly used for overcoming
alcohol drinking problems, was discovered to drastically downregulate p185HER2, p95SHER2, HER3,
and phospho-HER3/This subsequently blocks the PI3K/AKT signaling pathway, which was followed
by the eradication of BCSC populations and suppression of BCSC-like characteristics. Particularly,
DSF/Cu may inhibit HER2/AKT signaling, cause apoptosis, and abolish BCSC populations, suggest-
ing that DSF may be helpful for the treatment of trastuzumab-refractory HER2-positive malignan-
cies[128]. It was discovered that flubendazole (FLU) plays a similar role to DSF/Cu, which can suc-
cessfully target BCSC-like traits to increase the effectiveness of trastuzumab in HER2-positive tumors
[134]. The mechanism of Trastuzumab resistance involving different signaling pathways are shown
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Figure 4. A schematic presentation of Trastuzumab resistance mechanism involving different signaling path-
ways where PI3K/AKT/mTOR pathway is highlighted.
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One study found that by inhibiting TGF- 3 signaling, which effectively controls the EMT and the
maintenance of BCSCs, the resistance to trastuzumab was reduced [136]. According to Chihara et al.,
TGF- 8 stimulation results in SMAD3's increased phosphorylation, which causes an increase in the
CD#+/CD?¥ow population, which leads to the development of anti-HER2 medication resistance[137].
It was proposed that A83-01, a different small molecule inhibitor, could alter the TGF- 3 /SSMAD
pathway, stop HER2-positive cells from developing a mesenchymal phenotype, and improve the
HER?2-positive cells' response to trastuzumab therapy[138]. Intriguingly, it was discovered that met-
formin could reduce the proliferation and capacity for self-renewal of trastuzumab-resistant BCSCs
in BC, particularly CD*+/CD 2#low cells[139]. In addition, Cufi and associates showed that metformin
might eliminate BCSCs and overcome primary TR in ER+ human BC [140]. These earlier investiga-
tions led us to the conclusion that metformin may regulate EMT and suppress TGE- {3 signaling, as
CD44+/CD24/low BCSCs have a strong TGF- pathway signature which becomes a more epithelial
like feature after TGF- pathway inhibition[141].

3.1.2. Wnt/p-Catenin and Notch Signaling

The Wnt/p -catenin signaling activation has been shown to drive resistance to endocrine treat-
ment, chemotherapy, and radiotherapy in BCSCs[142, 143] , Wu et alwere the first to reveal that TR
was also accompanied by Wnt/[3-catenin signaling. The expression of Wnt3 in trastuzumab-resistant
cells is correlated with increased nuclear expression of 3-catenin and transactivated the expression of
EGFR. The increased Wnt3 in the trastuzumab-resistant cells also promoted a partial EMT-like tran-
sition, like increased N-cadherin, Twist, and Slug expression and decreased E-cadherin expression.,
This was associated with the emergence of TR in HER2-overexpressing BC cells. Conversely, knock-
down of Wnt3 by siRNA restored the cytoplasmic expression of (3-catenin and decreased EGFR ex-
pression in trastuzumab-resistant cells. The Wnt3 transfectants of Trastuzumab-resistant cells,
SKBR3/Wnt3-7 and SKBR3/Wnt3-9, showed a significant decrease in E-cadherin and increase in N-
cadherin, Twist, and Slug. Another study found that downregulating Wnt3 prevented EMT and cell
invasiveness while upregulating Wnt3 promoted EMT in trastuzumab-resistant cells and reduced
sensitivity to the drug[143]. Additionally, important relations between the TGF- [3 and Wnt/[3 -catenin
pathways that induce EMT were found in HER2-overexpressing BCcells.The function of Wnt3 during
EMT was found to be regulated by binding to Twist, providing a potential therapeutic target that can
inhibit resistance and restore sensitivity to anti-HER?2 drugs [144]. Twist served as a linkage between
TGF-B and Wnt/B-catenin pathways during TGF-$3-induced EMT. Knock-down of Twist by shRNA
showed the importance of Twist in response to TGF-{3 regulating Wnt3 during EMT.

Drug resistance in BCSCs is regulated by mutations in the Notch signaling pathway. Notch re-
ceptor inhibitors (DAPT or GSI)and monoclonal antibodies that interrupt receptor-ligand interaction
are the two primary forms of Notch signaling inhibitors. The most common GSIs are MK-0752 and
PF-03084014. MK-0752 and PF-03084014 have shown excellent efficacy in clinical trials for the treat-
ment of advanced BC. Treatment with GSIs plus docetaxel reduced the frequency of BCSCs, down-
regulated CD44+/CD24- and ALDH+ biomarkers, and reduced BC volume. OMP-59R5, OMP-21M18,
OMP-52M51, and REGN421 are monoclonal antibodies against Notch receptors or ligands, and their
specific targets are Notch2/3, DLL-4, Notchl, and DLL-4, respectively [145, 146] . The preclinical data
with Notch inhibitor + anticancer drug demonstrate that pharmacological inhibition of the Notch
pathway can reduce BCSCs in breast tumor graft models[147-150]. Li et al found that the erythropoi-
etin-producing hepatocellular receptor A5 suppressed BCSC self-renewal via the Notchl signaling
pathway, lowering the probability of TR in HER2-positive BC[151].

3.1.3. JAK/STAT, NF-«B, Integrin and Hodge Signalling Pathways

Although there isn't any concrete evidence to suggest their involvement in the regulation of TR
in HER2-positive BC, it's still plausible that altering these pathways through a variety of mediators
could lessen TR by changing the phenotype of BCSCs. The mesenchymal CD44+/CD24/°~ phenotype
in HER2-overexpressing BC was strongly related to TR and HER2 overexpression-activated STAT3
might cause CD44 expression to be upregulated. According to reports, the STAT3 inhibitor Stattic
kills the CSC phenotype in HER2-positive breast tumors, suggesting that JAK/STAT signaling may
be a potential target for trastuzumab-resistant BC[152]. Further, combined treatment of Herceptin
and Stattic showed a synergistic effect on the cancer cell growth in vitro. When the STAT3 gene was
knocked down, the expression of the stem cell markers (OCT-4, SOX-2, and CD44) was
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downregulated and tumor formation was abolished. It was concluded from the study that targeting
STAT3 may overcome Trastuzumab-induced resistance in HER2-overexpressing breast tumours. Is-
lam and colleagues have shown that, activation of the Hippo transcriptional ROR1(type 1 receptor
tyrosine kinase-like orphan receptor) when BC patient tumour cells and BC cell lines were treated
with T-DM1. This ROR1 expression could be induced by the coactivator YAP1. They showed that
targeting ROR1 and YAP1 may suppress cancer stem cell (CSC) self-renewal efficacy and inhibit tu-
mor progression in BC. Further, it was concluded that treatments that target ROR1 of hippo signaling
may overcome the T-DM1 mediated therapeutic trastuzumab resistance and improve clinical out-
comes. [153] The Figure 5 represents the proposed inhibitors and their related pathways to overcome
Trastuzumab Resistance.
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Figure 5. A timeline of FDA approval of development of small molecule inhibitors for the therapy of BC in
combination with Trastuumab and its ADC (A). A schematic presentation of inhibitors which are used to target
different pathways to overcome Trastuzumab resistance (B).

3.1.4. Cytokines and Immunomodulators in BCSC Signaling

Recently, it was discovered that IL-6 and IL-8 levels were considerably increased in BCSCs that
were enriched during long-term trastuzumab treatment. Further, it was shown that IL-6 inhibition
might eliminate TR. An important approach that could be utilized to combat TR is the inhibition of
the IL-6 inflammatory feedback loop and the reduction of the BCSC population, particularly in the
CD44+/CD24/ov subgroups[154]. When combined with trastuzumab, SCH563705, an inhibitor of the
chemokine (C-X-C motif) receptor 1/2 (CXCR1/2), has effectively eliminated BCSC-like cells. These
results suggested that HER2-positive BCSCs can be targeted effectively by combining CXCR1/2 sig-
naling with the inhibition of HER2 signalling[154]. PD-L1 is a crucial negative regulator that aids
different cancer cell types in evading the immune response. PD-L1 was thought to be related to EMT
in earlier investigations. Additionally, it was found that via stimulating the PI3K/AKT signaling path-
way, PD-L1 had a significant impact on maintaining the stemness of BC cells. Recent findings indicate
that utilizing immunotherapy against PD-L1 may be beneficial for treating HER2-overexpressing hu-
man BC cells cocultured with peripheral blood after trastuzumab treatment[155]. It was concluded
that Trastuzumab-mediated upregulation of PD-L1 through engagement of immune effector cells
may function as a possible mechanism of TR. It indicates that adding anti-PD-1 or anti-PD-L1 therapy
to trastuzumab-based treatment may be a good alternative for overcoming TR against HER2+ BCs.

3.1.5. Role of Tumor Micro-Environment and Its Modifications

Strategies that target the BCSC tumour microenvironment (TME) may be effective since, as was
already indicated, it plays a role in the emergence of treatment resistance. Collagen type I al
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(COL1ALl) is the major component of type I collagen and aberrant expression of COL1Al1 and
COL1A2 is found in numerous cancers by controlling TME. COL1A1 knockdown decreases cell pro-
liferation and invasion, which results in lower expression of stemness markers that block EMT and
stem cell activity, such as sex-determining region Y-box2, octamer-binding transcription factor 4, and
CD133[156]. The siRNA-mediated silencing of COL1A1 expression (siCOLIAl)abrogated Slug-de-
pendent EMT and HCC stemness gene-signature, by reducing the expression of stemness markers
S0OX2, OCT4, and CD133. Although this study was done on HCC it was concluded that the same can
be effective against BC. The therapeutic effects may also be hampered by anomalies in the vascular
microenvironment. Erlotinib, a specific inhibitor of EGFR, was able to normalize the tumor vascular
system, boost the chemotherapeutic effects of nanodrugs, and improve perfusion and oxygenation in
a mouse model of BC[157]. Here, when the mouse is pre-treated with 50mg/kg of Erlotinib due to
improved tumor vasculature the chemotherapeutic effect of anti-PDL1 antibody was much higher.
Tranilast (the TGF-f3 inhibitor)when combined with Doxil nanomedicine, the TMEin mouse model of
TNBC is improved with increased perfusion and oxygenation[158]. This contributes to enhanced
anti-tumor immunity with anti-PD-1/anti-CTLA-4 antibodies. BCSCs are more prevalent in hypoxic
conditions where an oxygen-deprived environment is crucial to their proliferation, stemness, and
self-renewal AzCDF, a small molecule was reported by Kim et al[159] to target BCSCs in a hypoxic
environment thereby inhibiting tumor growth and reducing tumorigenesis. By reducing the number
of BCSCs and preventing cancer cell metastasis, the suppression of TGF-inducible protein expression
decreased hypoxia and tumor angiogenesis[160].

3.1.6. Noncoding RNAs as Target

According to their length, noncoding RNAs can be categorized into siRNAs, piRNAs, mi-
croRNAs, and long noncoding RNAs (IncRNAs)[161]. Many miRNAs, IncRNAs, and their "sponges,"
including Let-7, miR-118, miR-200, miR-221, miR-22, Lnc H19, IncATB, are shown to be connected
with EMT and BCSCs progression [162-164]. The miR-200c was found to be the most downregulated
miRNA in trastuzumab-resistant cells with BCSC-like characteristics. Trastuzumab sensitivity was
then restored after inhibiting the miR-200c by ZEB1 or the TGF-signaling transcriptional activator
ZNF217. Trastuzumab sensitivity is further increased by miR-200c's ability to suppress ZEB1 or
ZNF217 and hence impede TGF- signalling[165]. It was concluded that regulatory circuits of miR-
200¢/ZEB1 and miR-200c/ZNF217/TGF-3/ZEB1 are involved in synergistically promoting TR. In an-
other study the Inc-RNA activated by TGF-f (Inc-ATB) was found to be the most upregulated
IncRNA in trastuzumab-resistant SKBR-3 cells and the tissues of TR BC patients[166]. Their study
showed that Inc-ATB could promote TR and invasion-metastasis cascade in BC by competitively bid-
ing miR-200c, inducing EMT, and then up-regulating ZEB1 and ZNF-217. Using miRNA microarray,
Li et al., identified 13 differentially expressed miRNAs in the serum of HER2+ MBC patients which
showed differential response to trastuzumab[167]. Their data showed that miR-940 is released from
the tumor cells and other 3 miRNAs (miR-451a, miR-16-5p, and miR-17-3p)are released, mostly, from
the immune cells. These 4 miRNAs are concluded as crucial players in regulatingTR[168]. Based on
the aforementioned findings, it was concluded that miRNAs and IncRNAs might function inde-
pendently or cooperatively to promote EMT, and BCSC phenotypes to control TR[169].

4. MUC1 is a Possible Target to Overcome TR

MUC1 is a member of the mucin family and plays oncogenic/mitogenic activities in cancer cells,
as well as interacting with multiple other oncogenic receptors and pathways, including HER2, {3-
catenin, NF-kB, and the estrogen receptor (ER). Furthermore, it has been proven that the MUC1 C-
terminal domain (MUC1-C) promotes the development of TR and that silencing the MUC1-C proto-
oncogene is related to greater susceptibility of HER2+ cells to trastuzumab-induced inhibitors of
growth.

A study found that all BC circulating cells express MUC1 and therefore MUC1 is a possible bi-
omarker for TR. Additionally, MUC1 expression is significantly associated with a poor prognosis in
patients with HER2+ and TNBC subtypes of BC. Thus, experts believe MUC1 is a TRmarker. BC pa-
tients' peripheral blood contains an increased quantity of soluble MUC1 (sMUC1). CA 15.3 (MUC1
serum marker) can indicate a poor prognosis in ER+ and/or PR+ BC subtypes. MUC1 expression is
significantly higher in cancer tissue compared to normal tissue, making it a potential diagnostic for
BC diagnosis. Indeed, measuring CA 15.3 can help predict trastuzumab response[170].
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4.1. Strategies for Mucinl Targeting to Overcome TR

Research findings have shown that MUCT1 is an excellent antigen for immunotherapy. First, it is
found on the surface of a breast tumor. Secondly, malignant MUC1 is hypoglycosylated, indicating
that its core antigen is accessible[171] .Third, malignant MUC1 differs from normal MUC1, which is
exclusively overexpressed in cancer cells. The fourth important information is that the MUC1 peptide
sequence (PDTRP) is one of the most immunogenic MUC1 epitopes, which is recognized by the
SM3mADb, which is an antibody against stripped MUCI core protein.MUC1 is a good target for mAb,
vaccines, and inhibitors because of this epitope[172]. The use of anti-MUC1 mAb or siRNA of MUC1
targeting the MUC1 gene would render BC cells vulnerable to trastuzumab-mediated ADCC[173].
The strategies for MUC1 targeting in BC therapy are discussed below. These include both immuno-
therapeutic and non-immunotherapeutic methods[170].

4.2. MUC1-Based Therapy Using Mab, Vaccines and CAR T Cells

The anti-MUC1 antibody AS1402- is evaluated on patients with metastatic BC in the Phase-I
clinical trial. These individuals were previously treated, developed anthracycline or taxol resistance,
and were able to tolerate this antibody[174]. Additionally, researchers have created an anti-MUC1
scFv (single chain Fragment variable), also known as nanobodies, that bind to BC cells that express
MUCT and prevent their invasion and survival[175]. It was observed that the cytoplasmic domain of
MUC1 (MUC1-C) accelerates the development of resistance to trastuzumab and therefore silencing
MUCI1-C proto-oncogene is associated with increased sensitivity of HER2+ cells to trastuzumab treat-
ment. In a mouse model of stage IV human BC, a flagella vaccination that targets MUC1 has been
tried to decrease metastasis in these animals[176, 177]. Additionally, the clinical trial of PANVAC, a
MUCT1 and carcinoembryonic antigen (CEA)vaccine, on patients with metastatic BC showed promis-
ing results[178]. Other MUC1 vaccines have undergone testing in patients with metastatic cancer,
demonstrating their safety and ability to promote anti-tumor immunity[179]. In the clinical environ-
ment, L-BLP25, a peptide vaccine that targets MUC1 and CEA, is being tested on BC patients[180].Af-
ter the trial core biopsies of patients were evaluated for MUC1 by immunohistochemistry (IHC; N =
691) and quantitative RT-PCR. High MUC1 protein and mRNA expression were correlated with a
lower probability of pathologic complete response and with longer patient survival. Chimeric antigen
receptor (CAR) T cells are engineered T cells that have a transmembrane domain, a signaling domain,
and scFv from a particular tumor Ag-Antibody[181]. Targeting MUCI in cancer has also been done
using CAR T cell settings. CAR T cells are made using the anti-MUC1 Mab TAB004. Here the anti-
body TAB004 recognizes the aberrantly glycosylated tumor form of MUC1 (tMUC1). At first, human
T cells are transduced with MUC28z, a CAR comprising of the scFv of TAB004 coupled to CD28 and
CD3C. The MUC28z CAR T cells showed significant target-specific cytotoxicity against human TNBC
cells which is evident from the increased production of Granzyme B, IFN-y and other Th1 type cyto-
kines and chemokines on the TNBC mouse model, Zhou et al. demonstrate that this tactic is effective
in generating anti-tumor immunity, with a lethal effect on the TNBC cell line[181].Combination ther-
apies like the COX1,2 inhibitor (indomethacin, celecoxib, etc)along with the MUC1 peptide vaccina-
tion dramatically reduce tumor size in BC mouse models[180]. In another work, anti-CTLA4 mAb -
9D9 was combined with a DC vaccination fused with MUC1-mRNA to boost anti-tumor immunity
in TNBC mouse models[182].In another study, it was shown that the hyperactivated STAT3 signal
increases the expression of MUC1 and MUC4, which mediates via masking of trastuzumab binding
to HER2 BC cells[183]. A combination of anti-MUC1 antibody (mAb-GP1.4) with an inhibitor of AKT
and ERK'1/2 was evaluated in BC cells in one study. This therapy reduced MMP2 and 9 expressions
in BC, which triggered G2/M cell cycle arrest and death. The combination of anti-MUC1 mAb -GP1.4-
with a berenil complex of platinum (Pt12) causes apoptosis in MCF7 cells[170].

4.3. Other MUC1-Based Therapy

The inhibitors GO-201, 202, and 203 disrupt MUC1-C homodimerization and its associated func-
tion by targeting the CQC motif of MUC1-C[184].GO-203 is a cell-penetrating peptide that blocks
MUCI1-C homodimerization and thereby its oncogenic function. In one study, GO203 reduced
HER2 activity[185] and prevented BC cell carcinogenesis[186]. In TNBC cells, GO203 lowers the
amounts of BCL2A and MCL protein and mRNA[184, 186]. GO-203 was also highly synergistic with
doxorubicin in studies of both MCF-7 and ZR-75-1 BC cells. The oligomerization of MUC1 and its
transmission to the mitochondria and nucleus is blocked by GO201 and GO202, which inhibit BC
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proliferation [175, 187]. Additionally, GO201 prevents both ER-dependent and independent carcino-
genesis and causes cell cycle arrest at the S phase. Additionally, it prevents NF-B activation and NF-
B/MUCT1 interaction in BC cells[188].In BC cells, siRNA-based silencing of MUC1 increases its sensi-
tivity to oxidative stress[189]. It was proven that the MUC1-C is sufficient to induce FOXO3a activa-
tion and its phosphorylation to attenuate oxidative stress. These studies concluded that MUC1 con-
trols the FOXO3a signaling pathway for a survival response to oxidative stress. Another study
demonstrated that silencing MUC1-C reverses resistance to trastuzumab where synergistic activity
of GO-203 and trastuzumab was observed[190]. Administration of GO-201 to nude mice bearing hu-
man breast tumor xenografts showed loss of tumorigenicity and extensive necrosis, which results in
prolonged regression of tumor growth[187].

5. Overcoming Trastuzumab or HER2-Mediated Therapy via the PI3K/Akt/mTOR Pathway

Resistance to HER2-targeted therapy may emerge as a result of abnormal activation of signaling
pathways downstream of the receptor[79, 191, 192]. Because HER2 medjiates signal transduction via
the PI3K/Akt/mTOR pathway[193] inhibiting components of this pathway may be a feasible strategy
to overcome resistance and restore sensitivity to HER2-targeted therapy[191, 194, 195]. The abnormal
regulation of PI3K/Akt signaling leads to upregulation of the downstream mTOR pathway, increased
mRNA translation, and raised cellular proliferation[196, 197], which is mediated by growth factor
receptor amplification and loss of the phosphatase and tensin homolog (PTEN) tumor suppres-
sor[198]. BC models with active PI3K/Akt/mTOR pathways demonstrate resistance to HER2-targeted
therapies[199] and hyperactivity of the pathway related to BC involves gain-of-function mutations in
genes encoding PIK3CA which encodes the catalytic subunit of PI3K, along with mutations in
AKT1[200]. PTEN was discovered as the major gene out of 8000 evaluated genes whose suppression
resulted in TR75. The study reveals that in a cohort of 55 BC patients, activation of the PI3K pathway,
which is based on the presence of oncogenic PIK3CA mutations or low PTEN expression, was asso-
ciated with poor prognosis after trastuzumab therapy. Trastuzumab in combination with everolimus,
an mTOR inhibitor, inhibited the growth of trastuzumab-resistant cells[201]. mTOR is a serine/thre-
onine kinase that controls the signaling pathway of growth factors and hormones, thereby controlling
cell growth and angiogenesis. Further, it was observed that combination therapy with an mTOR in-
hibitor and trastuzumab was more effective in inhibiting tumor growth than monotherapy [202].
Other mTOR, PI3K, and dual PI3K/mTOR inhibitors, including NVP-BKM120, GDC-0941, NVP-
BEZ235, andINK-128, have restored sensitivity to HER2-targeted therapy in cell culture-based and in
vivo models of BC[203]. The phase 1b dose-escalation study of everolimus in combination with
trastuzumab and paclitaxel was done in 33 patients with metastatic HER2+BC who are trastuzumab-
resistant. The therapy reported an overall response rate (ORR) of 44%, a disease control rate of 74%,
and a median PFS of 34 weeks which is much better than monotherapy of Trastuzumab[204]. The
combination of HER2-targeted therapies and BAY 80-6946 (a PI3K inhibitor) inhibited BC growth
more effectively than either of the monotherapies. The combination can restore sensitivity to
trastuzumab and lapatinib in cells with acquired resistance to either trastuzumab or lapatinib[205].

6. Patents Related to BC Therapy and Associated Trastuzumab Resistanc

6.1. The patent filed by Jiangshu Cancer Prevention Research Institute, China has shown the
application of NDUFA4L2 (NADH dehydrogenase ubiquinone 1 alpha subcomplex, 4-like 2)in
HER2+ BC resistance. The resistance of HER-2 positive BC towards the trastuzumab can be reversed
at the molecular level by NDUFA4L2 through the creation of a treatment-resistant stable cell strain
of BC. Here a complete genome study on drug effect on Herceptinsensitivity or resistance on BC cells
is performed where the NDUFA4L2 gene was the most highly affected among 453 studied genes.
They have claimed that NDUFA 4L2 can play a role in reversing a Herceptin-resistance of a HER2+BC
cell line BT474 where the level of NDUFA4L2 is highly overexpressed[206] [CN113308542]. Another
application filed by the Jiangshu Cancer Hospital, China the role of UGT1A7 (UDP Glucuronosyl-
transferase Family 1 Member A7)for HER2-resistant BC. The invention shows that the expression of
UGT1AY7 is significantly lower in a herceptin-resistant BT474HR cell than in the susceptible parent
cell line. UGT1A7 expression is controlled via mitochondria and endoplasmic reticulum (ER) stress
after trastuzumab treatment[207] [CN115029435]. Another invention using

CRISPR/Cas9 library it was claimed that inhibition of FGFR4 (fibroblast growth factor receptor
4) enhances the sensitivity of BC in HER2+ therapy. The mechanistic studies show that RNA m6A
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hypomethylation in BC cells upregulates FGFR4, which phosphorylates GSK-33to stimulate a beta-
catenin/TCF4 signal to drive the drug resistance to HER2 therapy. Furthermore, they have shown
synergistic action of anti-HER2 and anti-FGFR4 antibody in HER2+ BC therapy by using the patient
derived xenograft and organoid susceptibility testing[208] [CN114736966].

6.2. In another invention (Seagen Inc, France) it was claimed that a mixture of tucatinib, capecit-
abine, and trastuzumab treatment lessens the consequences of HER2-positive BC. The patients expe-
rience at least 7.5 months of progression-free survival after the combination treatment[209]
[W0O2021080983]. The role of USP37(Ubiquitin specific protease 37), a deubiquitination enzyme, as a
drug target in drug-resistant BC was claimed in another invention[210] [CN113640518]. The goal of
this discovery is to ascertain whether the USP37 is involved in the progression of BC and whether
targeting USP37 in conjunction with chemical-based (cisplatin) or radiation treatments will improve
the efficacy of treatment for BC patients. A trinuclear platinum coordinating chemical derived from
trimeprazine-based derivatives is disclosed in another invention[211][CN113336798]. Trimeprazine
is an antihistamine that is commonly used for allergies. In this case, the trimeprazine-based trinuclear
platinum coordination compounds exhibit ICso of 3.6-18 uM against the BC cells. The invention claims
the first trinuclear derivative of cisplatin for the application of BC.

Table 1. Patent applications with major claims to target trastuzumab-resistant HER2+ BC.

Patent
Applicati Ref
PP 1cat1.on NO .Major claims Molecular mechanism eterence
and publication No.
year
1. A Trastuzumab-resistant cell BT474 In herceptin drug—resmtan.t
. . BT474 HR cells, the expression
HR is generated where protein ) )
. of a protein, NDUFA 4L2, is
NDUFA 4L2 is over-expressed . . .
CN113308542, sienificantly amone 453 studied significantly increased, and is 206
27.08.2021 & Y genesg mainly located in mitochondria
2. NDUFA 412 can be new target for of c'el%s. Th.e .protem NDUFA 4L.2
studvine TR is identified as a new drug
ymg target in HER2+ BC cells.
1. A new composition for treating
HER2—pf)s1t1ve BC, COl’T’lpOS.ed of Melatonin synergizes the effect
melatonin and a Tyrosine kinase of small molecale TKIs in
CN112870193, inhibitor (TKI) lapatinib or neratinib ) )
: . reducing the expression level of 216
01.06.2021 2. Both melatonin and Melatonin + ..
TKI reduces the expression of HER2 HER?2 receptor in different
, P , HER?2 positive and TR BC cells.
receptor in sensitive and resistant
cells
“Th . L
1. The expression of Ubiquitin The expression of UCH-L1,
carboxyl terminal hydrolase-L1 which is a deubiquitinase
(UCH-L1) through a plasmid based . q .
expression in HER2 positive BC cells changes the ubiquitination level
CN112316146, <F po: of HER2 protein and make them
decreases the expression of HER2. . 214
05.02.2021 . . . more degradation prone thereby
2. Co treatment of UCH-L1 plasmid + ) .
1 reducing the HER?2 protein level
lapatinib kills the BC cells . .
N . in UCH-L1 over-expressing BC
significantly by reducing the HER2 cells
receptor expression '
1. UGT1A7 expresa?lf)n can UGTIAY expression is
reverse the HER -2 positive BC cells L .
CN115029435 TR controlled via mitochondria and
endoplasmic reticulum (ER) 207

09.09.2022 2. UGT1A7 expression is drastically
down-regulated in the BT474 resistant
cell.

stress after trastuzumab
treatment
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1. Using CRISPR/Cas9 library it was
claimed that inhibition of FGFR4 ~ RNA m°fA hypomethylation in
(fibroblast growth factor receptor 4)  BC cells upregulates FGFR4,
CN114736966 enhances the sensitivity of BCin ~ which phosphorylates GSK-33. 208

12.07.2022 HER2+ therapy It stimulate a beta-catenin/TCF4
2. Synergistic action of anti-HER2 and signal to drive the drug
anti-FGFR4 antibody in HER2+ BC resistance to HER2 therapy.
therapy was shown
1. USP37, a new protein, was found to The deubiquitinating enzyme
be involved in the progression of BC. ~ USP37 kills BC more than
2. Combination of USP37+ cisplatin or cisplatin does because the cells 210
radiation treatments will improve the become more degradation prone
efficacy of treatment for BC patients after USP37 expression

CN113640518
12.11.2021

6.3. In another patent the combination therapy of trastuzumab and cold atmospheric plasma
(CAP) was claimed as an effective therapy for HER2 positive and negative BC patients with
[212][US20200069958]. This is based on previous observations that CAP works very well for wound
healing in clinical trials. The US patent WO2019098682 claims the discovery of a new antibody (a
humanized Mab with scFv) against HER2 which is more effective against HER2+ BC than
trastuzumab because the new antibody targets a new domain on HER?2 that is different from
trastuzumab [213][W02019098682].

6.4. The patent of Xiangya Hospital, china claims a new biomarker UCH-L1 (Ubiquitin C-termi-
nal hydrolase L1) which is under-expressed in HER2+ BCs. UCH-L1 is a deubiquitinase that controls
the proteasomal degradation of proteins (more commonly for neuronal proteins) by removing Lys48-
linked polyubiquitin chains. They claim that UCH-L1 can be used as a drug target alone or in combi-
nation with trastuzumab for HER2+ BC since it inhibits the expression of HER2 protein in
BC[214][CN112316146]. In another invention, a nanoparticle composed of a peptide, nucleic acid, and
doxorubicin (which are formed by non-covalent and anionic interactions) was used for the treatment
of a patient who is not responding to trastuzumab. The techniques for treating cancer in patients are
described which is targeting the HER3 receptors [215][EP3129066]. Here the peptide NP targets the
HERS receptor, where after endocytosis the doxorubicin is released to treat the BC.

6.5. The potential use of a hormone therapy using melatonin to treat HER2-positive BC is de-
scribed in an invention. Melatonin is a hormone that is produced by the brain in darkness and con-
trols our circadian rhythm. Studies demonstrate that melatonin can help treat HER2-positive BC by
modifying the structural integrity of the HER2 protein. They also demonstrate that melatonin can
improve the therapeutic impact of HER2 small-molecule targeted drugs(for example lapatinib and
neratinib that is used in this study) on HER2-positive BC that is resistant to these drugs, and that
melatonin could be used to stop HER2-positive BC metastasis and reoccurrenc[216][CN112870193].
A therapeutic approach for HER2+ and trastuzumab-resistant BC was claimed by studying the ex-
pression level of Mucin 4 protein in those patients. Here a combination therapy including a selective
inhibitor of soluble TNF and and trastuzumab is used for those patients where the level of Mucin-4
is greater than a threshold level [217][US20200147175].

7. Clinical Trials Targeting HER2+ BC and Associated TR

The phase III SOPHIA trial presented evidence for a novel Mab to HER2, margetuximab (a chi-
meric Mab of IgG origin), which may outperform trastuzumab's past efficacy. Margetuximabbinds
to the same domain of HER? as trastuzumab but their Fc region provides a better ADCC than cur-
rently approved HER2-targeted antibodies, earning the FDA's Fast Track designation for individuals
with locally advanced or metastatic HER2+ BC who have previously received anti-HER2+ therapy.
The trial found that margetuximab plus chemotherapy had a considerably better PFS than
trastuzumab plus chemotherapy (5.8 vs. 4.9 months); a potentially higher overall response rate (ORR)
of 22% vs. 16%, and a comparable safety profile. In the trial, 536 patients were recruited and randomly
assigned to margetuximab (15 mg/kg intravenously once every 3 weeks; n = 266) plus chemotherapy
or trastuzumab (6 mg/kg intravenously once every 3 weeks after an initial dose of 8 mg/kg; n = 270)
plus chemotherapy. The trial involves 17 countries with 166 sites. It is worth noting that treatment
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effects were more significant in patients with CD16A (which was mostly expressed in NK cells) gen-
otypes that contained a lower-affinity 158F allele (PFS 6.9 vs. 5.1 months; P = 0.005), which is present
in about 85% of the general population and is known to reduce clinical response to trastuzumab[218].
However, this clinical trial shows that margetuximab + chemotherapy is not significantly cost-effec-
tive compared with trastuzumab + chemotherapy[219].

Murthy et al. in a phase II clinical trial reported the efficacy of combination therapy of tucatinib,
trastuzumab, and capecitabine for HER2-Positive Metastatic BC (mBC), [220] [NCT02614794]. The
primary endpoint was PFS among the first 480 patients who underwent randomization. They found
that the tucatinib-combination group had a 1-year PFS of 33.1% compared to 12.3% in the placebo-
combination group. Furthermore, the 2-year OS in the tucatinib-combination group was 44.9% vs.
26.6% in the placebo-combination group (P<0.005). Importantly, in a subpopulation of patients with
brain metastases, the tucatinib-combination group had a 1-year PFS of 24.9% vs. 0% in the placebo-
combination group (P< 0.001). The secondary endpoints were assessed with 612 patients which in-
cluded OS, PFS among patients with brain metastases, confirmed ORR, and safety. The median du-
ration of PFS was 7.6 months for the tucatinib combination group whereas for the placebo combina-
tion group PFS was 4.9 months (P < 0.0001). It was concluded that the tucatinib combination, with
additional follow-up, provided a clinically meaningful survival benefit for patients with HER2+
mBC[221].

Table 2. Important Clinical Trials with study outcomes for treatment of Trastzumab resistant BC and mBC.

ClinicalTri-
Drugs and Study design and )
SL. Phase Trial Target Outcomes als.gm‘/ Identi-
No. fier
Margetuximab - a 25 participants.

chimeric Mab in

1.M tuximab i 11 tolerated.
Margetuxi- Phase 2 Study in In- argentiamab 1s wetl toterate

2. Complete response disappearing of all

1. mab and  dividuals with Re- ) . NCT01828021
target lesion within > 4 weeks; whereas >
Phase II lapsed or Refractory .. .
30% reduction in the target lesions from the
advanced Breast tu- ..
beginning, observed at > 4 weeks
mors
624 participants.
1. Better PFS than trastuzumab + chemo-
Inthe Trstmentof (000 o 2% v 16% and 5
HER2+ mBC (SO- F comparable safe , 1:oﬁle0/
Margetuxi- PHIA), Margetuxd- 2 Treatmentp effects werzy ni)ore si ' nificant
2. mab and mab + Chemother- .~ . & NCT02492711
Phase III ADY VS in patients with CD16A genotypes that con-
Py vs. tained a lower-affinity 158F allele (PFS 6.9
Trastuzumab + Lo .
vs. 5.1 months), which is present in about
Chemotherapy . .
85% of the general population and is
known to reduce clinical response to
trastuzumab.
253 participants.
1. DS-8201 showed durable antitumor activ-
ity in a pretreated patient population with
For HER2+ B -
Trastuzumab or. . C pa HER2-positive MBC.
deruxtecan tients with two 2. In addition to nausea and myelosuppres
groups - T-DM1 re- - oo ron ) YEIOSUPPTES™ \10103248492
(DS-8201) “, sion, interstitial lung disease was observed
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tolerant . o
tention to pulmonary symptoms. Interstitial

lung disease was observed in 13.6% of the
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Tucatinib ~ Tucatinib vs. Pla-
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combination with 1. Tucatinib in combination with

Capecitabine and trastuzumab and capecitabine improved OS
Trastuzumab in Ad-  (44.9% vs. 26.6% compared to placebo)

vanced HER2+ BC while reducing the risk of developing new
Patients
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Pyrotinib, an irreversible pan-HER kinase inhibitory substances, was the next new oral drug
presented to patients with HER2+ mBC in another clinical trial. Between November 1, 2018, and
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March 31, 2021, 40 patients were recruited for this study. The study compared pyrotinib plus cape-
citabine (P+C) to lapatinib plus capecitabine (L+C) in strongly pre-treated patients in a phase II trial.
The pyrotinib arm showed a considerably longer PFS (18 vs. 7 months; P<0.0001), an improved ORR
(78.5% vs. 57.1%; P < 0.01), and a low toxicity profile at 15 months [222]. The study concludes that
pyrotinib plus trastuzumab and chemotherapy offered a better option with a low safety profile for
heavily pre-treated HER2-positive mBC, especially for those without liver or/ lung metastases. In
2001, Slamon et al. reported the first big phase III trial confirming the benefits of trastuzumab and
chemotherapy in HER2+ mBC which was replicated in many other trials with minor variations. In
their research, they noticed longer disease-free survival (DFS, 7.4 vs. 4.6 months; P <0.001), enhanced
ORR (50% vs. 32%; P < 0.001), and longer response duration (9.1 vs. 6.1 months; P < 0.001) for
trastuzumab + chemotherapy (anthracycline, doxorubicin or paclitaxel). Further, it showed higher 1-
year survival rates (78% vs. 67%; P =0.008), longer OS (25.1 vs. 20.3 months; P = 0.046), and a 20% risk
decrease in death[223]. Another phase IIIl (ALTERNATIVE trial) clinical trial takes advantage of dual
pathway inhibition (anti-HER and anti-estrogen) for the treatment of HER2+ mBC. Johnston et al.
found that triple therapy (n=120) of lapatinib, trastuzumab, and letrozole was superior in PFS (11 vs.
5.6 months)to dual trastuzumab and letrozole therapy (n=117) in postmenopausal HER2+/HR+ mBC
patients who are previously treated with endocrine and trastuzumab therapy[33]. Furthermore, the
phase II PERTAIN trial indicated an acceptable safety profile and a considerable improvement in
efficacy over dual therapy (PFS of 18.89 vs. 15.80 months; P < 0.007), this time in the first-line setting
of metastatic HER2+/HR+ BC33. Here the triple therapy includes pertuzumab + trastuzumab + letro-
zole/ anastrozole (aromatase inhibitors). The study was done with 129 patients in 80 centers across 8
countries. The study concluded that Pertuzumab plus trastuzumab and an aromatase inhibitor is ef-
fective for the treatment of HER2-positive mBC. The FeDriCa clinical trial was a randomized, open-
label, international, multicentre(19 countries and 106 sites), phase Il study which included 252 pa-
tients. The study outlines the efficacy of A subcutaneous formulation of pertuzumab and
trastuzumab with recombinant human hyaluronidase in one ready-to-use, fixed-dose combination
vial. The vial (pertuzumab, trastuzumab, and hyaluronidase-zzxf) was approved by the US FDA on
June 29, 2020, for HER2+ BC[224]. The trial shows that the safety of triple therapy was similar between
treatment groups and in line with other pertuzumab, trastuzumab, and chemotherapy trials.

8. Conclusion and Future Directions

It is important to note that in only 20% of BC, the HER2 is overexpressed whereas the other
forms of BC can be due to other factors like angiogenesis via VEGF, cytokine imbalance, chronic in-
flammation, and change in TME or oxidative stress, etc. The plasma and serum levels of VEGF an
important biomarkers for BC as it was found that serum and plasma levels of VEGF are more in mBC
than in healthy volunteers. [225] The C-reactive protein (CRP) which is considered to be a classic
marker for chronic inflammation was identified in nipple aspirate fluid of healthy women and has
been positively correlated to BC risk. [226] The crosstalk of inflammatory cytokines in the TME of BC
has identified a few stimulatory cytokines (leptin, IL-1B, IL-6, IL-8, etc.) or inhibitory (IL-2, IL-12, and
IFN-y) for BC.[227] Higher levels of 8-hydroxy-2'-deoxyguanosine, a common biomarker for ROS-
mediated DNA damage, is always found to be more in BCs than in normal cells.[228] This indicates
that higher ROS can cause BC. Although all these factors which are related to HER2-negative BC, it
will be interesting to see the fate of these factors when HER2+ BCs are treated with trastuzumab
and/or chemotherapy.

Based on the current market sales the top3 Mabs are Humira (adalimumab which targets TNF-
a), Keytruda (pembrolizumab which binds PD-1), and Stelara (Ustekinumab which targets IL-12 and
IL-23). Among these Humira and its biosimilars are used to treat various inflammatory diseases in-
cluding juvenile idiopathic arthritis, Crohn’s disease (CD), plaque psoriasis, rheumatoid arthritis
(RA), psoriatic arthritis (PsA), etc. This possibly explains its demand and current market sales [65].
Among the top 20 Mabs sales, trastuzumab does not come in the picture and the Mab, Pertuzumab,
which acts against HER2+ BC like trastuzumab is in 11th position with market sales of USD4.4B till
2022[207]. But pertuzumab binds to domain II of HER2 whereas trastuzumab binds to domain IV.
Further, Pertuzumab efficiently inhibits ligand-induced HER2/HER3 dimerization, whereas
trastuzumab's major action is through ADCC. The decrease in sales indicates that resistance against
trastuzumab is a serious issue and it is thereby replaced by other antibodies or in combination ther-
apy where trastuzumab is always combined with other Mab, chemotherapy, and/or tyrosine kinase
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inhibitors. From the information on current patents, the ubiquitin proteosome system was identified
as a possible target for HER2+ BC treatment. However, to date no studies were carried out using
proteosome inhibitors in combination with trastuzumab for overcoming HER2+ BC in a clinical set

up.

Two Mabs that act as immune checkpoint inhibitors (Pembrolizumab and Atezolizumab) are
combined with Trastuzumab or T-DM1 (ADC of trastuzumab) in clinical trials to treat the TNBC or
HER2+ BC where normal trastuzumab therapy fails[229]. The success of these studies indicates that
trastuzumab alone is not recommended for any HER2+ BC therapy because patients generate re-
sistance through different pathways (eg., AKT/PI3K/mTOR, NF-kB, notch signaling, etc.) within 1
year of treatment. To date, most of the combination therapy includes TKIs, among which lapatinib,
neratinib, and pyrotinib are extensively used, because of several advantages, including oral admin-
istration, reduced cardiotoxicity, and favorable penetration of blood-brain barrier in BC. Apart from
combination therapy ADCs like Trastuzumab emtansine (T-DM1) and trastuzumab deruxtecan (T-
DXd) are being used for resistance against HER2+ BC but the success is not better than trastuzumab
alone [230]. Likely, TR in HER2+ BC overcoming possibly requires a modified Fc-based Trastuzumab
with improved ADCC or a better chemotherapeutic agent apart from TKis which can be used in com-
bination with trastuzumab[231].
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