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Abstract: Even though gene amplification or protein overexpression occurs in approxi-
mately one-fifth of all breast cancers, the discovery of HER?2 has, nevertheless, had profound
implications for the disease. Indeed, the characterization of the receptor resulted in a number
of significant advances. Structurally, unique features provided avenues for the development
of numerous compounds with target-specificity; molecularly, biological constructs revealed
a highly complex, internal signal transduction pathway with regulatory effects on tumor
proliferation, survival, and perhaps, even resistance; and clinically, disease outcomes man-
ifested its predictive and prognostic value. Yet despite the receptor’s utility, the beneficial
effects are diminished by tumor recurrence after neo- or adjuvant therapy as well as losses
resulting from the inability to cure patients with metastatic disease. What these observations
suggest is that while tumor response may be partially linked to uncoupling cell surface
message reception and nuclear gene expression, as well as recruitment of the innate immune
system, disease progression and/or resistance may involve a reprogrammable signaling
mainframe that elicits alternative growth and survival signals. This review attempts to
meld current perceptions related to HER2-positive metastatic breast cancer with particular
attention to current biological insights and therapeutic challenges.
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Perspectives
Neu-Setting
Although four decades old, the neu story is inherently correct in phraseology.
Linked to a neuroblastoma cell line established in a mouse model,' the neu-
encoded receptor was found to be markedly similar to the epidermal growth factor
receptor, the protein-product of v-ErbB.*> Not only was the connection between
both genes reinforced by the significant homology of the receptors, but human
EGFR-related was also the basis for the derivation of the moniker for HER family
members.* More importantly, HER2 is not only considered one of the two most
important pharmacologic targets in breast cancer but like the estrogen receptor
(ER), HER2 has predictive and prognostic values as well. And even if the receptor
is a unique molecular signature, the other HER-family members may induce
surreptitiously virulent effects on tumor tissue, the relevance of which will be
discussed later.

Early on, the authors clarify nomenclature related to genes and proteins men-
tioned above. Biologically, ErbB2 refers to the gene, which encodes HER2 in
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humans and Neu in rodents. Hence, while ErbB2 applies
to both species, the terms HER2 and Neu distinguish the
species. Nonetheless, the use of the term “Neu” as
a primary descriptor in this paper shows reverence to
mice in advancing human understanding of the gene’s
role in tumorigenesis.

The primary aim of this article targets the ongoing
conundrum related to the genetic, molecular, and clinical
challenges associated with HER2-positive metastatic
breast cancer (HER2" mBC). Whereas a discussion of
the receptor provides the requisite insight, supplemental
details were incorporated to describe the manner in which
other elements could influence HER2-mediated signaling.
And because of the historically abject clinical outcomes,
an inclusive discourse of therapies approved or in clinical
trials was also integrated into the paper. In essence, this
review was constructed in a manner to provide the reader
with the opportunity to learn a little about the current
status regarding tumor biology and more about how mole-
cular pharmacologic studies improve our understanding of
the disease, and appreciate why complete eradication of
the tumor continues to be elusive. The last section focuses
on the issue related to the development of resistance and
brain metastasis, two biological perturbations that continue
to evade scientific resolution. Accordingly, the authors
accessed and critically evaluated many creditable manu-
scripts in order to compose this paper.

Neu-Mapping
Positioned on chromosome 17, precisely at q21.2, HER?
harbors an encryption for a 1255 amino acid, 185 kD
transmembrane receptor tyrosine kinase (p185"ER?
RTK).” Even though molecularly distinct, all HER family
members have three structural zones including a short
transmembrane portion, which bridges the external ligand-
binding and internal catalytic kinase domains (Figure 1).°
Contrary to the notion that ligand binding, which promotes
receptor coupling, is the initiating stimulus for down-
stream signal activation, it is now accepted that spatial
arrangement or receptor configuration is the determining
factor for catalytic phosphorylation.”® Even so, the ulti-
mate cellular response depends on complex processing of
signals derived from homo- or hetero-dimerized HER2 as
well as bi-directional crosstalk with other receptors that
may be mechanistically involved in survival, growth, and
resistance of this subtype of breast cancer.

Though not absolute, cell surface receptors are biologi-
cal versions of yin and yang. Anatomically, these structural

components have key roles in transducing external stimuli
into variable intramural messages (Figure 2). Deemed pivo-
tal for normal physiological function, the binate character of
the receptor could also be pernicious. For example, signal-
ing initiated through normally expressed HER2 nurtures
growth and development of mammary epithelium’ con-
trasts the malignant edict of overexpressed HER2 in breast
cancer. Importantly, rather than the presence of the receptor
alone, which does not distinguish this tumor subtype, HER2
overexpression (immunohistochemistry score of 3*) or/and
gene amplification (detectable by fluorescence in-situ
hybridization) is/are the standard diagnostic criterion/
criteria.'® Furthermore, the relevance associated with recep-
tor overexpression has been validated in three important
ways: first, predictive and prognostic utility of this unique

molecular feature;' "'

second, biological and clinical iden-
tity as a major tumor driver;'® and third, near absolute
inevitability of resistance developing in metastatic disease.
The last consideration highlights the obligation of scientists
to develop additional pharmacologic choices, especially

since HER2 remains a clinically operational target.'*

Therapies

Neu-Interventions

Nearly a quarter century ago, trastuzumab was initially
approved for the treatment of HER2" mBC. Since this
milestone achievement, the continued search for new pro-
ducts is related primarily to intrinsic, or subsequent devel-
opment of, resistance as well as tumor progression in both
advanced and early disease settings. Embedded in an
expanded discussion of all the approved agents are the
landmark clinical trials that influenced current treatment

guidelines.

Antibodies

Not only did early laboratory studies indicate that HER2
could recast normal cells into cells exhibiting

a malignant phenotype but also high-level expression
of the receptor on approximately 20% of breast cancers
culminated in the development and approval of trastu-
zumab (Table 1). The humanized antibody was config-
ured with a complementarity determining region (CDR)
with site-specific avidity in C-R2 (juxta-membranous
domain IV) of the extracellular portion of the receptor
(Figure 1). That no endogenous ligand manifests an
affinity for the receptor may be partially attributable to
HER2 alone. Using a crystalline construct to analyze the
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Figure | Pictorial rendition of pISSHERZ. Distal to the amino terminus, the extra-
cellular region consists of four distinct sectors; two ligand-binding domains (L-Bl
and L-B2) and two flanking cysteine-rich domains (C-R1 and C-R2), join to a short
membrane-spanning region which connects with the intracellular catalytic kinase
domain (TK). Sites of receptor phosphorylation are embedded in the TK region and
along the carboxy terminus (denoted by P).

receptor revealed a couple of important features of the
protein. First, impediment of ligand binding appeared to
be associated with the misaligned “closed” arrangement
of HER2, an atypical posturing that contrasts the sym-
metrically encrypted “open” configuration of the other
three members of the family;15 and second, constitu-
in the CDR

tional flaws seemed to be related to

remnants of the native amino acid sequence.'® Because
of these findings, the target epitope for trastuzumab is
likely different from the original ligand-binding locus.

Arguably the most important clinical trial to assess the
efficacy and safety of trastuzumab involved women with
previously untreated advanced HER2-positive breast
cancer."® Four hundred and sixty-nine patients were ran-
domized (1:1) to receive standard chemotherapy with
(n=235) or without (n=234) the antibody. Standard che-
motherapy consisted of a combination of an anthracycline
plus cyclophosphamide or paclitaxel monotherapy depend-
ing on prior adjuvant anthracycline treatment. Primary end
point was time to disease progression (TTP); secondary
endpoints were overall response rate (ORR), duration of
response (DOR), and overall survival (OS). Analyses of
the data indicated all the endpoints favored the trastuzu-
mab-containing arm including a longer median TTP (7.4
vs 4.6 months; p<0.001), higher ORR (50% vs 32%,
2<0.001), and longer median DOR (9.1 vs 6.1 months;
p<0.001) and median OS (25.1 vs 20.3 months; p=0.046).

Significant also was the unexpectedly high rate of
adverse cardiac events observed in this study that, in retro-
spect, was conspicuously absent in earlier phase clinical
trials.'”'® Even though the precise biological mechanism-
(s) which mediate this adverse effect is not completely
understood, selected data are available that provide some
insight into the toxic reaction. Notably, the presence of
HER?2 is not restricted to cardiac tissue in adults, but the
initial surfacing of the receptor coincides with cardiac
morphogenesis in the fetus.'” Differences in the location
of receptor expression in adult and fetal hearts provide
a plausible explanation for the recognized myocardial
damage associated with trastuzumab therapy. The appear-
ance of HER?2 in transverse (t)-tubules of mature ventricles
secretes micro-passages that act as a conduit to store
calcium ions in the sarcoplasmic reticulum.?® This func-
tionally ideal communication enables integration of cal-
cium flux with electrical coupling of excitation and
contraction.”! Not only do these findings infer that HER2
signaling has a kinetic influence on the metronomic
mechanics of the heart but also renders a physiological
explanation for the reported cardiac injury.

Humanized like trastuzumab but unlike its predecessor,
pertuzumab recognizes an epitope located on C-RlI
(domain IT) of HER2 (Figure 1). This discovery reempha-
sizes the issue related to the receptor’s ligand-binding
configuration. Construct analyses of HER2 disclosed that
contiguity of L-Bl and L-B2 (ie, the antibody’s prime
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Figure 2 Schematic adaptation of major components of the HER-signaling pathway. Ligand binding is believed to prompt dimerization initially followed by phosphorylated-
activation of the receptors. The simple construct depicted by the linear alignment of the cytoplasmic components enshrouds a highly complex network responsible for
transmitting externally derived stimuli to the internal nuclear apparatus. The ultimate cellular response depends on signal propagation which can be influenced by feedback
loops, inter-pathway communications, pro- and counter-regulatory proteins as well as somatic kinase mutations. The RAS pathway is complicated as the kinase is a GTP-
binding protein which must undergo post-translational modification before it can be activated. Binding of RAS to phospho-HER2 requires two adaptor molecules, Shc and
GRB2. The latter forms a complex with SoS which is recruited to the plasma membrane leading to activation of RAS. Downstream effectors of the RAS signal transduction
pathway include soluble RAF, MEK, ERK /2, and SEK. Translocation of ERK1/2 upregulates c-Myc and Elk-1; Elk-1 is a transcription factor that activates c-Fos, a nuclear
proto-oncogene that modulates expression of cyclin-dependent kinases. A second major signaling pathway includes PI3K which is activated by binding preferentially to
phospho-HER3. Extracellular signal propagation involves AKT, mTOR, and SéK, three intrinsic elements, with outreach that can influence apoptosis, angiogenesis, cell
migration, cell cycle and even other receptor signaling pathways including ER. Of biological and [potential] clinical importance is the finding that ER can contribute HER2
resistance by downregulating HER2 expression and upregulating expression of IGFRI. Furthermore, by interacting with receptor-bound HER2, ER can also activate the
MAPK signaling pathway which may be one mechanism of endocrine resistance. Interestingly, AKT appears to be a key regulator of ER gene transcription via interactions with
FOXO3a and NFkB.

Abbreviations: RAS, rat sarcoma; GTP, guanosine triphosphate; Shc, Src homology and collagen; GRB2, growth-factor receptor-bound protein 2; SoS, son of sevenless;
RAF, rapidly accelerated fibrosarcoma; MEK, mitogen-activated protein kinase kinase; ERK, extracellular signal-regulated kinases; SEK, stress-activated protein kinase (SAPK)/
(ERK kinase); c-myc, myelocytomatosis; Elk-1, ETS like-1; c-fos, Finkel-Biskis—Jinkins murine osteogenic sarcoma; PI3K, Phosphatidylinositol-3-kinase; AKT, AKR/] mouse
thymoma; mTOR, mammalian target of rapamycin; S6K, ribosomal protein Sé kinase; FOXO, Forkhead box class O 3a; NFkB, nuclear factor kappa light-chain enhancer of
activated B cells; IGFRI, insulin-like growth factor receptor |; PKCO, protein kinase c theta; SNAIL, zinc finger protein SNAII; JNKI/2, c-Jun N-terminal kinases; AP-1,
activating protein-1; HIFl o, hypoxia-inducible factor | alpha; VEGF, vascular endothelial growth factor; PDGR, platelet-derived growth factor; (¥), tyrosine phosphorylation.

causing steric hindrance, which obstructs dimerization
with other receptors. This effect may be therapeutically
significant because the ligand-bound dimeric partner trans-
activates HER2; and the aggregate inhibitory upshot may
exceed that of trastuzumab.**

Results of a randomized Phase 3 clinical trial involving
patients with HER2" mBC led to the drug’s approval by
the FDA (Table 1).>> Of the total 808 subjects enrolled,
docetaxel and trastuzumab were combined with placebo

tethering site) “extends” the receptor’s conformation,
which limited access, and possibly contributed, to hinder-
ing identification of the receptor’s native ligand(s)."
Furthermore, this unique structural alignment may also
be the premise upon which HER2 appears to be the
“favored” heterodimeric partner, particularly of HER3.*
Interestingly, pertuzumab’s distinct binding site appears to
affect HER2 in a manner divergent from trastuzumab.?
Attachment to domain II modifies protein symmetry
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Table 1 FDA-Approved HER2-Directed Therapies

Agents Proprietary Date Notes
Name Approved
Monoclonal Antibodies
*Trastuzumab Herceptin Sep 1998 Approved biosimilars can be substituted
* Pertuzumab PERJETA Jun 2012 Use with trastuzumab and docetaxel
* Pertuzumab, Trastuzumab, and Hyaluronidase- PHESGO Jun 2020 Subcutaneous administration in home
zzxf
* Margetuximab-cmkb MARGENZA Dec 2020 Engineered Fc fragment
Antibody/drug conjugates
* Ado-trastuzumab emtansine KADCYLA Feb 2013 Conjugated with microtubule inhibitor
* Fam-trastuzumab deruxtecan ENHERTU Dec 2019 Conjugated with topoisomerase | inhibitor
Tyrosine kinase inhibitors
* Lapatinib TYKERB Apr 2007 In combination with capecitabine
* Neratinib NERLYNX Feb 2020 In combination with capecitabine
* Tucatinib TUKYSA Apr 2020 In combination with trastuzumab and
capecitabine
(control) or pertuzumab in a 1:1 randomization. reported nearly twice as frequently among those receiving

Independent committee assessment of progression-free
survival (PFS) was the primary study endpoint; secondary
outcomes of interest included investigator-appraised PFS,
OS, ORR, and safety profile. With a follow-up of approxi-
mately 19 months, median PFS were 12.4 months (placebo
group) versus 18.5 months (pertuzumab group) (HR, 0.62;
95% CI, 0.51 to 0.75; p<0.001). Early analysis of the data
also indicated 23.6% (96) of the subjects receiving placebo
had died compared to 17.2% (69) of patients receiving
pertuzumab (HR, 0.64; 95% CI, 0.47 to 0.88). At the
time of this assessment, the 165 deaths, which accounted
for less than half of the prespecified total number of events
for the final analysis, precluded any conclusive statement.
However, analysis of more mature data with a median
follow-up of approximately 8.25 years in both groups
showed OS was 40.8 months compared to 57.1 months,
in the control and pertuzumab arms, respectively (HR,
0.69%; 95% CI, 0.58 to 0.82; p<0.001); and with accumu-
lated 235 events (58% of the total number), the 8-year
landmark OS rates were 23% (95% CI 19 to 28) in the
placebo group and 37% (95% CI 31 to 42) in the pertu-
zumab group.”® Notably, the side effect profiles did differ
in certain aspects. Dermatologic effects such as dry skin
and rash, and gastrointestinal events including diarrhea
and mucositis occurred more frequently with the two anti-
bodies. A near two-fold increase in febrile neutropenia
was also observed in the pertuzumab group. Although
uncommon, cardiac dysfunction (any grade toxicity) was

placebo compared to pertuzumab. The final analysis of this
milestone trial demonstrated that the addition of pertuzu-
mab resulted in an unprecedented improvement in median
OS that approached 5 years.

Novel in an esoteric way, margetuximab is a chimeric
monoclonal antibody, which features an engineered frag-
ment in the Fc region of the immunoglobulin. The ratio-
nale for this structural modification was based on the
premise that a major part of the antibody’s anti-tumor
effect results from Fc-indirect cellular cytotoxicity or
ADCC.?’
cytotoxicity is contingent upon interactions between site-

Although antibody-dependent cell-mediated

specific Fc regions with Fcy receptors (FcyR), the process
is complicated by the presence of activating and inhibitory
receptors expressed on innate immune effector cells.
Sophisticated laboratory studies indicated that glycoengi-
neering changes of several amino acids in the constant
region could increase the antibody’s affinity to activating
receptor CDI16A (FcyR) and decrease its affinity to inhi-
bitory receptor CD32B.?® Of the two Fc mutants generated
with the most pronounced activity, one containing five
amino acid changes was able to achieve a higher level of
ADCC and tumor lysis at a lower drug concentration.
Margetuximab’s discreet Fc motif is based on the find-
ings noted above. The modified immunoglobulin is similar
to trastuzumab in terms of isotype and epitope specificity.
And like trastuzumab tumor cell killing is accomplished in
an Fc-independent manner. The focal difference between
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the two antibodies regards margetuximab’s engineered
affinity to the activating (rather than inhibitory) receptor
expressed on components of the innate and adaptive
immune response targeting HER2. Proof of biological
principle based on the hypothesis that preferred interlink-
age between Fc and FcyR would be clinically beneficial
was assessed in a phase 3 clinical trial.?® Eligibility was
restricted to subjects with progressive disease after >2
HER2-directed therapies. Enrolled patients were rando-
mized to margetuximab or trastuzumab plus single-agent
chemotherapy of investigator's choice. Primary study end-
points were PFS and OS. Of the 536 evaluable patients,
270 and 266 received margetuximab and trastuzumab,
respectively. The first of two pre-planned blinded analyses
of the data showed a modest comparative PFS benefit
favoring margetuximab (5.8 months vs 4.9 months; HR,
0.76; 95% CI, 0.59-0.98;p=0.03). At the second interim
analysis, an improved ORR was observed with margetux-
imab (25% vs 14%) (p<0.001). Safety profiles were simi-
lar except for an increased incidence of infusion-related
reactions with margetuximab. This distinctive new agent
was approved in December 2020 for advanced HER2-
positive breast cancer in patients who have received at
least one trastuzumab-containing regimen.

Despite the positive results, some may argue that the
enthusiasm of this engineering feat could be tempered
by the study's detail that all evaluable subjects had
disease progressing on trastuzumab and, nearly all, ado-
trastuzumab emtansine. Hence, it is possible that the
primary study endpoints were prematurely skewed
against those randomized to the trastuzumab group.
Countering this argument are published data demonstrat-
ing that disease progression may not be due solely to
loss of antibody activity but rather to the chemothera-
peutic agent(s) used in combination.'* Nonetheless, this
issue can be resolved with a clinical trial comparing the
two antibodies in treatment-naive with
HER2" mBC.

PHESGQO, the proprietary name for a fixed-dose combi-

subjects

nation of pertuzumab and trastuzumab with hyaluronidase-
zzxf, incorporated in the formula to facilitate absorption
following subcutaneous administration. Approvals of this
product were essentially non-inferior profiles, which hinged
on efficacy and safety outcomes, with the exception of
higher administration-related reactions with PHESGO,
observed in patients with non-metastatic, HER2-positive

breast cancer (Table 1).*°

Antibody-Drug Conjugates (ADCs)

One of the most important concepts related to the devel-
opment of ADCs was the lack of tumor selectivity asso-
ciated with chemotherapy. Coupling target specificity with
the observation that trastuzumab’s modest anti-tumor
effect could be substantially improved by the addition of
a cytotoxic agent led to the idea that antibodies could be
used to deliver chemotherapy rather selectively to tumor
cells. The development of a novel therapeutic compound
known as T-DM1 or trastuzumab-emtansine appeared to
overcome certain limitations associated with targeted-
antigen expression, tumor cell uptake mechanisms, and
cumbersome linkers used in the conjugation process.

Perhaps, the most definitive results emerged from the
landmark phase 3 clinical trial involving patients with
disease progressing on front-line trastuzumab-based ther-
apy (Table 1).>' Randomized coequally to T-DM1 or the
current second-line combination of lapatinib and capecita-
bine, patients in each group were treated until disease
progression or intractable toxicity. Independently assessed
PFS, OS, and safety were the principal endpoints. A total
of 978 patients of the 991 enrolled, with a median duration
of follow-up of approximately 12 months, were subject to
data analyses. Among those receiving T-DM1, the median
PFS was 33% longer than the comparative group, 9.6
months vs 6.4 months; HR, 0.65 (95% CI, 0.55 to 0.77;
p<0.0001). Although not evaluable initially, at the second
interim analysis median OS crossed the pre-specified effi-
cacy-terminating border supporting the ADC, 30.9 mo vs
25.1 mo; HR, 0.68 (95% CI, 0.55 to 0.85; p<0.001); ORR
also favored T-DM1 (43.6%, vs 30.8%; p<0.001). Grade
> 3 AEs observed more frequently with T-DM1 included
thrombocytopenia and increased liver function tests. Not
unexpectedly, the incidence of diarrhea and hand-foot syn-
drome was higher in those treated with the capecitabine-
containing combination.

[Fam-] trastuzumab deruxtecan is the second HER2-
targeted ADC. Coupling the signet HER2 antibody with
a topoisomerase | inhibitor, the newer ADC was granted
accelerated FDA approval in December 2019 based on the
results of the Phase 2 DESTINY-Breast01 trial.** In this
multicenter, single-arm trial, 184 patients with previously
treated HER2-positive metastatic breast cancer received
the studied-compound every 3 weeks until disease pro-
gress or unacceptable toxicity. The primary efficacy out-
come was confirmed ORR and response duration assessed
by independent central review. At the time of publication,
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60.3% (95% CI: 52.9, 67.4) of the participants had an
objective response to treatment. Though most responses
were partial (56%), a few (4.3%) were complete; median
duration of response approached 15 months (95% CI: 13.8,
16.9). Of interest, objective responses were achieved in 36
of 56 subjects previously treated with T-DM1. While see-
mingly modest, what made these outcomes particularly
noteworthy was the median number of therapies (ie, 6)
the subjects received prior to study enrollment.
Nonetheless, clinical benefits did come with a moderate
degree of toxicity, including bone marrow suppression
affecting all cell lineages, gastrointestinal side effects,
such as nausea, vomiting, and diarrhea, and constitutional
symptoms, such as fatigue, all of which had reported
frequencies of at least 20%.

Because of fatal outcomes due to interstitial lung dis-
ease (ILD), the approval of this compound came with
a note of caution. While this toxic event poses an impor-
tant risk to patients, the boxed warning came prior to
a formal assessment of this adverse effect. To better char-
acterize the reactive ILD, a refereed audit of patients who
received the ADC was performed.** Of the total popula-
tion, any-grade ILD was observed in approximately 16%
of the 879 subjects included in the pooled analysis. The
findings of an independent adjudication committee indi-
cated that 78% of all cases were grade 1 or 2 with
a median time to onset of 5.5 months. With 28% of
patients remaining on treatment for more than 12 months,
the committee also observed that the risk of developing
ILD actually decreased over time. The committee also
identified several risk factors that have not yet been vali-
dated. Even so, the list includes ethnic Japanese, dose
>7.4 mg/kg, baseline oxygen saturation <95%, presence
of moderate/severe kidney dysfunction or lung comorbid-
ities, and time from initial cancer diagnosis >3.9 years.
While these findings do not marginalize the toxicity, the
results provide further clarity on treatment-associated ILD
in addition to management guidelines that have been
implemented.

Small Molecule TKIs

Lapatinib is a reversible, bi-specific inhibitor of EGFR and
HER2. Results of timed crystalline scanning of both lapa-
tinib/EGFR and erlotinib/EGFR disclosed dissimilar dis-
sociation constants for each inhibitor; separation occurred
slower with lapatinib translated into longer inhibition of
receptor phosphorylation in tumor cells.** Even though
outcomes of similar quantitative research involving the

lapatinib/HER2 complex are not available, some evidence
suggests that catalytic activation of the receptor is com-
parably suppressed.’”

Lapatinib is the second approved agent to demonstrate
significant clinical benefits in patients with HER2-positive,
advanced breast cancer progressing on trastuzumab
(Table 1).>® Several salient details of this pivotal phase 3
should be highlighted. First, the
a predetermined interval analysis of TTP and PFS data

trial results of
indicate a statistically meaningful difference among
patients who received the lapatinib-containing regimen
compared to capecitabine alone led to early termination
of the trial. Second, the lower incidence of brain metasta-
sis suggests CNS penetration and antitumor activity of the
TKI. Third, tumor expression of EGFR did not appear to
influence the drug’s clinical efficacy since subject eligibil-
ity was not dependent on tumor cell expression of the
receptor. Fourth, debunking of the belief that significant
benefits in the lapatinib arm were an artifact due to tras-
tuzumab given in the previous eight weeks.’

Neratinib was initially approved for extended adjuvant
treatment following adjuvant trastuzumab-based therapy.*®
Subsequently, the agent received an FDA endorsement for
use as a 3rd line anti-HER2 therapy following the release
of data from the NALA trial (Table 1).*° Treatment-related
eligibility for this randomized phase 3 clinical trial was
restricted to patients who had received at least 2 prior anti-
HER2-directed therapies. Co-primary endpoints were PFS
and OS. Six hundred and twenty-one subjects were rando-
mized to receive capecitabine with either neratinib or
lapatinib. An improvement in PFS was observed among
subjects treated with neratinib — compared to lapatinib-
containing arms (HR, 0.76; 95% CI, 0.63-0.93; p=0.0059).
At 12 months, PFS was found to be 29% versus 15% in
the neratinib and lapatinib arms, respectively. Median OS
of 21 months versus 18.7 months in the respective arms
was not statistically different. Overall response rates and
duration of responses were modestly improved with ner-
atinib. The most significant treatment-emergent adverse
effect was diarrhea in both arms, although grade % toxicity
was two-fold higher with neratinib.

The improved clinical outcomes observed in this study
suggest that neratinib is superior to lapatinib. If so, it
would be appropriate to examine what may be the under-
lying bases that distinguish the two TKIs. Studies using
breast cancer cell lines demonstrated that neratinib inhib-
ited phosphorylation of not only HER1 and HER2 but also
HER4.*° When tested, neratinib was also able to suppress
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the proto-oncogene cellular (c)-Src though to a lesser
degree. Nonetheless, the potential ramifications against
tumor cells are numerous as the c-Src kinase is down-
stream of, and activated by, EGF R.**? In addition, c-Src
signaling contributes to angiogenesis as well as tumor cell
proliferation and survival.** Another modification,
incorporation of a chemical moiety known as Michael
Addition, enables neratinib to bind irreversibly and pro-
motes lasting receptor inhibition, which may be responsi-
ble for the greater potency of neratinib.*® In addition,
compared to the steadfast bond resulting in irreversible
inhibition of neratinib’s targeted proteins, laboratory stu-
dies showing the slow recovery of enzyme activity suggest
that lapatinib does not form stable covalent bonds.**
Although both neratinib and lapatinib have been shown
to reverse multi-drug tumor resistance (MDR) attributable
to overexpression of ATP-binding cassette (ABC) ele-
ments, the MDR reversal effect of neratinib is quite
unique. Instead of decreasing the expression of membrane-
bound ATP transporters, blocking downstream phosphor-
ylation of AKT, or facilitating intracellular translocation of
the ABC protein, neratinib effects MDR reversal by
directly inhibiting the efflux function of ABCB1.*"*
Two months after neratinib became available for clin-
ical use, a third small-molecule inhibitor was approved as
a second- or third-line treatment for advanced HER2-
positive breast cancer (Table 1). The application of the
newest agent, tucatinib, in conjunction with capecitabine
and trastuzumab even included patients with brain metas-
tasis. In contrast to lapatinib and neratinib, tucatinib is
HER2-selective. Its repressive effect also translates to
AKT ERK
phosphorylation.* Basis for approval were results emanat-
ing from the HER2CLIMB trial>° All the subjects
enrolled, including those with metastasis to the brain,

downstream inhibition of and

had received two of the current frontline HER2-directed
therapies. Randomized patients were treated with trastuzu-
mab and capecitabine with or without tucatinib. A key
study endpoint was PFS; outcomes concerning PFS
among those with CNS disease, OS and safety were also
assessed. Analysis of data at one-year follow-up indicated
a difference in PFS favoring the tucatinib group, 33.1% vs
12.3% (HR, 0.54; 95% CI, 0.42 to 0.71; p<0.001). At this
same time point, PFS in subjects with brain metastasis was
24.9% compared to 0%, again favoring the tucatinib arm
(HR, 0.48; 95% CI, 0.34 to 0.69; p<0.001). At two years,
the OS rate was 44.9% and 26.6% in the tucatinib and
placebo groups, respectively. The most common adverse

events observed among those receiving tucatinib were
relatively severe diarrhea and transaminitis (both grade
> 3), as well as hand-foot syndrome, nausea, vomiting
and fatigue.

Although not directly comparable with other clinical
trials, two aspects of HER2CLIMB present an opportunity
for reasoned speculation regarding the three TKIs. First,
that treatment-related AEs lead to discontinuation of ther-
apy, lower in this study (~6%) compared to the NALA trial
(16-18%), suggest that multi-kinase targeting TKIs carry
extra risks with seemingly minimal additional therapeutic
benefit. This consideration is further supported by the fact
that the capecitabine dosing regimens were identical in
both trials. Second, the longer median PFS with two
HER2-directed agents (7.8 months) compared to mono-
therapy (5.6 months) infers that inhibiting the receptor’s
extra- and intra-cellular domains may have an additive
effect. This perspective is bolstered by the observation of
PFS benefit occurring across the entire study population in
the tucatinib arm.

Since trastuzumab’s approval 20 years ago as the first
HER2-directed therapy, eight additional products (exclud-
ing biosimilars) are now available. And even after numer-
ous clinical trials have been conducted, the original
antibody continues to maintain its preeminent position in
the management of metastatic HER2-positive breast can-
cer. Therefore, and not surprising, instead of a dramatic
change in the treatment landscape, each approved product
has garnered sufficient credence to establish a position,
some flexible and likely temporary, in the hierarchy of
the current treatment stratagem (Table 2).

Maneuvering Forward

Although the focus has been on the HER2-rich subtype,
receptor overexpression also occurs in one of the luminal
B subtypes. In ER", HER2" metastatic breast cancer, per-
tuzumab and trastuzumab plus an aromatase inhibitor may
be a first-line option in subjects without significant visceral
compromise.”’ In patients who are candidates for cyto-
toxic chemotherapy, taxanes can be continued in respon-
sive disease and in the absence of significant side effects.
In the event of treatment-limiting toxicity, particularly
neuropathy, combined HER2 blockade can be continued
with the addition of appropriate endocrine therapy.

A number of ongoing phase 3 clinical trials were
designed to further evaluate two approved ADCs. Destiny-
Breast02 is a comparative trial of [Fam-] trastuzumab
deruxtecan (T-DXd) and treatment of investigator’s choice
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Table 2 Evidence-Based Treatment Recommendations for Metastatic HER2-Positive Breast Cancer
Sequence Treatment Regimen Notes Landmark
Trial
First-line Pertuzumab, trastuzumab and a taxane®® a. Trastuzumab biosimilar may be substituted CLEOPATRA
b. Subcutaneous PHESGO may be substituted for the
individual antibodies
Second-line | Ado-trastuzumab emtansine® Await results phase 3 DESTINY- Breast03 clinical EMILIA
trial
Third-line Fam-trastuzumab deruxtecan-nxki®' or Tucatinib, a. Contraindications include pneumonitis or DESTINY-
trastuzumab and capecitabine** or Neratinib and interstitial lung disease BreastOl
capecitabine®® or Margetuximab and chemotherapy of b. For use in patients with or without brain HER2CLIMB
choice®® metastases NALA
c. prophylactic antidiarrheal recommended with SOPHIA
neratinib
Fourth-line | Trastuzumab and chemotherapy of choice'*'*''? or a. Prophylactic antidiarrheal recommended with
and beyond | Lapatinib and capecitabine®® or Trastuzumab and lapatinib therapy
lapatinib'2° b. approved for use in patients who received two or
more anti-HER2 regimens, one of which was for
metastatic disease

for metastatic HER2-positive breast cancer in patients
previously treated with ado-trastuzumab emtansine
(T-DM1). However, the most anticipated trial appears to
be Destiny-Breast03 which compares [Fam-] trastuzumab
deruxtecan against ado-trastuzumab emtansine as second-
line therapy in subjects who received prior therapy with
trastuzumab and a taxane. Still, another, though unique,
clinical trial (Destiny-Breast04) compares T-DXd and phy-
sician’s choice of treatment in patients with metastatic,
HER2-low expressing breast cancer who were previously
treated with chemotherapy. This study attempts to define
a new HER2 population who may benefit from the targeted
ADC by including tumors with IHC scores of 1+/2+ or
FISH-negative HER2 expression. Another notable phase 3
clinical trial (HER2CLIMB-02) is a placebo-controlled
study of tucatinib in combination with TDM1 for patients
with unresectable locally advanced or metastatic HER2-
positive breast cancer.

Currently in progress also are several early phase trials
in subjects with advanced HER2-positive breast cancer
involving the brain. Some of the more engaging studies
include a genomically guided trial targeting actionable
alterations in neurotrophic tyrosine receptor kinase, ros
oncogene 1, and cyclin-dependent kinase or PI3K/Akt;
intraventricular infusion of autologous chimeric antigen
receptor T cells targeting HER2; atezolizumab in combi-
nation with pertuzumab and high-dose trastuzumab; and

a comparison of T-DM1 alone versus T-DM1 plus metro-
nomic temozolomide in secondary prevention of brain
metastases following stereotactic radiosurgery. Two other
therapeutic agents in initial clinical trials are bi-specific
antibodies, which target HER2 and CD3 or HER3 and
neuregulin 1 (NRG1), one of the HER3 binding ligands.
While some of these ongoing clinical trials will have
a significant impact on disease management, recently
accumulated evidence demonstrates only modest thera-
peutic benefit of immune checkpoint inhibitors in PD-L1
-positive TNBC.’*>* Part of the explanation for the
lower priority of conducting clinical trials of checkpoint
inhibitors in breast cancer may relate to the disease being
largely hormone receptor-positive. Luminal breast can-
cers also demonstrate lower tumor PD-L1 expression and
mutational burden, manifestations of which suggest
a lack of immunogenicity.”* > Nevertheless, if these
markers do correlate with response, benefit could still
be gained by enriching the study population to include
only subjects with tumors expressing these markers
regardless of molecular cancer subtype. Very recent clin-
ical trial data appear to add some credence to this
argument.”’ The phase 2 TAPUR study involved patients
with previously treated metastatic breast cancer of any
subtype manifesting high tumor mutational burden. All
subjects were treated with monotherapy PD-1 inhibitor.
Primary endpoint was disease control (DC) defined as
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objective response or stable disease of at least 16 weeks
of duration. The study used Simon’s two-stage design
with a maximum recruitment of 28 evaluable subjects.
After fulfilling the requirement of two or more of the
first 10 patients in the first stage achieving DC, 18
additional subjects were enrolled. Disease control was
achieved in 37% (95% CI, 21 to 50) of the patients.
Median PFS was 10.6 weeks (95% CI, 7.7 to 21.1);
median OS was 30.6 weeks (95% CI, 18.3 to 103.3).

Additional evidence supporting the role of checkpoint
inhibitors includes an early phase clinical trial of com-
bined PD-1 inhibitor and trastuzumab in patients with
trastuzumab-resistant advanced HER2-positive breast can-
cer. Results of the PANACEA trial indicated that in the
subgroup of patients with PD-L1-positive disease and >5%
TILs in the metastatic lesion, the ORR was 15%; the
disease control rate was 23% with a median duration of
11.1 months. Of interest also, no responses were observed
in the absence of PD-L1 expression. The importance of
PD-L1 appeared to correlate with PFS, estimated 13% at
12 months in PD-L1-positive and 0% in PD-L1-negative
patients; estimates of one-year survival were 65% and
12%, respectively.”®

Challenges

Neu-Resistance

Although extensive research has revealed not only the
presence but also the influence of HER2 in breast cancer,
it is still possible that only the facade, and some dynamics,
of the receptor has been exposed. Conversely, the evolu-
tion to, and development of, resistance is nearly
absolute.”® Whether one accepts the theory or not, tumor
resistance has an aura of Darwinism; and like cancer,
resistance appears to be an evolutionary process, wherein
genomic instability sows the seeds of natural selection and
formative retention of traits that favor tumor cell survival
and growth.

Though speculative, a pragmatic attempt is made at
deconstructing some of the mechanistic or molecular
bases of HER2-resistance. Perhaps the most-timely, and
still puzzling, consideration relates to the immune check-
points among which programmed cell death protein-1
(PD-1) and its ligand PD-L1 have been most prominent.

6061 the mutual

Discovered within the past two decades,
affinity between receptor and ligand is believed to be
a major pathway of tumor cells that evade immune

destruction; and hence, it could also have a considerable

role in tumor resistance. Indeed, PD-L1 expression has
already been correlated with poor clinical outcome in
lung, kidney, and colorectal cancers.®*> However, this
association has not been consistently observed. While
heterogeneously expressed among breast cancer subtypes,
PD-L1 is generally correlated with intra-tumoral lympho-
cyte infiltration and poor-prognostic disease features
including the HER2-enriched molecular subtype.®*
Surprisingly, and somewhat counterintuitively, are pub-
lished reports of PD-L1 expression being associated with
a favorable prognosis for breast cancer.”>™®” Still, this
finding is not as discordant as it appears and may, in
part, be related to the source of ligand expression.
Embedded in formalin-fixed tumor samples are a number
of immune cellular components, such as a bevy of tumor-
infiltrating lymphocytes (TILs), macrophages, and anti-
gen-presenting cells, which also express PD-L1.°*
While the use of paraffin-embedded tissue is not novel,
careful discrimination between cancer and immune cell
expression of checkpoint proteins is. Because ligand
expression is not restricted to tumor cells, “confirmation”
of PD-L1-positivity could obscure the anti-tumor effects
of certain TIL subsets such as those positive for lympho-
cyte-activating gene 3 and CD4" regulatory cells (TyegS)
which could partially explain the favorable breast cancer
outcomes.’® Furthermore, effector TILs also express high
levels of several proinflammatory cytokines as well as the
serine protease granzyme B. Among these, interferon-
gamma has been shown to be a potent inducer of PD-L1
expression.”' If the aforementioned concepts are valid,
PD-L1 expression on immune molecules may also be an
indicator of a robust immunologic response.

Although HER2 may not be the most dominant family
member, it appears to be the most perplexing. One con-
sequence of receptor overexpression is the emergence of
homodimers.'> While this dimeric couple possesses con-
stitutive tumor-promoting activity, the development of
tumor resistance may not be due solely to pairing of the
receptor but to the formation of an unmatched HER2
dimer (Figure 3).” For instance, laboratory studies
demonstrate that ligand-activated HER3 and HERI1 are
key components, which influence receptor phosphorylation
as well as recruitment of proximal proteins.”> These data
may demystify the finding that neither HER2 nor HER3
monomers are able to activate downstream kinases alone,
yet melding of the two receptors endows the heterodimer
with potent tumorigenic capability.”* Likewise, mitogenic
signals originating from dimerized EGFR and HER2 have

5 4 8 https:

Dove!

Breast Cancer: Targets and Therapy 2021:13


https://www.dovepress.com
https://www.dovepress.com

Dove

Salkeni et al

Heterodimerization

Effector immune cell
Inhibitory
recoptors

p

Fe receptor
polymorphism (

.'.‘ IGF-1R <>
/

PTEN loss

Alterations in

LT 11

(etflux pump) v

L)

Figure 3 Putative mechanisms of resistance to HER2-directed therapies. HER2 homo- and hetero-dimers activate key signaling pathways. Mutations involving the PI3K/AKT/
TORC and RAS/MEK/MAPK pathways, as well as loss of PTEN promote tumor cell growth and survival. Certain Fc receptor subtypes, such as FcyRIIB, or polymorphisms
lower antibody binding affinity. HSP90 impairs endocytosis of the trastuzumab-HER2 complex. Upregulation of inhibitory receptors in the tumor microenvironment impair
anti-tumor immune responses. Cyclin D |-overexpressing tumors demonstrate reduced responsiveness to trastuzumab-based therapy. Overexpression of cyclin DI reduces
responsiveness to trastuzumab-based therapy. ADAMIO0 cleaves the extracellular domain of HER2 resulting in a constitutively active truncated receptor. The MUC4 protein
interferes with trastuzumab binding through epitope masking. Drug efflux pumps like ABC transporters can also reduce efficacy to HER2-targeted therapies.

also been reported to be more robust than either
homodimer.”® The logic behind the development of agents
that inhibit the activation of EGFR and HER3 was based
on these findings; uncertainty still exists regarding the role
of HER4 in the tumorigenic process.

HER?2 resistance may be intrinsic to the receptor itself
as a number of mutations have been sequenced.
Mutations in the most-studied kinase domain appear to
be localized to the ATP-binding site, amino (N) terminal
region, and carbohydrate (C) terminal lobe and hence,
may alter receptor activity by different mechanisms.
Nonetheless, those found to be activating mutations con-
ferred not only more aggressive tumor features but also
resistance.’® Interestingly, cells resistant to lapatinib
were sensitive to the inhibitory effects of neratinib.”’

While the characterization of gene mutations is not
necessarily novel, what is notable about HER?2 is the
detection of somatic mutations in both gene-amplified
and non-amplified breast cancers.”® If the activating
mutations are consensus tumor drivers, the clinical sig-
nificance of the previous finding may enhance drug selec-
tion in HER2-amplified tumors as well as provide more
effective treatment options for HER2-“negative” breast
cancers.

Resistance to the receptor may also be structurally
related as intact HER2 (p185°™P%) can be truncated to
a shorter but molecularly detectable protein (p95°7°5?)
with constitutive kinase activity.”” Subsequent studies
identified a disintegrin and metalloprotease (ADAM) 10,
an EGFR ligand sheddase, as the enzyme that severs the
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ectodomain of HER2.*® The cleaved receptor is remark-
able for two additional reasons. One, p95™®? is the pre-
ferred dimerization partner of HER3; and two, due to loss
of the binding region, the truncated receptor is not suscep-
tible to trastuzumab-induced inhibition of its catalytic
activity.>* While increased serum concentrations of the
cleaved external domain (CED) have been linked to poorer
therapeutic ~outcomes as well as lymph node
involvement,®' this finding may also have predictive
value for the use of small-molecule TKIs. The latter idea
also supplies a reasonable, though incomplete, explanation
for the effectiveness of second-line lapatinib in patients
with EGFR-expressing tumors and high serum levels of
the CED.

Insulin-like growth factor-1 receptor (IGF-1R) may be
another mechanism of HER2 resistance and is supported
by laboratory studies and clinical outcomes data. Proof of
the former is supported by in-vitro experiments with sev-
eral human breast cancer cell lines that overexpress both
receptors. While trastuzumab alone had only a modest
effect on cell proliferation, dual blockade of HER2 and
IGF-1R resulted in a three-fold greater reduction in tumor
growth.® Clinical evidence gleaned from locally advanced
HER-positive breast cancer studies also shows an indirect
correlation between positive IGF-1R expression in tumor
cells and poorer response outcomes with neo-adjuvant
chemotherapy plus trastuzumab.®® Contrary to the percep-
tion that dimer formation is restricted to HER-family
members, these data suggest that other receptors also
have the capacity to effect the activation status of
HER2.** In addition to receptor phosphorylation, HER2
resistance may stem from IGF-1R-activated kinase com-
plexes, such as cyclin/cyclin-dependent kinase 2 in
a manner different from HER2.3% These data infer, but
do not assure, that inhibition of both receptors will ulti-
mately translate into therapeutic benefit. This element of
reservation is based on molecular and clinical character-
istics of the respective genes. The authors’ inherent skepti-
cism is supported by one pivotal advance: the utility of
gene amplification. In particular, multiple copies of the
HER2gene, which has been successfully used as a guide
for HER2-directed therapy, are not matched by any com-
panion feature involving IGF-1R.

Yet another binary arrangement of HER2 that could
affect the development of resistance involves the estrogen
receptor, specifically ERa. Though not a transmembrane
receptor, the link between the two receptors may have
“evolved”, not in an evolutionary manner, but rather in

conjunction with genetic conservation of a liaison reliant
on bidirectional flow of signals that can ultimately affect
each other.®® For example, upregulation of the ligand here-
gulin has been shown to accompany hormone-depriving
endocrine therapies.®” Conversely, compelling experimen-
tal data demonstrate how HER2 may be able to promote
endocrine resistance in hormone-dependent breast
cancer.®® Additional evidence supporting the validity of
the last-mentioned finding is the observed hormone resis-
tance in luminal B tumor cells that co-express both ER and
HER2.*° That these findings have translational merit is the
observation from two late phase clinical trials showing
significantly improved PFS in subjects with luminal
B (HER2-positive) in the group receiving therapies target-
ing estrogen synthesis and HER2 compared to estrogen
deprivation therapy alone.”®!

However, the reciprocal also appears to be true. For
example, resistance to anti-HER?2 therapies may result from
reactivation of the ER-signaling pathway. This has been
demonstrated in animal models and human tumors.”” Even
though an inverse relation between ER and HER2 expression
in breast cancer has been observed in human tumors, effec-
tive blockade of the HER2 pathway has been reported to
increase or restore ER levels in animal models. This devel-
opment of HER2 resistance is related to restoration of the ER
signaling pathway and is supported by the demonstration that
ER inhibition leads to growth arrest and apoptosis in lapati-
nib- and lapatinib + trastuzumab-resistant cells.”

A number of cytoplasmic signaling complexes also
appear to be associated with the deviant behavior of
HER2-positive tumor

kinases of the genomically altered phosphatidylinositol

cells. Constitutively activated
3-kinase (PI3K) alliance may be another route to resis-
tance. Even normal monitoring of cellular elements such
as histone deacetylases can, enzymatically, effect a variety
of cell outcomes including growth, differentiation, quies-
cence, and apoptosis.”® Tumor cells can also produce
proteins such as those of the heat shock family in response
to stress. Although basal levels of these proteins do exist,
their latent roles become evident when overexpressed by
stressful conditions. One demonstrable manifestation of
the heat shock proteins that appears to coincide with
HER?2 resistance is by reversing receptor sensitivity to
catabolism.”> However, what may be most enlightening
about some of these cellular components is the unantici-
pated finding that they seem to dispute the belief that the
tumorigenic process is directed exclusively by rogue pro-
teins. In retrospect, focusing therapy only on aberrant

5 5 o https:

Dove!

Breast Cancer: Targets and Therapy 2021:13


https://www.dovepress.com
https://www.dovepress.com

Dove

Salkeni et al

targets has been a cleverly disguised escape for tumor
cells.

Neu-Brain

Even though brain metastasis has been observed with all
subtypes of breast cancer, encroachment of the central
nervous system (CNS) is higher among subjects with
HER2-positive compared to those with primarily hor-
mone-sensitive disease.”®”’ What makes the proclivity
of brain metastasis intriguing relates not only to the
receptor itself but also to the selective barrier tumor
cells must infiltrate in order to gain access to the CNS.
The relevance of brain metastases is further accentuated
because of the impact of the disease on both quality and
quantity of life.

There is biological evidence for HER2’s presumptive
role in amplifying the metastatic potential of breast cancer
cells. For example, overexpressed HER2 has been shown
to promote TGFB/SMAD-mediated activation of SNAIL,
a family of zinc-finger transcription factors, including
SNAIL, SLUG and SMUC, with repressive effects on

E-cadherin and cytokeratin-18.°%%  The importance
attached to decreased expression of these cell-adhesion
molecules relates to their role in epithelial-to-

mesenchymal transition or EMT, a process that confers
tumor cells with enhanced migratory and invasive charac-
teristics. Even so, it is clear that the HER2 phenotype
alone is not the sole explanation for the CNS-migratory
effects. This notion is strengthened by the observation that
the incidence of brain metastases is also relatively com-
mon in TNBC.”® Regardless, this apparent disparity can be
partially reconciled with the finding that breast cancers
originally negative for HER overexpression were subse-
quently found to be HER2-positive when brain metastases
were analyzed.'®

An additional consideration relates to other HER
family members. A report of various types of tumors,
including breast cancer that metastasized to the brain,
confirmed the presence of all HER receptors with over-
expression of HER3 occurring most often.'®! Furthermore,
phosphorylated though catalytically impaired HER3, was
observed more frequently in brain metastases compared to
the respective primary tumors. This finding is perhaps less
confounding because of two factors. First, a characteristic
feature of the HER family is the substantial degree of

192 and second, central neuronal

heteromeric interactions;
and glial cell expression of neuregulins, the cognate

ligands for HER3.'” What is noteworthy is that

overexpressed and activated HER3 was found even in non-
HER?2 gene-amplified TNBCs.

Another HER family member that appears to be
important is EGFR (HER1). This supposition is sup-
ported by correlative clinical evidence showing signifi-
cant differences in EGFR expression between brain
metastases and primary tumors.'’*'% However, more
important than its mere presence are the machinations
involving EGFR. Two of the growth factor receptor’s
most relevant associations are heparanase (HPSE) and
cyclooxygenase-2 (COX2). First, not only does HPSE
activity correlate with migratory and invasive character-
istics of tumor cells but also being adept at breaching
Indeed,
a striking example of this attribute was the demonstrated

the blood-brain and blood-tumor barriers.

proficiency in which transfected human breast-derived
circulating tumor cells generated brain metastases in
a murine model.'® Even though HPSE has been
shown to increase EGFR phosphorylation, there is the
intriguing possibility that enhanced HPSE-mediated
colonization of brain tissue may occur independent of
HER-signaling pathways by dynamically altering cell-
adhesion  molecules and  critical  cytoskeletal
features.'%7'%® Second, the differential ability to colo-
nize the brain relative to the lung may be due to
a cluster of molecular abnormalities of which EGFR is
one component. For example, overexpression of EGFR,
HER2, Notchl and HPSE as well as downregulation of
epithelial barrier-protective proteins, such as periplakin
or mitogen-activated protein kinase 13 have been
observed in isolated circulating tumor cells from sub-
jects with brain metastases.'” Molecular differences
between primary breast tumors and invasive brain
metastases suggest that the migratory, brain-selective
cells are not merely replicative progenies of parental
cells but rather unique genomic variants.

Although the focus on HER1 and HER3 does not in
any way infer the exclusivity of these two receptors
and their alleged pathological role in brain metastases,
subversive crosstalk between HER1 and HER3 appears
to initiate metastasis-promoting signaling in melanoma,
another tumor with a predilection for invading central
neuronal tissue.''” And despite their accepted impor-
tance manifested through dimeric coupling with ligand-
HER?2,
unique to the heteromeric crosstalk between EGFR
and HER3. Compared to trans-activation of HER2

and HER3, which is dependent on the interactions

less several ligand-dependent nuances are
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emanating from the NRG-directed HER3/HER2 kinase
dimer, the absence of NRG-induced -clustering of
HER3/EGFR oligomers results in phosphorylation of
HER3 only.® Juxtaposed to this finding is the virtual
absence of EGFR phosphorylation in response to NRG
binding to HER3. Indeed, the extent of dimerization
appeared to mirror that of HER3 alone or small clus-
ters of HER3/EGFR dimers. However, in the presence
of EGF, higher order oligomeric complexes of the two
receptors could account for the activation state of both
receptors. This unexpected finding has two potentially
profound implications. First, the contribution of each
receptor may have the pathogenesis of brain metas-
tases; and second, a mechanism through which tumor
cells may escape the lethal effects of therapies target-
ing HER2.

Certainly not exhaustive, the preceding laboratory
findings represent only a portion of what are still opa-
que mechanisms resulting in tumor cell egress into the
CNS. Still, the plausibility of these processes is sup-
ported, in part, by clinical studies. For example, inves-
tigators of small phase 2 clinical trials with neratinib or
lapatinib in combination with capecitabine reported
objective responses ranged from 49% to 66% of the
subjects with brain metastases.''""''? A couple of
recently published late phase clinical trials add further
support for small-molecule inhibitors in brain metas-
tases. First, the NALA clinical trial, which compared
neratinib or lapatinib, in combination with capecita-
bine, showed superior CNS outcomes with fewer inter-

in the neratinib arm.>®

ventions among subjects
Neratinib is distinguished from lapatinib in two ways.
One, the former is an irreversible kinase inhibitor; and
two, in addition to HER1 and HER2, neratinib also
targets HER4. Whether these characteristics account
for the differences in clinical CNS outcomes is uncer-
tain. The second clinical trial involved an investiga-
tional, highly selective inhibitor of the HER2.°® The
study randomized subjects to tucatinib or placebo, in
with
patients with metastatic breast cancer who previously

combination capecitabine and trastuzumab
received trastuzumab, pertuzumab, and trastuzumab-
emtansine. Progression-free survival at 1 year among
subjects with brain metastases was 24.9% and 0%
among those in the tucatinib- and placebo-containing
groups, respectively. While the CNS responses are
inherently suggestive of efficacy, monotherapy studies

with these TKIs showed much less activity against

brain metastases. Furthermore, capecitabine has been
reported to achieve significant though variable penetra-
tion into the brain and tumor cells.''® At the very least,
these findings should moderate the certainty regarding
the degree of central antitumor effects attributable
exclusively to HER2-directed therapies.

Apart from its predictive and prognostic value, HER2
is less utilitarian as a biomarker of brain metastasis. The
resulting dismal life expectancy is related, in large part, to
uncertainties regarding: 1) the operational mechanisms
that steer tumor cells to the brain, 2) the intrinsic biology
of metastasis to the CNS, and 3) the foundational interac-
tions that enable tumor cells to adapt to the brain micro-
environment. Still, one of the most intriguing set of data
relates to prostaglandin and matrix metalloproteinase
(MMP). Although a family consists of more than 25 var-
iants, MMP1 may have a focal role in breast cancer brain
metastases.''* Not only has tumor cell-derived MMP1
been positively correlated with brain metastasis, but the
protein appears to be at the center of the metastatic may-
hem. MMP1 is up-regulated by prostaglandins E, and F,,
both of which are end products of the COX2 pathway.'"”
Although the macro-components of the BBB include
endothelial cells, astrocytes, and pericytes, the integrity
of the barrier is dependent on multiple micro-proteins, two
of which are Occludin and Claudin. The implication of
COX2 in breaching the critical first step of the brain
metastasis may be through MMP1-mediated degradation
of these two junctional adhesion molecules, creating gaps
in the tight confluences of the BBB.''® This belief is in
accord with the finding that inhibition of COX2 sup-
pressed not only expression of MMP1 but also transmigra-
tion of tumor cell through blood-brain barrier constructs.
Consistent was also the demonstration that the inhibitory
effects of COX2 knockdown could be reversed by addition
of prostaglandins. Adaptation to a different microenviron-
ment is the critical second step in the metastatic process.
Abundant in the brain, astrocytes have the ability to sup-
port the propagation of metastatic tumor-initiating
cells.'!” Interestingly, PG-E, and -F,, can, in a paracrine-
like manner, also activate astrocytes, which may affect the
generation of a functional niche compatible for tumor
growth and survival. The postulated central role of the
MMPs is not the absolute answer but does provide revoc-
able listed
Moreover, these studies provide a glimmer of hope to

links to the three wuncertainties above.

address breast cancer brain metastasis.
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Conclusion
Despite all the accumulated information, the mechanisms
responsible for tumor resistance and brain metastases are
important areas of research that are still only partially
resolved. In addition, inquiry focused on receptor-
targeted anti-tumor effect is still ongoing; and controversy
still exists regarding the proposed mechanisms. Yet
another subtlety concerns the respective significance of
the other HER family members. And while HER2 over-
expression occurs in non-invasive breast cancer,''® it is
intriguingly possible for the receptor, in some cases, to
undergo pathologic conversion even earlier and initiate the
neoplastic process. In essence, ascertaining the time when
HER2 becomes functionally perfidious may be especially
relevant in breast cancer as early diagnosis has proven to
be clinically beneficial.

Lastly, that perceptibly large knowledge gaps still exist
in achieving full mastery of this formidable receptor is
concordant with the quote “science is piecemeal revela-

tion” (Oliver Wendell Holmes Sr.).
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