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Historical perspective on
targeting HER2

Nearly four decades ago, King et al.
reported that a novel candidate oncogene,
ERBB2 — also designated c-neu — which
encodes human epidermal growth fac-
tor receptor 2 (HER2), is amplified up to
20-fold in a subset of human mammary
carcinomas (1). HER2 is a member of the
epidermal growth factor receptor (EGFR)
family, which consists of three addition-
al receptors — EGFR, HER3, and HER4.
There are at least 11 ligands that bind
to these three other receptors, but none
has been identified for HER2 (2). Rather,
HER?2 signaling appears to be controlled
by heterodimerization with the other
EGFR tyrosine kinases.

Soon after this discovery, it was deter-
mined that ERBB2 amplification and/or
overexpression occurs in approximately
20% of all breast cancers and that ampli-
fication and overexpression corresponds
with poor prognosis (3). This observation
prompted substantial interest in the devel-
opment of HER2-targeted therapeutics
that might inhibit receptor dimerization,
thereby inhibiting downstream cell growth
and survival signals. In the early 1990s, a
murine monoclonal antibody — initially
designated mAb 4D5 — was developed
against human HER2 and demonstrated
promising effects in preclinical models,
preventing HER2 dimerization and halt-
ing the growth of tumors overexpressing
HER2 (4). mAb 4D5 was subsequently
humanized and renamed trastuzumab.
Shortly thereafter, a landmark clinical tri-

al demonstrated a remarkable benefit to
the combination of trastuzumab and che-
motherapy versus chemotherapy alone
in patients with metastatic breast cancer
with HER2 overexpression (5). The suc-
cess of this agent in the metastatic treat-
ment setting led to multiple prospective
randomized clinical trials of adjuvant tras-
tuzumab in early-stage treatment of breast
cancer, which demonstrated that chemo-
therapy plus trastuzumab reduced the risk
of breast cancer recurrence by 9% and
reduced breast cancer-specific mortality
by 6.4% 10 years after diagnosis, when
compared with chemotherapy alone (6).

Expanding and improving

HER2-targeted therapies

In the last 20 years, numerous other
HER2-targeted therapies have proven
successful in the metastatic, adjuvant and
neoadjuvant settings, including another
monoclonal antibody — pertuzumab —
three separate tyrosine kinase inhibitors
— lapatinib, neratinib, and tucatinib —and
two antibody drug conjugates (ADCs) —
ado-trastuzumab emtansine (T-DM1) and
fam-trastuzumab deruxtecan (TDx-D).
The ADCs represent a relatively new strat-
egy in oncology, utilizing a site-specific
monoclonal antibody to direct a highly
potent, conjugated cytotoxic agent directly
to cancer cells overexpressing the respec-
tive antigen (7). ADCs minimize systemic
drug distribution and toxicity to normal
cells, permitting improved drug delivery
and optimization of the therapeutic index.
Indeed, emtansine and deruxtecan have
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enormous toxicity as free drugs, making
this mechanism of drug delivery para-
mount to safely administering these effec-
tive but toxic agents.

T-DMI1 has been demonstrated to be
a highly effective therapeutic strategy
in first and later line settings in patients
with metastatic HER2 positive breast can-
cer (8, 9). T-DML1 is also used routinely in
the adjuvant treatment setting for those
patients with early stage HER2 positive
breast cancer who are at higher risk of
disease recurrence based on the presence
of residual disease at surgery following
neoadjuvant systemic therapy (10). More
recently, TDx-D was demonstrated to have
substantial efficacy in patients with heav-
ily pretreated metastatic HER2-ampli-
fied breast cancer, including those whose
cancers had progressed on T-DM1 (11).
Although a subgroup of patients (approxi-
mately 14%) experienced substantial pul-
monary toxicity from this drug, the dura-
ble responses observed garnered strong
enthusiasm for utilizing this therapy earli-
er in the treatment algorithm for this pop-
ulation. Indeed, results of a prospective
randomized trial have established TDx-D
as the preferred second line treatment for
patients with metastatic HER2-overex-
pressed breast cancers (12).

Who benefits from anti-HER2
therapies?

The remarkable success of trastuzumab
and subsequently developed anti-HER2
therapies led to the development of a joint
set of guidelines regarding HER2 analysis
by the American Society of Clinical Oncol-
ogy (ASCO) and the College of American
Pathologists (CAP) (13). According to these
guidelines, HER2 positivity is defined as
either circumferential membrane staining
that is complete, intense, and in greater
than 10% of tumor cells (designated 3+ by
IHC), or FISH with a HER2/CEP17 ratio of
at least 2 and average HER2 copy number
of at least 4 signals per cell. Using these cri-
teria, CAP has established highly success-
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ful proficiency testing, which is required to
achieve accreditation for clinical laborato-
ries that perform HER? testing (14).

Many investigators have wondered if
the ASCO/CAP cutoffs for HER2 ampli-
fication and expression are clinically cor-
rect. Indeed, the development of TDx-D
for patients with HER2-overexpressed
metastatic breast cancer resurrected a pre-
vious theory that thresholds for defining
HER?2 positivity may need to be revisited.
Indeed, following the publications of the
adjuvant trastuzumab trials, Paik and col-
leagues in the National Surgical Adjuvant
Breast and Bowel Project (NSABP) retro-
spectively analyzed HER2 expression lev-
els on tumors from patients enrolled in the
NSABP-B31 trial of adjuvant trastuzumab
and identified 174 cases originally classi-
fied by their primary pathologists as being
HER2 positive, but which lacked HER2
gene amplification upon central labora-
tory analysis (15). The relative benefits of
adjuvant trastuzumab for these patients
were similar to those with definitive HER2
amplification. Similar findings were also
reported by Perez and colleagues from
another of the adjuvant trastuzumab tri-
als (16), and data from xenograft models
indicated that trastuzumab may target the
cancer stem cell population via a mech-
anism that does not require HER2 gene
amplification (17).

These data prompted a subsequent
prospective randomized trial of chemo-
therapy with or without trastuzumab
(NSABP-B47) in patients with tumors for
which HER2 IHC staining was 1-2+, but
FISH failed to demonstrate amplifica-
tion (18). Unfortunately, trastuzumab did
not improve clinical outcomes for these
patients, solidifying the paradigm that
HER2-directed therapies should only be
offered only to those patients with tumors
with HER2 amplification or overexpres-
sion, as defined by ASCO/CAP guidelines.

Subsequent preclinical studies of
TDx-D indicated that this agent might have
activity in cancers that express HER2, but
at much lower levels than required to be
considered positive by ASCO/CAP guide-
lines. In these models, the bystander effect
was observed; TDx-D was cytotoxic to cells
neighboring those expressing HER2, due
to the highly potent and membrane per-
meable payload of TDx-D (19). Therefore,
it was determined that patients with HER2

1+ or 2+ disease might benefit from TDx-D,
and phase II and subsequent phase III tri-
als were initiated (11, 20). In the latter (the
DESTINY-BreastO4 study), patients with
heavily pretreated HER2 1+ or 2+/FISH
negative metastatic breast cancer were
randomly assigned to TDx-D or physician’s
choice of chemotherapy. Remarkably, pro-
gression-free survival was 9.9 months ver-
sus 5.1 months in the control group (haz-
ard ratio for disease progression or death,
0.50; P < 0.001), and overall survival was
23.4 months versus 16.8 months for the
control group (hazard ratio for death, 0.64;
P = 0.001), favoring TDx-D (20). Based
on these data, the FDA recently approved
the use of TDx-D for patients with HER2
low-expression metastatic breast cancer
who have progressed on at least one prior
line of chemotherapy treatment, and these
studies have changed our standard of care
for this patient population.

How much HER2 is needed for
treatment efficacy?

The results of DESTINY-BreastO4 have
raised several important questions, as
we consider the population of patients
that may benefit from this therapy. The
first question is whether TDx-D may
have activity in all patients, regardless of
HER2 expression level. This issue rais-
es concern about pathologists’ ability to
discern between HER2 IHC staining of O
and 1+. It is possible that some cancers do
not express HER?2 at all (21). However, it
seems more likely that the cancer express-
es some HER2, but at an insufficient level
to be detected by tissue staining methods.
Furthermore, there may be very real differ-
ences in sensitivity and specificity among
the antibodies at these very low levels of
HER2, and, finally, different pathologists
may read the stained tissue differently.
A recent retrospective analysis of breast
tumors in which 18 expert breast patholo-
gists scored HER?2 protein expression lev-
els by IHC found that the concordance for
scores between O and 1+ was quite poor,
raising the concern that some patients may
be missing out on the potential to benefit
from TDx-D therapy (22). Importantly, the
ASCO/CAP guidelines and the CAP profi-
ciency testing were designed to designate
overexpression compatible with trastu-
zumab activity, and not to distinguish low
or normal expression from no expression
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of the HER2 protein. At present, this des-
ignation is critical to avoid both under-
treating those patients whose cancers have
some HER2 expression and not overtreat-
ing those who do not.

Given these concerns, it has been pro-
posed that utilizing a quantitative assay
measuring HER2 protein levels as a contin-
uous variable would be a preferable strate-
gy for selection of patients for treatment
(23). Indeed, retrospective analyses using
an automated reading of immunofluores-
cence staining indicate a broad range of
HER?2 protein expression, and up to two-
thirds of breast tumors have had some evi-
dence of expression, potentially broaden-
ing the population that could benefit from
TDx-D (23, 24). While we currently recom-
mend continuing to utilize IHC and FISH
parameters in clinical practice for patient
selection for treatment with TDx-D, we
strongly advocate for incorporation of
assays measuring HER2 protein expres-
sion levels more precisely into clinical tri-
als, so that we can explore the possibility
that novel assays may identify a broader
population of patients able to benefit from
this treatment.

It is of interest whether TDx-D might
work even in patients with very low or
even no HER2 expression. The results
of the phase 2 DAISY trial, presented in
abstract form only, have suggested that
approximately one-third of patients whose
tumors are determined to be HER2 O by
IHC had an objective response (21). A
subsequent subanalysis of this trial in 10
patients has suggested that the responses
may be related to substantial heterogene-
ity of HER2 expression that might result
in misinterpretation of HER2 O cases (25).
Final analysis and publication of these
results are pending, and at present we do
not recommend the treatment of patients
with TDx-D who have apparent HER2 THC
staining of O.

Balancing benefits with risks

Establishing which patients stand to bene-
fit from treatment is critical in light of the
toxicity of TDx-D. Pneumonitis occurs in
10-15% of patients, requiring cessation of
therapy and administration of high dose
steroids, and even sometimes resulting
in death (26). Proactive monitoring and
prompt initiation of treatment are recom-
mended to decrease the severity of symp-
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toms. This concern must be addressed as
we move into the neoadjuvant treatment
setting for both HER2 over- and under-
expressed cancers, since many of these
patients will likely be cured by standard
therapies. Several trials are underway,
including DESTINY-Breast05, DESTINY-
Breastll and the TALENT trial, all aim-
ing to determine whether TDx-D may
improve invasive disease-free surviv-
al among patients being treated with
curative intent. Special attention will be
given to the rates of pulmonary toxicity
observed in these studies to weigh poten-
tial benefits and risks.

Finally, the potential mechanisms
of resistance to TDx-D are poorly under-
stood. While no definitive mechanisms of
resistance have been uncovered to date,
a number of mechanisms have been pro-
posed (25), (a) decreasing HER2 expres-
sion levels; (b) alterations in the inter-
nalization of HER2, preventing effective
delivery of the deruxtecan payload; (c)
alterations to lysosomes, essential for
the intracellular release of the deruxte-
can payload; (d) increased expression of
membrane-bound drug efflux pumps; and
(e) intrinsic mechanisms of resistance to
deruxtecan and other topoisomerase I
inhibitors. Uncovering and simultaneous-
ly targeting these resistance mechanisms
may further improve clinical outcomes.

Conclusions

The understanding that HER2 plays a criti-
cal role in tumorigenesis has fundamental-
ly changed the treatment of breast cancer
over the last 30 years, with HER2-target-
ed therapies substantially improving the
likelihood of survival and cure for a sub-
set of patients. Introduction of ADCs,
and particularly TDx-D, represents yet
another major step forward in this field,
but important questions remain concern-
ing the selection of patients, management
of toxicity, and mechanisms of resistance.
Each of these is being addressed in ongo-
ing preclinical studies, clinical trials, and
reviews of current and potential policies
and technologies in order to ensure that all
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patients who may benefit from this therapy
are able to gain access to the treatment.
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