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Abstract: The development of trastuzumab is among the most significant cancer drug development
projects in the 20th century. Trastuzumab became a gamechanger for the treatment of human epidermal
growth receptor 2 (HER2) positive breast cancer, with a significant positive impact on disease recurrence
and survival. The development of trastuzumab was the beginning of a new era of cancer drug development,
which showed us the importance of understanding the molecular pathophysiology and drug mechanism
of action. The drug-diagnostic codevelopment model, in which the drug is developed in parallel with a
predictive biomarker assay, has had a significant impact on today’s cancer drug development, and we are
indebted to trastuzumab when it comes to the clinical enrichment trial design. Trastuzumab is not the only
drug developed to target the HER2 protein. Over the past few decades, several new HER2 targeted therapies
have been developed, including small-molecule tyrosine kinase inhibitors (TKI), monoclonal antibodies, and
antibody-drug conjugates (ADC). In particular, the ADC trastuzumab deruxtecan seems to pave new avenues
when it comes to HER2 targeted treatment not only for breast cancer, but also for gastric cancer and non-
small cell lung cancer. With the development of trastuzumab as a reference point, this article will provide

a brief summary of the efficacy of HER2 targeted therapy, including testing for HER?2 positivity, as it has

evolved over the past 25 years.
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Introduction

On September 25, 1998, the Food and Drug Administration
(FDA) approved trastuzumab (Herceptin, Roche/
Genentech) for the treatment of patients with metastatic
breast cancer whose tumors overexpress the human
epidermal growth receptor 2 (HER2). The approval
of trastuzumab was granted along with the companion
diagnostic assay (CDx) HercepTest (Dako/Agilent) to
determine HER? protein expression in breast cancer tissues
(1,2). Trastuzumab became a “game changer” for treatment
of women with HER2 positive breast cancer resulting
in a reduction in cancer recurrence and improvement of
survival (1,3). Not only was it a major scientific and medical
achievement, but it also paved the way for the drug-

diagnostic co-development model in which a predictive
biomarker assay is developed in parallel to the drug (4).
The clinical enrichment trial design developed in relation
to trastuzumab has had a significant impact on cancer drug
development in the 21" century. In 2019, the importance
of this achievement was further emphasized when Dennis
Slamon, Axel Ullrich, and Michael Shepard received the
Lasker-DeBakey Clinical Research Award for their work
on HER2 in breast cancer and for the development of
trastuzumab (1).

The potential of HER2 as a target for cancer therapy
was initially explored in relation to breast cancer, and later
for gastric cancer. Furthermore, HER2 targeted therapy
has recently been approved for the treatment of non-small
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cell lung cancer (NSCLC). Trastuzumab is not the only
drug developed to target HER2; over the years, it has been
complemented by a number of other compounds, including
monoclonal antibodies, small molecule tyrosine kinase
inhibitors (TKI), and antibody-drug conjugates (ADC). At
the beginning of 2023, the FDA have so far approved eight
different HER? targeted drugs and in addition to these
compounds, several biosimilar versions of trastuzumab and
reformulations of existing drugs can be added (5). With
the development of trastuzumab as a reference point, this
article will provide a brief summary of the efficacy of HER?2
targeted therapy, including testing for HER? positivity, as it
has evolved over the past 25 years.

Trastuzumab

In 1987, Dennis Slamon ez /. published an article in Science,
where they described a link between HER2 amplification
and a poor prognosis in women with breast cancer (6,7).
Based on this observation, they concluded that the HER?2
gene product might function as a growth factor receptor
that plays a role in the pathogenesis of breast cancer,
and the identification of its ligand and development of
specific antagonists could have important therapeutic
implications. This conclusion became the basis of one of
the most significant cancer drug development projects in
the 20" century. The antagonist mentioned in their Science
publication years later became the monoclonal antibody
trastuzumab (2).

In the laboratories of Genentech a mouse monoclonal
antibody (4D5) was developed that showed selective growth
inhibitory effects on human breast cancer cell lines with
HER?2 amplification (8). Furthermore, in vivo studies in
tumor xenograft models using human breast cancer cells
overexpressing HER2 showed that the 4D5 antibody
exhibited a significant growth inhibitory effect (9). However,
if a mouse monoclonal antibody is used in humans, it can
result in an immunogenetic reaction, which could affect both
efficacy and safety as it will be recognized by the patient as
being of foreign origin (10,11). Based on a newly developed
technique using molecular grafting, the researchers at
Genentech made it possible to alter the mouse antibody to
a humanized version. This humanized version of the 4D5
antibody showed potency similar to that of the murine
version, with respect to blocking the proliferation of HER2
expressing SK-BR-3 human breast cancer cells (11). In a
xenograft model, the humanized antibody demonstrated a
pronounced growth inhibitory effect on human breast tumors
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overexpressing HER2 (12). Furthermore, it was shown
to be much more efficient in supporting immunological
antibody-dependent cellular cytotoxicity (ADCC) against
SK-BR-3 cells, which has subsequently been shown to be an
important part of the mechanism of action of monoclonal
antibody therapy (11,13,14). ADCC mediated by natural
killer (NK) cells is likely to be the main mechanism of
action of trastuzumab in relation to its antitumor effect (15).
Another important discovery from the preclinical studies
was the additive effect of combining a cytotoxic agent with
trastuzumab, which later had a significant impact on the
design of clinical trials (16,17). The humanized version of
the 4D5 antibody targeting the extracellular domain of the
HER? protein was now ready for clinical development.

Metastatic breast cancer

Preclinical studies had demonstrated a link between the
level of HER2 overexpression and trastuzumab inhibition
of tumor cell growth (9,11,12,18). This information was
essential when trastuzumab entered clinical development, and
in order to select the right patient population for the clinical
trials, Genentech developed an assay. This clinical trial
assay (CTA) was a semiquantitative immunohistochemistry
(IHC) assay that could detect the HER2 expression levels
in tumor tissue. This CTA assay was used throughout
the clinical development of trastuzumab for metastatic
breast cancer to select the most likely responding patients,
thereby introducing what is known today as the clinical
enrichment trial design in cancer drug development (2). In
1992, phase I clinical trials were initiated, which enrolled
approximately 50 HER2-postive metastatic breast cancer
patients in three individual trials (19). The aim of these trials
was to investigate the safety, maximum tolerated dose and
pharmacokinetics of trastuzumab. In the subsequent year,
trastuzumab entered phase II clinical development. This
program consisted of three trials, and here, trastuzumab was
administered either as monotherapy or in combination with
cisplatin (20-22). During the phase II program, standardized
scoring criteria for HER2 overexpression, as we know from
today’s IHC assays, were developed. 7able 1 shows the FDA-
approved cell membrane staining intensity scoring criteria
for the HerceptTest assay in breast cancer (23). However,
it is important to note that, during the development of
trastuzumab for metastatic breast cancer, the criteria for
HER?2 positivity were either IHC2+ or IHC3+. In one of
phase II trials, trastuzumab was administered as monotherapy
to 222 patients with HER2-postive metastatic breast
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Table 1 The FDA-approved cell membrane staining intensity scoring criteria for the HerceptTest assays in breast cancer (23)

HER2 protein overexpression

Staining pattern assessment Score
No staining is observed or membrane staining is observed in less than 10% of the tumor cells Negative 0
A faint/barely perceptible membrane staining is detected in more than 10% of the tumor cells. The  Negative 1+
cells are only stained in part of their membrane

A weak to moderate complete membrane staining is observed in more than 10% of the tumor cells Weakly positive 2+
A strong complete membrane staining is observed in more than 10% of the tumor cells Strongly positive 3+

FDA, Food and Drug Administration.

cancer (22). The objective response rate (ORR) for all
patients in the trial was 15%; however, subgroup analysis
showed that patients with an IHC3+ score had a higher ORR
than those with an THC2+ score (18% vs. 6%).

In 1995, a phase III trial was initiated to evaluate the
efficacy of trastuzumab combined with chemotherapy.
In this trial, 469 patients with metastatic HER2 positive
breast cancer were randomized to receive trastuzumab plus
anthracycline and cyclophosphamide or paclitaxel depending
on previous treatment or chemotherapy alone (24). The trial
showed that the addition of trastuzumab to chemotherapy
resulted in an increased ORR (50% wvs. 32%; P<0.001), longer
duration of response (median 9.1 vs. 6.1 months; P<0.001),
and longer median survival (25.1 vs. 20.3 months; P=0.01).
Similar to the phase II trials, patients with an IHC3+ score
benefited most from treatment with trastuzumab compared
to IHC2+ patients.

During the conduct of the phase III trial, it was realized
that the CTA was too complex and likely not robust enough
to be developed for broader use in general pathology
laboratories. To simplify the assay and make it more
reliable and robust, Genentech began to cooperate with the
diagnostic company Dako, resulting in the development of
the HercepTest assay (2,25). When Genentech submitted
the documentation on trastuzumab to the FDA, Dako
simultaneously submitted their documentation on the
HercepTest, and on September 25, 1998, both the drug
and diagnostic assay obtained regulatory approval. This is
a procedure that the FDA has followed numerous times
subsequently, which makes a lot of sense, as the CDx assay
needs to be available at the same time as the drug in order
to guide the patient selection process.

Adjuvant breast cancer

A few years after the approval of trastuzumab for the
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treatment of metastatic HER2-positive breast cancer, two
adjuvant clinical trials sponsored by the National Cancer
Institute were initiated (26). These two trials were led by
the National Surgical Adjuvant Breast and Bowel Project
(NSABP) and North Central Cancer Treatment Group
(NCCTGQ). In the NSABP B-31 trial, HER2 positive early-
stage breast cancer patients were randomized to receive
doxorubicin and cyclophosphamide followed by paclitaxel
or the same chemotherapy regimen plus trastuzumab
for one year. The NCCTG N9831 trial had a slightly
different design; here, the group of patients who received
trastuzumab was divided in an arm B and an arm C. In arm
B, trastuzumab was given for one year following 12 weeks
of paclitaxel treatment where’s in arm C trastuzumab was
administered concomitantly with trastuzumab for 12 weeks
followed by 40 weeks of monotherapy with trastuzumab.
When the adjuvant trials were set up, the criteria for HER2
positivity were changed from IHC2+ or IHC3+ to either
IHC3+ or HER2 amplification using fluorescence in situ
hybridization (FISH) (HER2/CEN17 >2.0) (26).

In the analyses presented to the FDA for the adjuvant
breast cancer indication, the data from the two trials were
pooled and comprised 3,752 patients (27). The primary
efficacy endpoint in these trials was disease-free survival
(DSF), and the results showed a significant difference in
favor of the trastuzumab group [hazard ratio (HR), 0.48;
P<0.0001]. Furthermore, the studies demonstrated that
trastuzumab therapy was associated with a 33 percent
relative reduction in the risk of death (P=0.015) (26,27).
In November 2006, based on positive results from the
NSABP B-31 and NCCTG N9831 trials, trastuzumab was
approved by the FDA for adjuvant treatment of patients
with early stage HER2-overexpressing, node-positive
breast cancer as part of a regimen containing doxorubicin,
cyclophosphamide, and paclitaxel. Other large adjuvant
trials with trastuzumab, such as the HERA trial and the trial
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Table 2 The FDA-approved cell membrane staining intensity scoring criteria for the HerceptTest assays in gastric and gastroesophageal junction

cancer (35)

Staining pattern surgical specimen

HER2 protein

Staining pattern biopsy specimen Score

overexpression assessment

No reactivity or membranous reactivity in <10%
of tumor cells

No reactivity or no membranous reactivity in any Negative 0
(or <5 clustered) tumor cell

Faint/barely perceptible membranous reactivity Tumor cell cluster (=5 cells) with a faint/barely Negative 1+
in >10% of tumor cells; cells are reactive only in perceptible reactivity irrespective of percentage
part of their membrane of tumor cells stained
Weak to moderate complete, basolateral or Tumor cell cluster (=5 cells) with a weak to Equivocal 2+
lateral membranous reactivity in =10% of tumor moderate complete, basolateral or lateral
cells membranous reactivity irrespective of percentage
of tumor cells stained
Strong complete, basolateral or lateral Tumor cell cluster (=5 cells) with a strong Positive 3+

membranous reactivity in 210% of tumor cells

complete, basolateral or lateral membranous

reactivity irrespective of percentage of tumor cells

stained

FDA, Food and Drug Administration.

by the Breast Cancer International Research Group, have
shown similar positive results with respect to the primary
endpoint of DSF (28,29). In 2014, the final survival analysis
was conducted for the NSABP B-31 and NCCTG N9831
trials, with a median follow-up time of 8.4 years (3). The
results of this analysis showed that the combination of
trastuzumab and chemotherapy led to a 37 percent relative
improvement in overall survival (OS) (HR 0.63; P<0.001)
and an increase in the 10-year survival rate from 75.2 to

84.0 percent.

Gastric cancer

HER? amplification and/or HER2 over-expression has been
reported in malignancies other than breast cancer, such as
ovarian, prostate, lung, and gastric cancers (30). As early
as 1986, HER?2 amplification and overexpression of HER?2
were reported in gastric cancer (31,32). Subsequently,
several studies have confirmed these findings, and several
have shown that HER?2 positivity is a negative prognostic
marker in patients with gastric cancer (33). Positive results
from different preclinical in vitro and in vivo studies with
trastuzumab in different gastric cancer models, as well
as a few positive clinical case studies, led to the initiation
of a clinical phase III trial. However, due to marked
differences in tumor biology between breast and gastric
cancer, especially with respect to tumor heterogeneity,
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changes to the scoring criteria for the HercepTest were
made before the start of the trial in order to select the
right patient population (2,34). Table 2 shows the FDA-
approved cell membrane staining intensity scoring criteria
for the HerceptTest assays for gastric and gastroesophageal
junction cancer (35).

In the Trastuzumab for Gastric Cancer (ToGA) trial, 594
HER2-postive patients with gastric or gastroesophageal
junction cancer were randomized to receive either
capecitabine plus cisplatin or fluorouracil plus cisplatin
and trastuzumab (36). HER2 positivity was defined as
either IHC3+, according to the revised scoring criteria for
the HercepTest, or HER2 amplification by FISH (HER2/
CEN17 >2). However, both IHC and FISH testing were
performed on nearly all the included patients. In the
ToGA trial, the primary efficacy endpoint was OS, and the
combination of chemotherapy and trastuzumab was superior
to that of chemotherapy alone. The median OS increased
from 11.1 to 13.8 months (HR, 0.74; P=0.0046). However, a
pre-planned exploratory analysis that examined the efficacy
of the different HER2 IHC scoring categories showed
that the survival benefit of trastuzumab was dependent on
the level of HER2 overexpression. The single subgroup of
patients with the greatest survival benefit was the IHC3+
subgroup. Here, the median OS increased to 17.9 months
when trastuzumab was added to chemotherapy compared to
chemotherapy alone, with an OS of 12.3 months (2,36). In
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Figure 1 The FDA approval of HER? targeted therapies from 1998 and onwards (5). FDA, Food and Drug Administration; HER2, human

epidermal growth receptor 2.

November 2010, based on the results of the ToGA trial, the
FDA approved trastuzumab for the treatment of HER2-
overexpressing metastatic gastric or gastroesophageal
junction adenocarcinomas. Simultaneously with the
approval of trastuzumab, the HercepTest and HER2 FISH
pharmDx (Dako) assays were approved, both of which were
used in the ToGA trial for patient selection (2).

Other HER2 targeted therapies

Since the approval of trastuzumab, several other HER2
targeted therapies have been approved by the FDA, EMA,
and other regulatory bodies, as shown in Figure 1. These
drugs have been approved for several indications, as shown
in Tible 3. Grouped according to their primary mechanisms
of action, the individual drugs are briefly discussed in the
following section.

Momnoclonal antibodies

As described earlier, the mechanism of action of monoclonal
antibodies is through an alteration of tyrosine kinase (TK)
signaling by binding to the extracellular domain of HER2,
and likely more importantly, through an ADCC mediated
by NK cells (13-15). Figure 2 shows their binding to HER2
receptor. In addition to trastuzumab two other HER?2
targeting monoclonal antibodies have received regulatory
approval. These drugs are pertuzumab (Perjeta, Roche/
Genentech) and margetuximab (Margenza, MacroGenics).
For trastuzumab and pertuzumab, recently two new
formulations containing hyaluronidase have been developed
for subcutaneous administration (37,38). Hyaluronidase
is an endoglycosidase used to increase the dispersion
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and absorption of the active drug substances from the
subcutaneous tissue. The first formulation developed with
hyaluronidase was for trastuzumab (Herceptin Hylecta,
Roche/Genentech), followed by a combination product of
trastuzumab and pertuzumab (Phesgo, Roche/Genentech).
These two formulations are not discussed further in this
article.

Pertuzumab

Pertuzumab is a humanized monoclonal antibody that
targets subdomain II of the extracellular domain of the
HER?2 protein, in contrast to trastuzumab, which binds
to subdomain IV (39). Pertuzumab specifically prevents
HER?2 heterodimerization with other members of the
HER family, including epidermal growth factor receptor
[EGFR (HER1)], HER3, and HER4, thereby blocking
downstream signaling. Similar to trastuzumab, pertuzumab
stimulates NK-cell-mediated ADCC. As pertuzumab and
trastuzumab target different HER2 subdomains, they
possess complementary mechanisms of action, which in
HER2-overexpressing xenograft models have been shown
to augment antitumor activity. Clinically, a combination
of these two drugs has been used to provide a more
comprehensive blockade of the HER2 signaling. In several
randomized clinical trials, the combination of pertuzumab
and trastuzumab with different chemotherapy regimens
has been investigated in HER2 positive breast cancer
patients in the metastatic and adjuvant settings as well as for
neoadjuvant treatment (40-42). In 2012, based on the results
of the CLEOPATRA trial, pertuzumab in combination with
trastuzumab and docetaxel was approved for the treatment
of patients with HER2-positive metastatic breast cancer (39).
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Table 3 The FDA approved indications for HER2 targeted therapies (5)

Drugs

Indications

Monoclonal antibodies

Trastuzumab (Herceptin)

Pertuzumab (Perjeta)

Margetuximab (Margenza)

Tyrosine Kinase Inhibitors

Lapatinib (Tykerb)

Neratinib (Nerlynx)

Tucatinib (Tukysa)

Antibody drug conjugates

Trastuzumab emtansin
(Kadcyla)

Trastuzumab deruxtecan
(Enhertu)

() The treatment of HER2-overexpressing breast cancer
(Il) The treatment of HER2-overexpressing metastatic gastric or gastroesophageal junction adenocarcinoma

() Use in combination with trastuzumab and docetaxel for treatment of patients with HER2-positive metastatic
breast cancer who have not received prior anti-HER2 therapy or chemotherapy for metastatic disease

(I) Use in combination with trastuzumab and chemotherapy as:

e neoadjuvant treatment of patients with HER2-positive, locally advanced, inflammatory, or early-stage
breast cancer (either greater than 2 cm in diameter or node positive) as part of a complete treatment regimen
for early breast cancer

¢ adjuvant treatment of patients with HER2-positive early breast cancer at high risk of recurrence

(I) In combination with chemotherapy, for the treatment of adult patients with metastatic HER2 positive breast
cancer who have received two or more prior anti-HER2 regimens, at least one of which was for metastatic
disease

() In combination with capecitabine for the treatment of patients with advanced or metastatic breast cancer
whose tumors overexpress (HER2) and who have received prior therapy, including an anthracycline, a taxane,
and trastuzumab

(I) In combination with letrozole for the treatment of postmenopausal women with hormone receptor-positive
metastatic breast cancer that overexpresses the HER2 receptor for whom hormonal therapy is indicated

() As a single agent, for the extended adjuvant treatment of adult patients with early-stage HER2-positive
breast cancer, to follow adjuvant trastuzumab based therapy

(I) In combination with capecitabine, for the treatment of adult patients with advanced or metastatic HER2-
positive breast cancer who have received two or more prior anti-HER2 based regimens in the metastatic
setting

(I) In combination with trastuzumab and capecitabine for treatment of adult patients with advanced
unresectable or metastatic HER2-positive breast cancer, including patients with brain metastases, who have
received one or more prior anti-HER2-based regimens in the metastatic setting

(I) As a single agent, for the treatment of patients with HER2-positive, metastatic breast cancer who previously
received trastuzumab and a taxane, separately or in combination. Patients should have either:

e received prior therapy for metastatic disease, or
e developed disease recurrence during or within six months of completing adjuvant therapy

(I) As a single agent for the adjuvant treatment of patients with HER2-positive early breast cancer who have
residual invasive disease after neoadjuvant taxane and trastuzumab-based treatment

() Adult patients with unresectable or metastatic HER2-positive breast cancer who have received a prior
anti-HER2-based regimen either in the metastatic setting, or in the neoadjuvant or adjuvant setting and have
developed disease recurrence during or within six months of completing therapy

(I) Adult patients with unresectable or metastatic HER2-low (IHC 1+ or IHC 2+/ISH-) breast cancer who have
received a prior chemotherapy in the metastatic setting or developed disease recurrence during or within
6 months of completing adjuvant chemotherapy

(Ill) Adult patients with unresectable or metastatic NSCLC whose tumors have activating HER2 (ERBB2)
mutations and who have received a prior systemic therapy

(IV) Adult patients with locally advanced or metastatic HER2-positive gastric or gastroesophageal junction
adenocarcinoma who have received a prior trastuzumab-based regimen

FDA, Food and Drug Administration; HER2, human epidermal growth receptor 2.
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Figure 2 Binding of the different HER?2 targeted compounds to the intra- and extracellular domains of the HER2 protein dimer. HER2,

human epidermal growth receptor 2.

In the CLEOPATRA trial, 808 HER2-postive breast cancer
patients were randomized to receive placebo, trastuzumab,
and docetaxel or pertuzumab, trastuzumab, and docetaxel as
first-line treatment for metastatic disease (40). The primary
endpoint of the trial was PFS, and the pertuzumab group
showed to be superior to the placebo group. The median
PFS was 12.4 months in the placebo group, as compared
with 18.5 months in the pertuzumab group (HR, 0.62;
P<0.001). In subsequent years, pertuzumab was approved
for both neoadjuvant and adjuvant treatment (41,42).
Table 3 shows the approved indications for pertuzumab.

Margetuximab

Margetuximab is a monoclonal antibody that binds to the
extracellular domain of HER2. Compared to trastuzumab,
margetuximab has an altered Fc receptor affinity, which
increases antibody-dependent cellular cytotoxicity through
NK-cell activation (43,44).

In the randomized SOPHIA trial, margetuximab plus
chemotherapy was compared with trastuzumab plus
chemotherapy in 536 metastatic HER2-positive breast cancer
patients who had progressed on two or more previous anti-

HER?2 therapies (44). The primary trial endpoint of PFS

© Annals of Translational Medicine. All rights reserved.

showed a small improvement with margetuximab compared
with trastuzumab (HR, 0.76; P=0.03). The median PFS for
margetuximab was 5.8 versus 4.9 months for trastuzumab.
Based on interim data from the SOPHIA trial, margetuximab
obtained FDA approval for the treatment of metastatic
breast cancer in December 2020. Table 3 shows the approved
indications for margetuximab. A recent final analysis of the
other primary efficacy endpoint of OS showed no statistically
significant difference between the two treatment groups, with
21.6 months in the margetuximab group and 21.9 months in
the trastuzumab group (45).

TKI

TKIs’ are small molecules that cross the cell membrane and
inhibit intracellular TK activity of the HER2 receptor, as
shown in Figure 2. The first TKI to obtain FDA approval
was lapatinib (Tykerb, Novartis), followed by neratinib
(Nerlynx, Puma Biotechnology) and tucatinib (Tukysa,
Seattle Genetics), as shown in Figure 1 (46-48).

Lapatinib

Lapatinib exhibit a reversible dual inhibition of the TK
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domains of both EGFR and HER2 (46). In vitro and in vivo
studies have demonstrated tumor growth-inhibitory
effects of EGFR and HER?2 expressing cells. Furthermore,
in vitro studies have shown an additive effect of lapatinib and
5-FU, the active metabolite of capecitabine. Furthermore,
other in vitro studies demonstrated no cross-resistance
between lapatinib and trastuzumab. Based on the results of
the preclinical studies, a clinical development program was
initiated and here, lapatinib was combined with capecitabine
in HER2 positive metastatic breast cancer patients.

In a Phase III trial, 399 women with HER2-positive
metastatic breast cancer, who had progressed after prior
treatment with regimens containing anthracyclines,
taxanes, and trastuzumab, were randomized to receive
either lapatinib plus capecitabine or capecitabine alone.
The primary efficacy endpoint in the trial was time to
progression (T'TP) and here, the addition of lapatinib was
superior to capecitabine alone (46,49,50). The TTP in the
lapatinib plus capecitabine group was 27.1 months against
18.6 months in the capecitabine group (HR, 0.57; P<0.001).
In 2007, based on a phase III trial, lapatinib in combination
with capecitabine was approved by the FDA for metastatic
breast cancer as shown in Figure 1. A few years later, the
indication was expanded when the combination of lapatinib
with the aromatase inhibitor letrozole was approved by the
FDA for the treatment of HER2-positive postmenopausal
women with hormone receptor-positive metastatic breast
cancer (46,51). The approved indications for lapatinib are
listed in 7able 3.

Neratinib

Neratinib is a multikinase inhibitor that irreversibly binds
to the TK domains of EGFR, HER2, and HER4 (47).
In vitro studies with neratinib have demonstrated antitumor
activity in EGFR and HER2 expressing tumor cell lines, as
well as inhibition of the TK domains of EGFR, HER2, and
HERA4. In a mouse xenograft model with tumor cell lines
expressing EGFR and HER2, the oral administration of
neratinib inhibited tumor growth.

The first clinical indication for neratinib to be developed
was as an extended adjuvant treatment after conventional
adjuvant trastuzumab-based therapy (47,52). In the
ExteNET trial, 2,840 women with early-stage HER2-
positive breast cancer were randomized to receive either
neratinib or placebo administered once daily for one year.
The primary efficacy endpoint in the trial was invasive
disease-free survival (iDFS). At two years follow-up a small
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but significant difference in iDFS was detected between
the two treatment arms of the trial. In the neratinib group,
iDFS was 93.9% and 91.6% in the placebo group (HR, 0.67;
P=0.009). In 2017, based on the results of the ExteNET
trial, neratinib obtained FDA approval as monotherapy
for the extended adjuvant treatment of patients with early-
stage HER2-positive breast cancer. Subsequently, neratinib
in combination with capecitabine was approved for the
treatment of patients with advanced or metastatic HER2-
positive breast cancer based on the NALA phase III trial
(47,53). The approved indications for neratinib are shown
in Table 3.

Tucatinib

Tucatinib exhibit a dual inhibition of the TK domains
of both HER2 and HER3 (48). In vitro studies in HER2
expressing tumor cells have demonstrated suppression of
downstream signaling and inhibition of cell proliferation.
In vivo studies with tucatinib showed growth inhibition in
HER?2 expressing tumors. Furthermore, i vitro and in vivo
studies have demonstrated increased antitumor activity
when tucatinib is combined with trastuzumab compared to
the administration of either drug alone.

In the clinical HER2CLIMB phase III trial, 612 HER2-
postive metastatic breast cancer patients were randomized
(2:1) to receive either tucatinib, trastuzumab and capecitabine
or placebo, trastuzumab and capecitabine. The enrolled
patients had been previously treated with trastuzumab,
pertuzumab, or trastuzumab deruxtecan in any setting (54).
The primary efficacy endpoints were PFS and OS. The trial
results showed that the median PFS was 7.8 months in the
tucatinib group compared to 4.9 months in the placebo group
(HR, 0.57; P<0.00001). Similar superiority of tucatinib was
observed with respect to OS. Here the median OS for the
tucatinib group was 24.7 versus 19.2 months for the placebo
group (HR, 0.73; P=0.004). In 2020, based on the results
of the HER2CLIMB trial, tucatinib in combination with
trastuzumab and capecitabine, was approved for metastatic
HER?2-positive breast cancer (48). Table 3 shows the approved
indication for tucatinib.

Antibody drug conjugates

ADC:s are designed to deliver cytotoxic compounds directly
to the cancer cells (55). An ADC molecule consists of three
main components: carrier antibody, linker, and cytotoxic
payload. After administration, the ADC will home to
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the tumor and binds to the specific extracellular antigen
receptor of the cancer cells, as shown in Figure 2. After
binding to the receptor, the ADC undergoes receptor-
mediated internalization and subsequent lysosomal
degradation, resulting in intracellular release of its cytotoxic
payload and tumor cell death. The use of the ADC
technology should also be seen as an effective way to improve
the therapeutic index of cytotoxic agents (56). So far, two
ADC:s targeting HER2 have been regulatory approved by
the FDA both with trastuzumab as carrier antibody, which
are trastuzumab emtansine (Kadcyla, Roche/Genentech)
and trastuzumab deruxtecan (Enhertu, Daiichi Sankyo/

AstraZeneca) (57,58).

Trastuzumab emtansine

Trastuzumab emtansine (T-DMT1) was the first HER2
targeted ADC to be regulatory approved by the FDA. The
cytotoxic agent DM1, a maytansine derivative, is linked to
trastuzumab via a stable linker (57). DM1 is a microtubule
inhibitor that binds to tubulin and disrupts the microtubule
network in the cells, leading to cell cycle arrest and
apoptosis. After the linker is cleaved, part of the released
DML diffuses into the extracellular space, leading to local
tumor cell destruction.

In the EMILIA trial, T-DM1 was evaluated for the
treatment of HER2-postive metastatic breast cancer and
here, 991 patients were randomized to receive either
lapatinib plus capecitabine or T-DM1 monotherapy.
Before enrolment in the trial, the patients had received
treatment with taxane and trastuzumab (59). The primary
efficacy endpoints were PFS and OS. The median PFS was
9.6 months in the T-DM1 group compared to 6.4 months in
the lapatinib plus capecitabine group (HR, 0.65; P<0.001).
For the other primary endpoint of median OS, T-DM1
was superior to lapatinib plus capecitabine with 30.9 versus
25.1 months (HR, 0.68; P<0.001). The results of the
EMILIA trial led to FDA approval for the treatment of
HER2-postive metastatic breast cancer in 2013. In the
subsequent KATHERINE trial, T-DM1 was tested in
patients with HER2-positive early-stage breast cancer and
was found to be superior to trastuzumab (60). This trial
paved the way for the FDA approval of T-DMI for adjuvant
treatment. The indications for T-DM1 are listed in Table 3.

Trastuzumab deruxtecan

Trastuzumab deruxtecan (T-DXd) is another HER2
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targeted ADC in which the cytotoxic payload is deruxtecan
(DXd), a topoisomerase I inhibitor linked to trastuzumab via
a specific linker (58). Following receptor internalization, the
linker is cleaved intracellularly by lysosomal enzymes, and
the DXd molecule is released, resulting in DNA damage
and apoptotic cell death. Owing to the high membrane
permeability of DXd, it diffuses into the extracellular
environment and causes local tumor cell death.

The first indication developed for T-DXd was HER2-
postive metastatic breast cancer. In a single-arm phase II trial
(DESTINY-Breast01), 184 patients with HER2-positive
metastatic breast cancer were treated with T-DXd (61).
Patients enrolled in the trial had previously received two
or more prior anti-HER?2 therapies. The primary endpoint
of the trial was the ORR, with PFS as one of the secondary
endpoints. Following T-DXd treatment, an ORR of 60.9%
was observed, with a median PFS of 16.4 months. By
the end of 2019, T-DXd had obtained FDA approval for
the treatment of HER2-postive metastatic breast cancer
through accelerated approval (58). The efficacy of T-DXd
in metastatic breast cancer was further confirmed in the
DESTINY-Breast03 trial. In this trial, 524 patients with
HER2-positive metastatic breast cancer were randomized
to receive either T-DXd or T-DM1 (62). The primary end
point was PFS, and at 12 months 75.8% of those treated
with T-DXd were alive compared to 34.1% in the T-DM1
group (HR, 0.28; P<0.001).

Until recently, the criterion for receiving HER?2 targeted
therapy was HER2-positivity, defined as IHC3+ or gene
amplification by in situ hybridization (ISH); however, with
the results of the DESTINY-Breast04 trial, this criterion
will need to be changed, at least for T-DXd (63). In the
DESTINY-Breast04 trial, HER2-low patients, defined
as IHC1+ or IHC2+ and negative for gene amplification
by ISH, were randomized (2:1) to receive T-DXd or
chemotherapy (physician’s choice). Both hormone receptor-
positive (HR+) and hormone receptor-negative (HR-)
patients were enrolled. The primary end point was PFS
and in the HR+ cohort, which consisted of 494 of the 557
enrolled patients, the median PFS was 10.1 months in the
T-DXd group and 5.4 months in the chemotherapy group
(HR, 0.51; P<0.001). OS was a secondary endpoint with
23.9 months in the T-DXd group and 17.5 months for
chemotherapy (HR, 0.64; P=0.003). In 2022, based on the
DESTINY-Breast04, the FDA approved T-DXd for the
treatment of HER2-low metastatic breast cancer patients
together with the Pathway anti-Her2/neu assay (Ventana
Medical Systems) as CDx (57,64).
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HER2-postive gastric or gastroesophageal junction
adenocarcinoma is another indication that has been evaluated
for T-DXd treatment (65). In the DESTINY-Gastric01
trial, 187 HER2-positive patients were randomized (2:1)
to receive T-DXd or chemotherapy (physician’s choice).
HER?2 positivity was defined as IHC3+ or IHC2+ and gene
amplification by ISH. The primary endpoint of the trial was
ORR, with OS as a secondary endpoint. The results showed
an ORR of 51% for patients who had received T-DXd
compared to 14% in the chemotherapy group (P<0.001).
Subgroup analysis showed that the IHC3+ group had a
somewhat higher ORR than that of the IHC2+/ISH group
(58.2% wvs. 28.6%). These results are interesting because
they are in agreement with those observed in the ToGA trial
following trastuzumab treatment (36). In terms of median
OS, T-DXd demonstrated superiority over chemotherapy,
with 12.5 versus 8.4 months (HR, 0.59; P=0.01). Based on
positive results from the DESTINY-Gastric01 trial, T-DXd
obtained FDA approval for metastatic HER2-positive gastric
or gastroesophageal junction adenocarcinoma in 2020 (58).
T-DXd has also shown to be effective in the treatment of
patients with HER2-mutated metastatic NSCLC, which
resulted in FDA approval in 2022, together with the
Guardant360 CDx (Guardant Health) and Oncomine
Dx Target Test (Life Technologies Corporation) as CDx
assays (57,64,66). The approved indications for T-DXd are
presented in Table 3.

Companion diagnostics for HER2 targeted
therapies

When trastuzumab was developed, one of the challenges
was to select the right patient population. For this purpose,
Genentech developed a CTA, which was later replaced by
the HercepTest (2). The purpose of this assay was to select
the right patient population for trastuzumab treatment
by determining the level of HER2 expression in the
tumor tissue. To standardize and improve the accuracy of
HER?2 testing in breast cancer, the American Society of
Clinical Oncology (ASCO) and the College of American
Pathologists (CAP) issued a clinical practice guideline in
2007 (67). One of the problems with this first version of
the guideline was that the scoring criteria deviated from the
FDA-approved scoring criteria, which until then had been
used in all pivotal clinical trials with trastuzumab (68,69).
However, with the revision of the ASCO/CAP guidelines
in 2013 and 2018, the scoring criteria became similar to the
original FDA-approved criteria (70,71). In 2017, the ASCO/
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CAP issued a similar HER2 guideline for gastroesophageal
adenocarcinoma (72). Since 1998, when the first CDx
assay for HER2 targeted therapy was approved, and until
2023, the number of HER2? assays that have obtained FDA
approval is 14 as shown in Table 4. In addition to IHC, both
ISH and next-generation sequencing (NGS) have been used
to detect HER2 positivity.

With regard to the development of trastuzumab, it has
been said that if an assay did not exist to enrich the trial
population with HER2-postive patients, the phase III trial
in metastatic breast cancer would almost certainly have
failed (10,73). This statement was supported by alternative
sample size calculations performed after the conclusion
of the trial (74,75). The calculations showed that had
an all-comers trial design been used, without testing for
HER2, it would have required more than 8,000 patients to
demonstrate a statistically significant difference between the
trastuzumab and control arms, instead of the 469 patients
enrolled in the actual phase III trial (24).

In 2005, the FDA issued a draft concept paper on drug-
diagnostic co-development, which was inspired by the way
that trastuzumab had been developed in parallel with a
predictive biomarker assay. Years later, this concept paper
was followed by different guidelines discussing the co-
development of a therapeutic product with a CDx assay
(76,77). In 2014, the FDA issued a guidance document in
which they defined a CDx assay for the first time. According
to this guideline, a CDx is an in vitro diagnostic device
that provides information that is essential for the safe and
effective use of a corresponding therapeutic product (76).

Conclusions

A tumor is a dynamic entity, and resistance develops when
patients are treated with anti-cancer drugs including
HER?2 targeted therapy. This underlines the need to
develop new treatment modalities based on a better
understanding of the mechanisms of resistance and tumor
vulnerability. As described recently in a comprehensive
review in Nature Review Drug Discovery, several new
approaches for the treatment of HER2-positive tumors
are under development (78). These approaches include
combination therapy with immune checkpoint inhibitors,
new mono- and bispecific antibodies, new ADCs, TKIs,
and vaccines targeting HER?2.

In 2001, when Slamon ez al. published the results of the
phase III trial of trastuzumab in metastatic breast cancer
in New England Fournal of Medicine, it was accompanied by
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Table 4 The FDA approved companion diagnostics assays for HER2 targeted therapies (64)
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Assay

Breast cancer Gastric cancer

Lung cancer

IHC assays
Bond Oracle HER2 IHC System (Leica Biosystems)

HercepTest (Agilent Technologies/Dako Denmark)

InSite Her-2/neu KIT (Biogenex Laboratories)

PATHWAY anti-Her2/neu (Ventana Medical Systems)

ISH Assays
HER2 FISH pharmDx Kit (Agilent Technologies/Dako Denmark)

HER2 CISH pharmDx Kit (Agilent Technologies/Dako Denmark)
INFORM HER-2/neu (Ventana Medical Systems)

INFORM HER2 Dual ISH DNA Probe Cocktail (Ventana Medical
Systems)

PathVysion HER-2 DNA Probe Kit (Abbott Molecular)
SPOT-LIGHT HER2 CISH Kit (Life Technologies Corporation)

VENTANA HER2 Dual ISH DNA Probe Cocktail (Ventana Medical
Systems)

NGS assays

FoundationOne CDx (Foundation Medicine)

Guardant 360 CDX (Guardant Health)

Oncomine Dx Target Test (Life Technologies Cooperation)

Trastuzumab
Trastuzumab Trastuzumab
Pertuzumab
Trastuzumab emtansine
Trastuzumab
Trastuzumab
Trastuzumab emtansine
Trastuzumab deruxtecan
Trastuzumab Trastuzumab
Pertuzumab

Trastuzumab emtansine

Trastuzumab

Trastuzumab

Trastuzumab

Trastuzumab emtansine

Trastuzumab

Trastuzumab

Trastuzumab

Trastuzumab
Pertuzumab

Trastuzumab emtansine

Trastuzumab deruxtecan

Trastuzumab deruxtecan

FDA, Food and Drug Administration; HER2, human epidermal growth receptor 2; IHC, Immunohistochemical; ISH, in situ hybridization;

NGS, next-generation sequencing.

an editorial written by Elisabeth A Eisenhauer (79). Here,
she praised the study as a landmark trial and continued:
“On a broader level, this trial demonstrates that a rationally
selected therapy directed against a molecular determinant of
malignant transformation can improve outcome. This is the
beginning of an important new era in cancer treatment, since
many more such targeted therapies are now undergoing clinical
evaluation.” Looking back over the past decades, one must

© Annals of Translational Medicine. All rights reserved.

agree with Elisabeth Eisenhauer, this was definitely the
beginning of an important new era in cancer therapy. Since
trastuzumab was approved in 1998, a significant number
of targeted cancer therapies guided by CDxs have been
developed and approved by the FDA (80). The development
of these therapies is indebted to trastuzumab, which
demonstrated how critical it is to understand the molecular
pathophysiology and drug mechanism of action. In relation
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to both research and routine clinical practice, we have
learned the importance of selecting patients for treatment
based on objective molecular criteria. The enrichment
trial design, in which a predictive biomarker assay is used
for patient selection, has made the clinical development of
cancer therapies much more rational and the subsequent
use of these therapies in the clinic more predictable to the
benefit of the individual cancer patients.
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