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Abstract

Trastuzumab, an epidermal growth factor receptor 2 (HER2) targeting humanized monoclonal antibody, has
been approved for the treatment HER2-positive breast cancer and HER2-positve metastatic gastric cancer.
However, cardiotoxicity associated with its clinical application poses challenges for clinicians and patients,
mechanisms of which are still evolving. This review will summarize the current mechanistic understanding
of trastuzumab-mediated cardiotoxicity, discuss the novel role of DNA topoisomerase IIB as a shared target
for enhanced cardiotoxicity induced by trastuzumab and anthracyclines-based combination regimens, and
speculate the potential impact of trastuzumab intervention in immune checkpoint inhibitors-based therapies.

Statement of Significance: Mechanisms of trastuzumab-mediated cardiotoxicity are still evolving. This
review highlights novel discovery of DNA Topoisomerase II as a shared target for anthracycline and
trastuzumab-induced cardiotoxicity and speculates on cardiac risks associated with trastuzumab and
immune checkpoint-based therapies.
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TRASTUZUMAB AND MECHANISMS OF ACTION

Trastuzumab, a humanized monoclonal antibody directed
against epidermal growth factor receptor 2 (HER2), has
been approved to treat multiple oncologic conditions,
including HER2-positive breast cancers in adjuvant,
neoadjuvant, and metastatic settings and metastatic gastric
cancer [1,2,3]. HER2 is overexpressed in approximately
20–25% of breast cancers, which is characterized by
aggressive growth and poor prognosis. While it has been
postulated that there is no recognized ligand binding to
HER2 extracellular domain, understanding of HER2
structural intricacies and HER2 biology has spurred
development of multiple HER2 targeting agents, often
with complex and previously unrecognized mechanisms of
action. Trastuzumab binds to domain IV of extracellular
domain of HER2 and triggers its tumor-suppressive
actions through multiple mechanisms, including activation

of antibody-dependent cell-mediated cytotoxicity, inhibi-
tion of HER2 extracellular domain cleavage, disruption of
HER2 receptor homodimerization and heterodimerization,
abrogation of oncogenic cellular signaling, and downreg-
ulation of angiogenesis and DNA repair pathways [1,4,5].
Knowledge of the anti-tumor mechanisms of trastuzumab
is constantly developing, due to better understanding of
HER2-associated signaling pathways, and many aspects of
mechanisms of action still need to be clarified. Accumu-
lating data suggest that unlike tyrosine kinase inhibitors
or cetuximab, a monoclonal antibody directed against
epidermal growth factor receptor (EGFR), trastuzumab
increases tyrosine kinase activity of HER2 and induces
phosphorylation of HER2 and EGFR at tyrosine 1248
(Y1248) and tyrosine 845 (Y845), respectively, in HER2-
positive breast cancer cells [6,7,8]. The enhanced HER2
phosphorylation at Y1248 increases the interaction of
HER2 with non-receptor Csk-homologous kinase that
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negatively regulates the activity of HER2 signaling, leading
to growth inhibition of breast cancer cells [6]. Clinical data
suggest that the status of HER2 phosphorylation at Y1248
correlates with the response to trastuzumab treatment in
neoadjuvant settings, consistent with findings obtained
from the cellular model [6].

Clinical benefits of trastuzumab in conjunction with
chemotherapy are well documented; however, therapeu-
tic application of trastuzumab-based regimens is limited
by occurrence of significant adverse cardiac events. While
clinical data supporting the in vivo relevance of different
mechanisms of trastuzumab action and side effects are still
lacking, expanded use of trastuzumab in clinical practice
has spurred interest in research models that aid under-
standing of trastuzumab-associated clinical phenomena,
including cardiotoxicity. In this review, we attempted to
summarize some of the highlights and challenges that will
be at the frontiers of trastuzumab research.

CARDIOTOXIC EVENTS REPORTED IN CLINICAL
TRIALS

Early phase I and phase II clinical trials in which
trastuzumab was used alone or in combination with
cisplatin appear to be well tolerated and did not report any
significant adverse cardiac events in the patients [9,10]. The
pivotal, randomized multicenter phase III trial by Slamon
and colleagues showed that combining trastuzumab with
anthracyclines caused cardiac dysfunctions and heart
failures in up to 27% of HER2-positive metastatic
breast cancer patients compared with less than 7% in
anthracyclines only group [11]. Retrospective evaluation of
incidence of cardiac dysfunctions caused by trastuzumab in
adjuvant setting concluded that approximately one in four
women might develop left ventricular systolic dysfunctions
after trastuzumab administration [12]. Likewise, another
large population-based, observational study of 12 500
women diagnosed with invasive breast cancer reported
that incidences of cardiotoxicity and cardiomyopathy
were higher in trastuzumab-treated group compared to
anthracycline alone, thus complementing the findings from
clinical trial data on trastuzumab safety [13]. Concomitant
administration of anthracyclines and trastuzumab in most
clinical trials reported higher percentage of cardiac toxicity
[14]. Unexpected high incidences of cardiac dysfunctions
in these studies changed the design of subsequent clinical
trials in which concurrent treatment of trastuzumab and
anthracyclines was substituted with sequential therapy.
Large clinical trial Breast Cancer International Research
Group 006 investigating trastuzumab efficacy in adjuvant
setting reported that 2% incidence of congestive heart fail-
ure occurred in chemotherapy and trastuzumab sequential
therapy group in comparison to 0.7% in chemotherapy
only group [15]. Similarly, final analysis from HERceptin
Adjuvant trial also reported much lower rate of cardiotoxi-
city with 7.25% incidence of secondary cardiac endpoint
(class I or II toxicity as defined by New York Heart
Association) in 2-year trastuzumab group and 4.4% in 1-
year trastuzumab [16]. To minimize the cardiotoxicity, these
large adjuvant clinical trials implemented few guidelines
that included sequential administration of trastuzumab

after chemotherapy, careful monitoring of left ventricle
ejection fraction (LVEF) during trastuzumab treatment,
excluding the patients with pre-existing cardiovascular
illness and discontinuation of trastuzumab when patients
develop cardiac symptoms [17]. To assess whether pharma-
cological interventions can reduce trastuzumab-mediated
cardiotoxicity, two clinical studies, The Multidisciplinary
Approach to Novel Therapies in Cardiology Oncology
Research and Prevention of Cardiac Dysfunction During
Adjuvant Breast Cancer Therapy, used angiotensin enzyme
inhibitor, β-blocker, and angiotensin-receptor blocker
in adjuvant trastuzumab settings; however, both studies
reported no significant benefit to patients when these
cardioprotective agents were added to trastuzumab-based
regimen [17]. Despite enforcement of stringent patient
enrollment criteria, trastuzumab-based regimens are still
regarded as significant cardiotoxicity risk, although the
numbers of cardiotoxic events from recent clinical studies
are less than reported in earlier trials.

MOLECULAR MECHANISMS OF CARDIOTOXICITY

Despite considerable efforts to uncover molecular aspects
of trastuzumab-induced cardiotoxicity, its mechanisms
remain incompletely understood. Trastuzumab-induced
cardiac dysfunctions were regarded as less severe and
largely reversible because primary cardiomyocyte did
not show ultrastructure changes that were associated
with anthracycline-induced cardiotoxicity, and primary
myocyte injury did not occur in patients that were treated
with trastuzumab [18]. Concerns have been raised about
immediate and long-term cardiovascular risks associated
with trastuzumab therapy and the need for longer cardiac
follow-up for patients was emphasized [19, 20]. In vivo
investigation from our lab showed that trastuzumab caused
ultrastructural alternations in mice heart tissues as detected
by electron microscopy. This suggested that trastuzumab
might produce lasting effect on myocyte structure, thus
questioning the reversibility concept of trastuzumab-
induced cardiotoxicity [21]. Additionally, trastuzumab
treatment also significantly changed expression profiles of
genes necessary for cardiac and mitochondrial functions
and DNA repair [21]. Interestingly, trastuzumab-treated
mice had significantly elevated serum levels of cardiac
myosin light chain, which could be evaluated as potential
biomarker for trastuzumab-induced cardiotoxicity in
humans [21].

Integral role of HER2 signaling in cardiac development
is well established [22, 23]. Conditional mutant mice car-
rying cardiac-specific deletion of HER2 showed multiple
independent parameters of dilated cardiomyopathy, thus
emphasizing the pivotal role of HER2 in embryonic and
postnatal cardiogenesis [24]. Recent investigation from our
lab confirmed the direct link between impaired HER2
signaling and trastuzumab-induced cardiotoxicity and
showed that trastuzumab dysregulates HER2 signaling
and suppresses autophagy in cardiomyocytes to trigger
accumulation of toxic reactive oxygen species (ROS) in
human cardiomyocytes [25]. Trastuzumab disrupts HER
signaling by inducing phosphorylation of HER1 and
HER2 at 845 and 1248 sites, respectively, and activates
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autophagy-inhibitory Erk/mTOR/Ulk 1 signaling cascade,
thereby compromising cardiomyocyte’s ability to recycle
toxic cellular substrates causing cardiotoxicity [25]. On the
contrary, pertuzumab, another anti-HER2 monoclonal
antibody with distinct epitope, did not affect HER2
signaling cascade (as evaluated by HER1 and HER2
phosphorylation), at least in cardiomyocyte in vitro model,
which is consistent with results from clinical studies
reporting that addition of pertuzumab to trastuzumab-
based regimens did not have additive or synergistic effect
on cardiotoxicity [26]. Not unexpectedly, Akt activity,
which was downregulated by trastuzumab in HER2-
positive breast cancer cells [6], remained unchanged in
cardiomyocytes treated with trastuzumab, suggesting that
HER2 downstream signaling is differentially regulated by
trastuzumab dependent on status of HER2 expression
levels in cells. Differential regulation of HER2 signaling
pathways following trastuzumab binding in human car-
diomyocytes and tumor cells remains underexplored and
could hold potential for understanding problems such as
trastuzumab-associated cardiotoxicity.

TOP2B AS A SHARED TARGET FOR THE
ENCHANTED CARDIOTOXICITY INDUCED BY
THE COMBINATION OF TRASTUZUMAB AND
DOXORUBICIN TREATMENT

Although combination of trastuzumab and anthracycline-
based chemotherapy, such as doxorubicin, is used as a stan-
dard of care in the treatment for patients at different stages
of breast cancers, understanding of the mechanisms of
cardiotoxicity associated with this combination treatment
remains elusive. Despite their efficacy in cancer treatment,
both doxorubicin and trastuzumab have been found to
induce severe cardiotoxicity, either alone or in combination.
DNA topoisomerase IIB (TOP2B) was previously iden-
tified as a major cellular target for doxorubicin-induced
cardiotoxicity [27]. Doxorubicin binds to TOP2B protein
and DNA resulting in double strand DNA breaks, acti-
vation of DNA damage response pathway, and induction
of programmed cell death (PD) in cardiomyocytes causing
cardiotoxicity. It is tempting to speculate that in the absence
of trastuzumab, anthracycline-induced damage via binding
to TOP2B might be repaired by yet unidentified mecha-
nism that is likely associated with normal HER2 function
in cardiomyocytes [18]; in the presence of trastuzumab,
an anti-HER2 binding agent, the HER2 function would
be compromised and the more likely outcome would be
significant damage in cardiomyocytes [18, 28]. Although
plausible, little experimental evidence is available to sup-
port this “repair-interfering model” [18] for trastuzumab/
anthracycline combination therapy associated cytotoxicity.

In our recent publication, we attempted to address
the issue of cardiotoxicity associated with doxorubicin/
trastuzumab combination therapy [29]. Using a high-
throughput DNA microarray method to screen for genes
affected by trastuzumab in the primary human cardiomy-
ocytes, we found that trastuzumab downregulated gene
expression of TOP2B [29]. Using primary cardiomyocytes
as a cellular model, we identified that trastuzumab
either alone or in combination with doxorubicin strongly

downregulated TOP2B, a major intracellular target in
doxorubicin-induced cardiotoxicity [27, 29]. Furthermore,
treatment of cardiomyocytes with combination of trastuzu-
mab and doxorubicin either sequentially or concurrently
significantly enhances downregulation of the protein levels
of TOP2B, increases apoptosis and cell growth inhibition,
and promotes production of reactive oxidative and nitrative
species in human cardiomyocytes as compared to either
trastuzumab or doxorubicin treatment (Fig. 1) [26].

In our recent study, we also revealed that the treatment of
human cardiomyocytes with doxorubicin increased HER2
protein level and activated downstream HER2 signaling
pathway, which might render the cardiomyocytes to become
addicted to HER2 signaling for survival under stressed
conditions. Because doxorubicin treatment enhanced
HER2 expression, we believed this could be the reason that
cardiomyocytes become more sensitive to trastuzumab-
mediated HER2-targeted treatment and subsequently more
stressful under dual exposures. The finding of doxorubicin-
induced upregulation of HER2 expression in human
cardiomyocytes supports the “repair-interfering model”,
in that trastuzumab may prevent recovery of cardiotoxicity
induced by doxorubicin. Taken together, our study suggests
a novel molecular model for the significantly increased
cardiotoxicity induced by combination of trastuzumab and
doxorubicin.

Figure 1. TOP2B: a shared target for the cardiotoxicity induced by dox-
orubicin and trastuzumab. Both of doxorubicin and trastuzumab inhibit
TOP2B in human cardiomyocytes. Their combined cardiotoxic effect at
the cellular level is associated with increased ROS production and DNA
damage enhancement. While doxorubicin inhibits TOP2 activity, it also
enhances the levels of HER2 expression in human cardiomyocytes, which
may render the cardiomyocytes to become addicted to HER2 signaling
for survival under stressed conditions, leading to cardiomyocytes becom-
ing more sensitive to trastuzumab treatment after doxorubicin exposure.
Our proposed model explains the elevated cardiotoxicity induced by
trastuzumab and doxorubicin combination therapy. In addition, Rac1,
a small GTPase inhibitor, prevents trastuzumab from inducing DNA
damage and suppresses increased ROS production induced by either
trastuzumab alone or combination of doxorubicin and trastuzumab,
suggesting that Rac1 inhibitor may be used to antagonize cardiotoxicity
induced by trastuzumab or trastuzumab and doxorubicin combination
therapy.
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POTENTIAL CARDIOTOXICITY FROM IMMUNE
CHECKPOINT INHIBITORS AND TRASTUZUMAB

Immune checkpoint proteins, cytotoxic T lymphocyte
associated 4 and PD-1 that are frequently expressed in
T cells, can interact with their ligands CD80/CD86 and
programmed cell death ligand 1 (PD-L1). Their interaction
can effectively block anti-tumor T cell responses and
assist tumor cells in escaping T cell–mediated killing [30].
Several monoclonal antibodies targeted against immune
checkpoints gained Food and Drug Administration
(FDA) approval in recent years including anti-CTLA-4
antibodies (ipilimumab and tremelimumab), anti-PD-1
antibodies (nivolumab and pembrolizumab), and anti-PD-
L1 antibodies (atezolizumab, avelumab, and durvalumab)
[30]. Although, immune checkpoint inhibitors have rev-
olutionized the clinical management of advanced staged
malignancies with dismal prognosis [31], activation of
immune system by these therapeutic monoclonal antibod-
ies also causes wide spectrum of adverse events, including
myocarditis, myocardial fibrosis, cardiomyopathy, and
heart failure; mechanisms of which are not yet identified.
Recently, Johnson et al. reported two death cases of
lethal myocarditis accompanied with myositis in melanoma
patients who received nivolumab and ipilimumab [32].
Both patients did not have history of any major cardiac
risk factor except hypertension, but they developed severe
cardiac symptoms within two weeks of administration
of first dose [32]. Authors performed next generation
sequencing of complementarity-determining region 3
of T cell receptors from tumor as well as heart and
skeletal muscles biopsies, and observed that T cell receptor
sequences were shared among cardiac muscle, skeletal
muscle, and tumor tissues, which raises the possibility
that T cells could be responding to common antigen [32].
Authors further analyzed large corporate safety database
of Bristol-Meyers Squibb and concluded that patients
treated with combination of nivolumab and ipilimumab
are more vulnerable to adverse cardiac events compared
to nivolumab alone (0.27% vs. 0.06%; P < 0.001), but
condition remains rare in both regimen affecting only
less than 1% of the patients [28,29]. Currently, many
clinical trials are ongoing for the treatment of breast
and gynecologic malignancies using immune-checkpoint
antibodies alone and in combination with trastuzumab
and anthracycline-based regimens [33]. Initial safety data
from Phase IB of PANACEA trial evaluating efficacy of
trastuzumab and pembrolizumab combination in PD-L1
positive patients were presented at 2017 San Antonio Breast
Cancer Symposium, which did not observe any cardiac
events in patients; however, 19% of the patients in this study
developed immune-related adverse event [34]. Further data
from these and other trials on trastuzumab clinical studies
are awaited.

Since the population of cancer patients treated with
anti-HER2 targeted therapy and/or immune checkpoint
inhibitors is growing rapidly, the potential risk of car-
diotoxicity in these patients is increasing. Thus, it is urgent
to understand how these drugs induce cardiotoxicity and
whether combination therapies could further increase the
cardiac risk for cancer patients. It is also crucial to deter-

mine specific major histocompatibility phonotype, T cell
characteristics, and other immune features that might pre-
dispose immune-related adverse cardiac events in patients
exposed to immune checkpoint inhibitors and trastuzumab
combination. Development of time-sensitive and specific
bioassays and other innovative non-invasive methods that
could detect early onset of cardiotoxicity is urgently needed
to support post-marketing surveillance program for these
drugs and improve the quality of life for cancer patients.
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