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Abstract

Adverse drug reactions (ADRs) of targeted therapy drugs (TTDs) are frequently
unexpected and long-term toxicities detract from exceptional efficacy of new
TTDs. In this proof-of-concept study, we explored how molecular causation in-
volved in trastuzumab-induced cardiotoxicity changes when trastuzumab was
given in combination with doxorubicin, tamoxifen, paroxetine, or lapatinib.
The data analytical platform Molecular Health Effect was utilized to map pop-
ulation ADR data from the US Food and Drug Administration (FDA) Adverse
Event Reporting System to chemical and biological databases (such as UniProt
and Reactome), for hypothesis generation regarding the underlying molecular
mechanisms causing cardiotoxicity. Disproportionality analysis was used to as-
sess the statistical relevance between adverse events of interest and molecular
causation. Literature search was performed to compare the established hypoth-
eses to published experimental findings. We found that the combination therapy
of trastuzumab and doxorubicin may affect mitochondrial dysfunction in car-
diomyocytes through different molecular pathways such as BCL-X and PGC-1a
proteins, leading to a synergistic effect of cardiotoxicity. We found, on the other
hand, that trastuzumab-induced cardiotoxicity would be diminished by concomi-
tant use of tamoxifen, paroxetine, and/or lapatinib. Tamoxifen and paroxetine
may cause less cardiotoxicity through an increase in antioxidant activities, such
as glutathione conjugation. Lapatinib may decrease the apoptotic effects in cardi-
omyocytes by altering the effects of trastuzumab on BCL-X proteins. This patient-
centered systems-based approach provides, based on the trastuzumab-induced
ADR cardiotoxicity, an example of how to apply reverse translation to investigate
ADRs at the molecular pathway and target level to understand the causality and
prevalence during drug development of novel therapeutics.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Adverse drug reactions (ADRs) of targeted therapy drugs are frequently unex-
pected and long-term toxicities detract from the exceptional efficacy of newly de-
veloped targeted therapy drugs.

WHAT QUESTION DID THIS STUDY ADDRESS?

In this proof-of-concept study, we explored how the molecular causation involved
in trastuzumab-induced cardiotoxicity changes when trastuzumab is given in
combination with other chemotherapeutics.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

By mapping pharmacovigilance and molecular descriptor data, several hypoth-
eses were generated regarding the underlying molecular mechanisms causing
trastuzumab-induced cardiotoxicity and how molecular causations alter due to
drug-drug interactions. Disproportionality analysis was used to assess the statisti-
cal relevance between adverse events of interest and molecular causation.

HOW MIGHT THIS CHANGE CLINICAL PHARMACOLOGY OR
TRANSLATIONAL SCIENCE?

This patient-centered reverse translational systems-based approach provides an
example of a detailed investigation of ADRs at the molecular pathway and tar-
get level to provide a process to better understand and predict drug pair adverse

events.

INTRODUCTION

In a systems pharmacology view of drug action, a drug
interacts with multiple primary and secondary targets
and pathways. These targets exist within a complex net-
work that can mediate the response to the drug leading
to both therapeutic and adverse effects. A systems-based
approach can improve drug safety by enabling a more
detailed and mechanistic understanding of adverse drug
reactions (ADRs). It can provide feedback on how to miti-
gate future risks by rendering causal hypotheses, identi-
fying biomarkers that can be used to predict ADRs before
they occur, delineating a strategy for targeting high-risk
adverse events in clinical or post-marketing surveillance
analysis, and/or stratifying a population at a molecular
level to identify risks for a particular ADR. In this proof-
of-concept study, we present an example of an applied
patient-centered reverse translational systems-based ap-
proach to investigate cardiotoxicity, an ADR caused by
the targeted therapy drug (TTD) trastuzumab.

Overall, clinical responses of patients with cancer
to TTDs depend on both efficacy and safety variables.
However, current drug development strategies for TTDs
in oncology mostly focus on the on-target effects which
are related to the efficacy of a drug candidate and its pre-
dictable safety concerns. This is the reason why off-target
side effects of TTDs are frequently unexpected and long-
term toxicities detract from exceptional efficacy of new

TTDs." In addition, efficacy of TTDs is compromised by
additional host factors. Above 96% of patients with cancer
are concomitantly given one to six additional medications
because of their comorbidities on top of the existing com-
plex chemotherapy. This complex therapeutic landscape
with overlapping and pleiotropic molecular pathways
leads to a high potential of causing serious drug-drug in-
teractions (DDIs).*

In the current study, we focus on trastuzumab,
which is a monoclonal antibody TTD binding to human
epidermal growth factor receptor-2 (HER2) that is over-
expressed in about 25% of all patients with breast can-
cer.> HER2 blockade, however, can cause cardiotoxic
side effects because HER2 receptors are present in not
only breast cancer cells but also in normal cardiomy-
ocytes,' as it is essential to their development and
function."*° Although trastuzumab-induced (type II)
cardiotoxicity was regarded as less severe and largely
reversible (no changes in cardiomyocyte ultrastruc-
tures in contrast to anthracycline-induced (type I) car-
diotoxicity), the concerns on immediate and long-term
use of trastuzumab as well as the need for follow-up
have been strongly emphasized, along with increased
awareness of trastuzumab-induced cardiotoxicity and
cardiomyopathies.’

In particular, serious cardiac side effects have been
reported due to the addition of trastuzumab to anth-
racyclines even though the combination therapies of



REVERSE TRANSLATIONAL SYSTEMS BASED APPROACH

| 1005

trastuzumab and chemotherapy drugs like doxorubicin
are considered as standard treatments according to the
National Comprehensive Cancer Network clinical prac-
tice guidelines in oncology.>™’

Interestingly, there are experimental findings showing
that a combination therapy of trastuzumab and lapatinib,
which is also a TTD targeting HER2, reduces trastuzumab-
induced cardiotoxicity."'® In addition, it has been demon-
strated that some drugs, such as tamoxifen and paroxetine,
which are commonly prescribed with trastuzumab have
cardio-protective effects in combination with other breast
cancer drugs or themselves.'' ™ From these facts we can
infer that concomitant uses of these drugs during treat-
ment with trastuzumab may reduce trastuzumab-induced
cardiotoxicity.

In this research, we utilized the applied patient-
centered reverse translational systems-based approach to
explore the underlying molecular mechanisms causing
cardiotoxicity induced by monotherapy of trastuzumab
and how cardiotoxicity may change when trastuzumab
is given in combination with doxorubicin, tamoxifen,
paroxetine, or lapatinib. To this end, population ADR re-
ports from the US Food and Drug Administration (FDA)
Adverse Event Reporting System (FAERS) database'’
mapped to chemical and biological databases were ana-
lyzed using the Molecular Health’s Effect (MH Effect)!®
analytical platform in order to frame several hypotheses
regarding the changes in molecular mechanisms of car-
diotoxicity due to the DDIs. This patient-centered reverse
translational systems-based approach provides an exam-
ple for a detailed investigation of ADRs at the pathway
and target level to untangle the complex network of ADRs
and to create a hypothesis toward drug safety predictions.

METHODS

ADR cases reported in the FAERS database were analyzed
using the MH Effect (version 1.7). The following sec-
tions describe the FAERS, MH Effect, and our approach
in detail as well as how we compared and evaluated our
findings with previously published experimental data in
PubMed.

FDA adverse event reporting system

FAERS is a postmarket surveillance database of ADRs
submitted to the FDA.'”' It provides a rich source of
ADR information submitted voluntarily by drug manu-
facturers, healthcare professionals, and consumers in the
United States. Over 19,750,000 ADR reports were submit-
ted from 1969 to the present, and the number of reports

ASCPT

increases every year.!” The ADR reports are evaluated
by clinical reviewers before being publicly released on a
quarterly basis by the FDA.

Molecular Health Effect

The MH Effect is a data warehouse platform that con-
tains and maps population ADR data from FAERS with
protein information, molecular targets, and pathway data
(Figure 1). It enables a comprehensive analysis of mo-
lecular targets and mechanisms associated with ADRs
to untangle the complexity of the underlying molecular
mechanisms of spontaneous ADRs.?**" The protein and
pathway mapping are established based on information of
entries from DrugBank, PubChem, UniProt, NCI-Nature,
Reactome, and BioCarta.

In MH Effect version 1.7, used for this proof-of-concept
study, FAERS data were included up to the fourth quarter
(Q4)/2019. Reported ADRs associated with trastuzumab
and four other drugs that are typically given in combi-
nation with trastuzumab in patients with breast cancer,
namely doxorubicin, tamoxifen, paroxetine, and lapa-
tinib, were collected from the first quarter (Q1)/2008 to
Q4/2019. Data were collected from approximately a year
after the latest approval among the five investigated drugs
(i.e., March 13, 2007, for lapatinib) in order to reduce sta-
tistical bias driven by the gap before the newest drug was
introduced and prescribed.

There are a total of 18 combinations (i.e., cohorts) ex-
amined in this analysis (Figure 2). First, ADR cases associ-
ated with each of the five investigated drugs were collected.
From the ADR cases associated with trastuzumab, four
subsets were created, including the cases reported with
each of the other four drugs in combination. In order to
focus on molecular targets and mechanisms that might be
synergistic to increase trastuzumab-induced cardiotoxicity,
we further explored subsets of all nine drug combinations
after filtering out cases that do not include cardiotoxicity
among reported ADRs (Figure 2: cohort B). As all cases in
such subsets were already exposed by effects of cardiotox-
icity, we explored the collected cases, including all reported
ADRs for possible molecular mechanisms reducing cardio-
toxic effects (Figure 2: cohort A). The Preferred Term (PT)
named “Cardiotoxicity” was used from the MedDRA hier-
archy to define “cardiotoxic” ADRs (MedDRA version 22.1;
PT refers to level 4 of the hierarchy).

Disproportionality analysis

The proportional reporting ratio (PRR) was used to as-
sess the statistical relevance between the query entity and
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FIGURE 1 Schematic overview of
the data integration process mapping FDA
Adverse Event Reporting System (FAERS)
data with molecular data using Molecular
Health Effect. This figure was adapted
from Schotland et al.** AE, adverse event;
ATC, Anatomic Therapeutic Chemical;
FDA, US Food and Drug Administration;
NCI, National Cancer Institute; PRR,
proportional reporting ratio

Safety
predictions

In Silico

Mining

Network modeling

with PRR
Doxorubicin Paroxetine Lapatinib
CohortA Q
Trastuzumab Trastuzumab Trastuzumab Trastuzumab
AND AND AND AND
Doxorubicin Tamoxifen Paroxetine Lapatinib
. /1______-__-__-_____________________________________________________-_____;___.
Trastuzumab Doxorubicin Tamoxifen Paroxetine Lapatinib
AND AND AND AND AND
Cohort B Cardiotoxicity Cardiotoxicity Cardiotoxicity Cardiotoxicity Cardiotoxicity,
(=search queries
in Cohort A
ANDV . Trastuzumab Trastuzumab Trastuzumab Trastuzumab
Cardiotoxicity) AND AND AND AND
Doxorubicin Tamoxifen Paroxetine Lapatinib
AND AND AND AND
Cardiotoxici Cardiotoxici Cardiotoxici Cardiotoxici

FIGURE 2 Cohort building. In cohort A, there are nine cohorts collected using drug name(s) in search queries. We collected adverse

drug reaction (ADR) cases associated with each of the five investigated drugs (i.e., trastuzumab, doxorubicin, tamoxifen, paroxetine, and

lapatinib). In the ADR cases associated with trastuzumab, we made four subsets of the cases reported with each of the other four drugs

together. In cohort B, both drug name(s) and cardiotoxicity were used in search queries to filter out cases that do not include cardiotoxicity

among reported ADRs from each of the nine cohorts. Data were collected from Q1/2008 to Q4/2019 in all cohorts

events of interest.”> The PRR, commonly used in phar-
macovigilance (PhVg), is one of the methods of dispro-
portionality analysis that have the advantage of reducing
uncertainty from the spontaneously reported data. The
MH Effect calculates the PRR according to its definition
which is a / (a + b) divided by ¢ / (¢ + d) where a is the
number of cases reported with the query entities and
events of interest, b is the number of cases reported with
the query entities and all events except the events of inter-
est, c¢ is the number of cases reported with the events of
interest and all others in the categories of the query enti-
ties in the database except the query entities, and d is the
number of cases reported with all events in the database
but without the query entities and events of interest.”***
In addition, we determined if the signal is statistically

significant using two traditional PhVg criteria: (i) three or
more of the number of the ADR case reports and (ii) two
or greater of the lower bound of the 95% confidence inter-
val (CI) of the PRR.*?

Comparison with experimental findings
found in PubMed

To examine the hypotheses we established using the MH
Effect, we compared our results with findings from previ-
ousexperimental studies published in PubMed."+*316-2%24-29
Synonyms of the biological molecules showing high sta-
tistical relevance according to the PRR in the MH Effect
were used during the literature search.
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RESULTS
Drug combinations and cardiotoxicity

The statistical association between the drugs and car-
diotoxicity for the chosen combinations is presented
in Table 1. Both trastuzumab and doxorubicin are car-
diotoxic drugs that have statistically significant PRRs re-
garding cardiotoxicity. Trastuzumab showed the highest
statistical association with cardiotoxicity followed by dox-
orubicin out of the investigated drugs. Concomitant use of
trastuzumab and doxorubicin led to a more than twofold
increase in the PRR of cardiotoxicity, compared to that of
trastuzumab alone.

The other drugs for example, tamoxifen (hormonal
therapy), paroxetine (antidepressant), and lapatinib,
showed much lower numbers of ADR reports, including
cardiotoxicity and lower PRRs associated with cardio-
toxicity, as compared to trastuzumab and doxorubicin
(Table 1). For the reported ADR cases with both tamox-
ifen and trastuzumab, the PRR associated with cardio-
toxicity was slightly higher but the number of such
cases was much less compared to those of trastuzumab
alone. Paroxetine did not have a statistically significant
PRR associated with cardiotoxicity with respect to the
applied PhVg criteria.?> Moreover, there were zero ADR
cases of cardiotoxicity reported with the combination
therapy of paroxetine and trastuzumab. Although lapa-
tinib is also a TTD targeting HER2-like trastuzumab, the
PRR between lapatinib and cardiotoxicity was threefold
lower than that of trastuzumab. Moreover, it is nota-
ble that concomitant use of these two TTDs decreased
trastuzumab-induced cardiotoxicity with respect to the
PRR. However, the 95% CIs of the PRR of the combina-
tion therapies with either tamoxifen or lapatinib overlap
with the one of trastuzumab alone.

Trastuzumab-induced cardiotoxicity

In MH Effect, 746 molecular mechanisms were mapped
with cases associated with trastuzumab and cardiotox-
icity (Table 2). When ranking them using the PRR, we
found that molecular mechanisms of apoptosis regula-
tor proteins of BCL-2 members have a strong statistical
association with trastuzumab-induced cardiotoxicity. In
particular, the PRRs were high with a mechanism of in-
activation of anti-apoptotic BCL-2 members as well as a
mechanism of activation of the pro-apoptotic BAD protein
that is a BCL-2 associated death promoter. As a result, a
molecular mechanism related to mitochondria and in-
creased apoptosis through intrinsic death receptor (BAD)
signaling showed a high PRR.

ASCPT

Through literature review, we validated that these
mechanisms induce mitochondria dysfunction and
caspase activation through BCL-2 family proteins, leading
to cardiotoxicity (Figure 3)." In addition, previous experi-
mental findings support that HER2 inhibition by trastu-
zumab leads to a decrease in an anti-apoptotic member
of the BCL-2 family, BCL-XL, and an increase in a pro-
apoptotic member, BCL-xS.* Loss of mitochondrial mem-
brane potential and caspase activation occur as results of
the mechanisms."*

Drug-drug interactions increasing
trastuzumab-induced cardiotoxicity

Concomitant use of doxorubicin with trastuzumab in-
creased the PRRs of molecular mechanisms triggering
apoptosis through BCL-2 members, compared to tras-
tuzumab alone (Table 3). Both toxic mechanisms (i.e.,
inactivation of anti-apoptotic BCL-2 members and acti-
vation of BAD), showed higher PRRs in the ADR cases,
including both drugs included in the search queries. In
addition, it has been known that binding doxorubicin to
topoisomerase II (top2) in cardiomyocytes downregu-
lates peroxisome proliferator-activated receptor-y co-
activator 1-o (PGC-1a) and PGC-1p, which are critical
for the mitochondrial biogenesis and function.’** The
PRRs of the Peroxisome proliferator activated receptor-a
(PPAR«)-related mechanisms were low (<1.25) in all
three cohorts, and the values were statistically insig-
nificant when comparing the quantities.”” The result-
ant molecular mechanism (i.e., role of mitochondria in
apoptotic signaling), also showed a higher PRR, indicat-
ing the increased risk of developing cardiotoxicity. Thus,
we hypothesize that the combination therapy of trastu-
zumab and doxorubicin may induce a synergistic effect
of mitochondrial dysfunction in cardiomyocytes through
different molecular pathways of the BCL-2 family and
PPAR proteins, leading to an increased risk of develop-
ing cardiotoxicity.

Drug-drug interactions decreasing
trastuzumab-induced cardiotoxicity

Concomitant use of tamoxifen with trastuzumab in-
creased the PRRs of molecular mechanisms involved
in protecting cardiomyocytes (Table 4). Two molecu-
lar mechanisms describing the calcineurin-mediated
nuclear factor of activated T cells (NFAT) signaling
pathways showed higher PRRs when both drugs were
included in the search queries, compared to trastuzumab
alone. Thus, we inferred that the combination therapy
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with tamoxifen might enhance calcineurin activity, re-
sulting in cardiac hypertrophy. Although hypertrophy
is considered as one of the varieties of pathological
conditions of cardiotoxicity, it has been demonstrated
that calcineurin-mediated hypertrophy protects car-
diomyocytes from apoptosis as well as the activation of
calcineurin itself downregulates apoptosis by increasing
anti-apoptotic BCL-2 proteins.>>”*’ Therefore, we hy-
pothesize that the combination therapy of trastuzumab
and tamoxifen may reduce trastuzumab-induced cardio-
toxicity by stimulating the anti-apoptotic effect through
calcineurin-dependent pathways.

For the concomitant use of paroxetine with trastu-
zumab, we found that the PRR of the mechanisms of glu-
tathione conjugate increased in the combination cohort
(Table 4). Paroxetine reduces oxidative stress by replen-
ishing glutathione and its antihypertensive properties,
which may attenuate cardiotoxic effects.!>'%?® Therefore,
we hypothesize that paroxetine may reduce trastuzumab-
induced cardiotoxicity by promoting the antioxidant activ-
ity of glutathione.

Last, the concomitant use of lapatinib with trastu-
zumab showed slightly less PRRs of the toxic molecular
mechanisms related to the BCL-2 apoptosis regulator
proteins (Table 4). In addition, published findings sug-
gest that lapatinib may reduce trastuzumab-induced
cardiotoxicity by activating adenosine monophosphate-
activated protein kinase (AMPK), whereas trastuzumab
reduces AMPK.** We explored the AMPK-related molec-
ular mechanisms, but the PRRs were too low to be statis-
tically significant (Table 4).* Thus, we hypothesize that
lapatinib might alter the effect of trastuzumab on BCL-2

family proteins to mediate mitochondrial dysfunction in
cardiomyocytes.

DISCUSSION

Whereas trastuzumab inhibits HER2 signaling, doxoru-
bicin acts on top2.*® Acting on different pharmacological
targets leads to a reduced death rate of patients with breast
cancer by 30% through concomitant use of the drugs.” The
high risk of cardiotoxic ADRs, however, often terminates
the combination therapy of trastuzumab and doxorubicin.
The mechanism of cardiotoxicity induced by each one of
the two drugs of the combination seems to be distinct from
one another as the characteristics of the ADR are differ-
ent.! For example, trastuzumab-induced cardiotoxicity is
not dose-dependent, and it is not associated with ultra-
structural changes so it is at least partially reversible.'*°
On the other hand, doxorubicin-induced cardiotoxicity
correlates with total cumulative dose, and it is associated
with changes in myocardial ultrastructure and hence it is
irreversible.”* In this work, we explored possible changes
of molecular cardiotoxic causation when trastuzumab is
given in combination with doxorubicin. In addition, we ex-
plored how trastuzumab-induced cardiotoxicity would be
reduced when trastuzumab is given in combination with
one of the other drugs under investigation in this analy-
sis, such as tamoxifen, paroxetine, and lapatinib. About
four out of every five cases of breast cancer are estrogen
receptor (ER) positive, which means there are excessive
receptors binding the hormone estrogen.** The signaling
of ER promotes the growth of cancer cells, and tamoxifen

TABLE 1 Statistical associations

N of all Nincluding PRR associated with .
. L . .. between the drug combinations and
Drug(s) ADRs cardiotoxicity cardiotoxicity (95% CI) . . :
cardiotoxicity. Listed results are based on

Trastuzumab 31,795 438 46.33 (41.97-51.14) reported ADRs in cohort A
Doxorubicin 62,792 723 42.15 (38.89-45.69)
Tamoxifen 12,085 31 7.72 (5.42-10.98)
Paroxetine 49,088 5 0.3 (0.13-0.73)
Lapatinib 12,858 61 14.38 (11.18-18.51)
Trastuzumab and 2049 75 111.5 (89.09-139.56)

doxorubicin
Trastuzumab and 1383 27 58.72 (40.37-85.43)

tamoxifen
Trastuzumab and 139 0 n/a (n/a)

paroxetine
Trastuzumab and 2881 35 36.61 (26.3-50.97)

lapatinib

Note: Data collection period = Q1/2008 to Q4/2019.

Abbreviations: ADR, adverse drug reaction; CI, confidence interval; N, number of case reports; PRR,

Proportional Reporting Ratio.
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TABLE 2 Major molecular mechanisms related to trastuzumab-induced cardiotoxicity

Ranking
(total: 746) Molecular mechanisms N (total: 438) PRR (95% CI)
1 Signaling by ERBB2 (HER2) 438 85.83(85.38-86.29)
4 Signaling by ERBB4 438 57.7 (57.45-57.95)
ERBB receptor signaling network 438 50.53 (50.32-50.74)
33 Bh3-only proteins associated with and inactivate anti-apoptotic BCL-2 members 209 15.93 (14.44-17.58)
35 Activation of BAD and translocation to mitochondria 209 15.81(14.33-17.44)
38 Role of mitochondria in apoptotic signaling 209 15.38 (13.94-16.96)

Note: The total number of 746 molecular mechanisms, which are associated with the 438 cases reported with trastuzumab and cardiotoxicity together (i.e.,

cohort B), were ranked by PRR.
Data collection period = Q1/2008 to Q4/2019.

Abbreviations: CI, confidence interval; N, number of case reports; PRR, Proportional Reporting Ratio.

FIGURE 3

HER?2 signaling and mitochondrial dysfunction in cardiomyocytes. Targeting the HER2 receptor (a) may induce

mitochondria dysfunction and caspase activation (c) through BCL-2 family proteins (b), leading to cardiotoxicity. Figure is adapted from

reference 1

inhibits its signaling.® It has been suggested that ER and
HER?2 are inhibited by tamoxifen and trastuzumab, respec-
tively, at the same time based on the rationale that both
receptors are therapeutic targets.>*® Experiments count-
ing cell accumulations during phases of the cell cycle of
BT-474 cells and measuring the percentage of living cells
of breast cancer cells demonstrated that the combination
therapy of trastuzumab and tamoxifen has better efficacy
than monotherapy with either agent.’>*’

Our results indicate that the concomitant use of tras-
tuzumab and tamoxifen has the higher PRR associated
with cardiotoxicity, compared to each drug alone (Table 1).
However, this is based on only 27 cases. For this reason, we
tested the hypothesis further by investigating at the molec-
ular level and cross-examined it with literature. We found
that the molecular level analysis supported that the trastu-
zumab and tamoxifen combination may instead lower the

risk of cardiotoxicity (Table 4). Even though it is still am-
biguous whether the concomitant use of trastuzumab and
tamoxifen has an advantage in reducing cardiac side effects
induced by trastuzumab, some studies indicate tamoxifen
has cardioprotective effects."'™'* In addition, Silva et al.
evaluated the recovering effects of tamoxifen after chemo-
therapy by measuring the left ventricular ejection fraction
(LVEF) and a plasma level of NT-pro-B-type natriuretic
peptide (NT-proBNP), which is a biomarker of cardiac dys-
function.'* Although their study was not directly related to
the combination therapy with trastuzumab, it was proven
that tamoxifen restored the levels of LVEF and NT-proBNP
that were changed due to chemotherapy to the initial de-
grees at the beginning of treatment."?

Paroxetine has been prescribed to be given in combina-
tion with anticancer drugs, including trastuzumab to treat
depression frequently observed in the majority of patients
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TABLE 3 Molecular mechanisms increasing trastuzumab-induced cardiotoxicity

Drug(s) Molecular mechanisms N PRR (95% CI)
Trastuzumab BH3-only proteins associated with and inactivate anti 209 15.93 (14.44-17.58)
Doxorubicin apoptotic BCL-2 members 88 4.06 (3.34-4.94)
Trastuzumab and doxorubicin 57 25.37 (22.34-28.81)
Trastuzumab Activation of BAD and translocation to mitochondria 209 15.81 (14.33-17.44)
Doxorubicin 88 4.03 (3.31-4.9)
Trastuzumab and doxorubicin 57 25.17 (22.16-28.59)
Trastuzumab PPARa activates gene expression 76 0.55(0.44-0.67)*
Doxorubicin 285 1.24 (1.13-1.36)*
Trastuzumab and doxorubicin 27 1.13 (0.84-1.53)*
Trastuzumab Role of mitochondria in apoptotic signaling 209 15.38 (13.94-16.96)
Doxorubicin 88 3.92 (3.22-4.77)
Trastuzumab and doxorubicin 57 24.48 (21.56-27.8)

Note: The PRR represents the statistical association quantity of how much the molecular mechanism is associated with both the drug(s) and cardiotoxicity in
cohort B.

Data collection period = Q1/2008 to Q4/2019.
Abbreviations: CI, confidence interval; N, number of case reports; PRR, Proportional Reporting Ratio.

“Statistically insignificant.

TABLE 4 Molecular mechanisms decreasing trastuzumab-induced cardiotoxicity

Drug(s) Molecular Mechanisms N PRR (95% CI)
Trastuzumab Role of calcineurin-dependent NFAT signaling in lymphocytes 17,725 5.76 (5.7-5.81)
Tamoxifen 12,085 10.29 (10.27-10.31)
Trastuzumab and tamoxifen 1383 10.2 (10.18-10.22)
Trastuzumab Calcineurin-regulated NFAT-dependent transcription in 6086 0.63 (0.61-0.64)*
Tamoxifen lymphocytes 12,085 3.28 (3.27-3.28)
Trastuzumab and tamoxifen 1383 3.27 (3.27-3.27)
Trastuzumab Glutathione conjugation 8331 2.92(2.87-2.98)
Paroxetine 2008 1.84 (1.77-1.92)*
Trastuzumab and paroxetine 419 3.36 (3.1-3.64)
Trastuzumab BH3-only proteins associated with and inactivate anti-apoptotic 17,001 18.72 (18.52-18.93)
Lapatinib BCL-2 members 2332 6.09 (5.87-6.32)
Trastuzumab and lapatinib 1600 18.62 (18.01-19.24)
Trastuzumab Activation of BAD and translocation to mitochondria 17,008 18.58 (18.38-18.78)
Lapatinib 2335 6.05(5.83-6.27)
Trastuzumab and lapatinib 1603 18.51 (17.91-19.12)
Trastuzumab Activated AMPXK stimulates fatty-acid oxidation in muscle 1289 0.52 (0.49-0.55)*
Lapatinib 396 0.39 (0.36-0.43)%
Trastuzumab and lapatinib 112 0.5 (0.42-0.6)*

Note: The PRR represents the statistical association quantity of how much the molecular mechanism is associated with the drug(s) and all reported ADRs in
cohort A.

Data collection period = Q1/2008 to Q4/2019.
Abbreviations: ADR, adverse drug reaction; CI, confidence interval; N, number of case reports; PRR, Proportional Reporting Ratio.

“Statistically insignificant.

with cancer; at least 25% of patients with breast cancer ex- Lapatinib is a small molecule inhibitor of the epi-
perience depressive disorders.*®**° In our analysis, paroxe- dermal growth factor receptor and HER2. Targeting
tine showed cardioprotective effects. distinct sides on the HER2 receptor concomitantly via
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different mechanisms of action by lapatinib and tras-
tuzumab enhances efficacy versus when either agent is
given as monotherapy.>*® Concomitant use of lapatinib
with trastuzumab has a further tactical advantage from a
safety perspective because lapatinib has minimal cardio-
toxicity and even it reduces the trastuzumab-induced car-
diotoxicity while it targets HER2 as trastuzumab does."

Nevertheless, we acknowledge the limitations of our
analysis using FAERS data. One limitation is that similar
symptoms of cardiotoxicity could have been reported in
FAERS using different terms in MedDRA.* In addition,
the general definition or threshold of cardiotoxicity is still
ambiguous despite attempts to define cardiotoxicity in
terms of a reduction in LVEFE.® Moreover, due to limited
information, it was not accounted whether the examined
drugs were given in combination at the same time or if
one was started after discontinuation of the other. In ad-
dition, disease stages (or severity) of cardiotoxicity were
not provided in FAERS. Other limitations of this analysis
and of FAERS data include (i) the possibility of misstate-
ments of indications, (ii) ADRs attributed to additionally
co-administered medications, (iii) difficulty for risk as-
sessment of over-the-counter drugs, and (iv) uncertainty
that a given ADR is causally related to the drug product
or due to other risk factors, such as patient characteristics,
including age, smoking status, and history of coronary ar-
tery disease.** ™

Although many questions still remain to develop bet-
ter methodologies to mechanistically investigate ADRs
using spontaneous reporting databases, this systems-
based approach provides an exemplar for a detailed in-
vestigation of an ADR (i.e., cardiotoxicity), due to DDIs
at the pathway and target levels and provides a process
to better understand drug pair adverse events. Mapping
real-world population data to the protein and pathway
databases enables mechanistic investigation into the mo-
lecular pathways and provides the scientific rationale
for potentially mitigating cardiotoxicity of trastuzumab
and doxorubicin, as a single agent or in combination.
Using this approach, Schotland et al. was able to show
improved accuracy of the safety evaluation using post-
market reporting databases.*’

In this work, we investigated the underlying molecu-
lar mechanisms of cardiotoxicity induced by trastuzumab,
and explored signal alterations caused by DDIs with other
drugs typically given in combination with trastuzumab in
patients with breast cancer. In the future, once additional
ADR events have been reported, an investigation focusing
on different types of heart disorders and/or subpopula-
tions could be performed (e.g., for QT prolongation, heart
failure, or bradycardia).

We conclude that the combination therapy of trastu-
zumab and doxorubicin may induce a synergistic effect

ASCPT

of mitochondrial dysfunction in cardiomyocytes through
different molecular pathways of BCL-2 and PPAR« pro-
teins, whereas other combinations with the hormone
therapy tamoxifen, the antidepressant paroxetine, and
another TTD lapatinib may reduce trastuzumab-induced
cardiotoxicity by stimulating the anti-apoptotic effect of
calcineurin signaling pathways, by promoting the antiox-
idant activity of glutathione, and by changing the effects
of trastuzumab on BCL-2 family proteins, respectively.
Our findings are consistent with previous experimen-
tal results and we anticipate that the systems-based ap-
proach we applied will contribute to the progress made in
understanding the mechanisms of trastuzumab-induced
cardiotoxicity. In addition, this methodology provides
an example for the detailed mechanistic investigation
of ADRs due to monotherapy or DDIs at the molecular
pathway and target levels and a process helping to bet-
ter understand drug pair adverse events. This patient-
centered reverse translational systems-based approach
could be useful to back translate and inform drug devel-
opment pipelines not only in oncology but also in other
disease areas to predict the probability of ADR events
already during early stage drug development for a novel
therapeutic.
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