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Abstract
Trastuzumab- induced cardiotoxicity interferes with continued treatment in approxi-
mately 10% of patients with ErbB2- positive breast cancer, but its mechanism has not 
been fully elucidated. In this study, we recruited trastuzumab- treated patients with 
≥30% reduction in left ventricular ejection fraction (SP) and noncardiotoxic patients 
(NP). From each of these patients, we established three cases of induced pluripotent 
stem cell- derived cardiomyocytes (pt- iPSC- CMs). Reduced contraction and relaxation 
velocities following trastuzumab treatment were more evident in SP pt- iPSC- CMs 
than NP pt- iPSC- CMs, indicating the cardiotoxicity phenotype could be replicated. 
Differences in ATP production, reactive oxygen species, and autophagy activity were 
observed between the two groups. Analysis of transcripts revealed enhanced kal-
likrein5 expression and pro- inflammatory signaling pathways, such as interleukin- 1β, 
in SP pt- iPSC- CMs after trastuzumab treatment. The kallilkrein5- protease- activated 
receptor 2 (PAR2)- MAPK signaling pathway was more activated in SP pt- iPSC- CMs, 
and treatment with a PAR2- antagonist suppressed interleukin- 1β expression. Our 
data indicate enhanced pro- inflammatory responses through kallikrein5- PAR2 sign-
aling and vulnerability to external stresses appear to be the cause of trastuzumab- 
induced cardiotoxicity in SP.
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1  |  INTRODUC TION

Human epidermal growth factor receptor 2 is overexpressed in ap-
proximately 20% of breast cancer and is associated with poor prog-
nosis. Trastuzumab, an anti- ErbB2 humanized mAb released in 1998, 
dramatically reduces cancer recurrence and mortality.1,2 However, 
unpredictable cardiotoxicity occurs in approximately 5%– 15% of 
patients.3– 5 Trastuzumab- induced cardiotoxicity is unpredictable as 
it is not cumulative, and the main phenotype shows a diffuse de-
crease in left ventricular wall motion and a decrease in myocardial 
wall thickness, with morphology resembling dilated cardiomyopa-
thy.6 Currently, there is no alternate drug with comparable efficacy 
to Tmab; thus, there is a great concern that interruption or discontin-
uation of treatment due to the cardiotoxicity could lead to disease 
progression and diminished effectiveness in preventing recurrence 
of breast cancer.7 However, the precise details of the mechanism of 
cardiotoxicity have not been fully elucidated, and early prediction 
and prevention of the onset of toxicity are still not feasible.

In the heart, ErbB2 promotes downstream signaling following 
heterodimerization between ErbB4 and NRG1, secreted from car-
diac and vascular endothelial cells. The NRG1- ErbB2/4 axis plays an 
important role as protective and prosurvival pathways in response 
to cardiac stress.8– 11 Trastuzumab binds to the extracellular domain 
of ErbB2, impairing its activation of downstream signaling through 
dimerization.12 Previous studies have shown that ErbB2 inhibition 
leads to mitochondrial dysfunction and abnormal intracellular me-
tabolism, which could weaken the myocardium and make it vul-
nerable to myocardial injury, leading to cardiac dysfunction.13– 17 
Nevertheless, despite the negative impact of Tmab, cardiotoxic-
ity does not occur in all treated patients. So we hypothesized that 
individual differences in molecular mechanisms might influence 
cardiotoxicity.

The known risks of developing cardiotoxicity include age, a 
history of anthracycline treatment, and cardiovascular events.18,19 
However, unpredictable cases of cardiotoxicity also occur in clinical 
practice, in patients with none or few risk factors. Some genome- 
wide association studies have explored the hypothesis that Tmab- 
induced cardiotoxicity might occur in patients with a particular 
genetic background in addition to the aforementioned acquired 
risk factors, and several SNPs have been identified.20 However, 
functional analysis at the cardiomyocyte- cellular level has not been 
performed thus far, and it is unclear whether these SNPs are mecha-
nistically associated with Tmab toxicity. Analysis of cardiomyocytes 
from patients would be the ideal validation approach, but myocar-
dial biopsy is highly invasive and cannot be routinely carried out. 
As an alternative, disease- specific iPSC- derived organ models with 
the genetic background of the target disease have been developed. 
These disease models have been widely used as tools to elucidate 
the causes and mechanisms of disease development and search for 
optimal drugs.21

In the current study we aimed to elucidate the mechanisms and 
biological characteristics underlying Tmab- induced cardiotoxic-
ity. To achieve this, we generated pt- iPSC- CMs from breast cancer 

patients who received Tmab- based treatments and evaluated differ-
ences in cellular function and gene expression between groups with 
and without Tmab- induced cardiotoxicity.

2  |  MATERIAL S AND METHODS

2.1  |  Generation of iPSCs and cardiac 
differentiation of pt- iPSC- CMs from peripheral blood 
of patients with breast cancer

Induced pluripotent stem cells for the differentiation of 
cardiomyocytes were generated from PBMCs obtained from six 
Tmab- treated patients with breast cancer who had or did not have 
cardiotoxicity (detailed information is listed in Table 1). In brief, 
activated T cells (1 × 106) were reprogrammed to iPSCs using a 
CytoTune- iPS 2.0 Sendai Reprogramming kit (ID Pharma Co. Ltd). 
The iPSC lines were differentiated into pt- iPSC- CMs using a small 
molecule- based monolayer differentiation protocol and were 
maintained as previously reported.22,23 Cardiomyocyte purity was 
assessed using cardiomyocyte detector miRNA switches (aceRNA 
Technologies).24 Detailed methods are described in Data S1 
(Figure S1A,B, materials and methods).

2.2  |  Immunofluorescence staining and 
confocal microscopy

Patient- specific iPSC- derived cardiomyocytes maintained on 
iMatrix- coated 35- mm glass bottom dishes (Matsunami Glass Ind.) 
were stained with the following primary Abs: rabbit anti- cTnT 
(ab45932; Abcam) and mouse anti- α- actinin (ab18061; Abcam). 
Alexa Fluor 488 goat anti- rabbit or Alexa Fluor 594 goat anti- mouse 
Abs (Thermo Fisher Scientific) were used as secondary Abs.

2.3  |  Calcium imaging

Ca2+ signals of pt- iPSC- CMs seeded on iMatrix- coated 35- mm glass 
bottom dishes were monitored with Cal520- AM (AAT Bioquest). 
Detailed protocols are available in Data S1. For inhibitor experiments, 
pt- iPSC- CMs were seeded into iMatrix- coated black clear bottom 
96- well plates and assays were carried out using a FlexStation 3 
microplate reader (Molecular Devices).

2.4  |  Action potential signal

Patient- specific iPSC- derived cardiomyocytes seeded on 35- 
mm glass bottom dishes were stained with a FluoVolt Membrane 
Potential Kit (Thermo Fisher Scientific). FluoVolt images were 
captured using the same device and the same setting used for Ca2+ 
imaging.
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2.5  |  Field potential recordings

The field potential recordings were undertaken using a multielec-
trode array system (MEA 2100; Multi Channel Systems) as described 
previously.25 Prior to recordings, pt- iPSC- CMs were plated onto a 
60- electrode standard multielectrode array. Data acquisition was 
carried out using MC_Rack program software.

2.6  |  Drug treatment

Patient- specific iPSC- derived cardiomyocytes were treated with 
Tmab (anti- HER2 humanized mAb; BioVision, Inc.) or DOX (Sigma- 
Aldrich) for 7 days. Human IgG (Fujifilm Wako Chemicals) or DMSO 
(Sigma- Aldrich) was used as a negative control treatment un-
less noted. The medium containing fresh drug was replaced every 
2– 3 days. The KLK5 antagonist, UA (Sigma- Aldrich),26 the PAR2 an-
tagonist (small molecules), I- 191 (AOBIOUS),27 the PAR2 antagonist 
(peptides), FSLLRY- NH2 (Tocris Bioscience),28,29 and Recombinant 
Human Kallikrein 5 (R&D Systems) were cotreated for inhibition 
experiments.

2.7  |  Contractility analysis

Spontaneous beating activity of monolayer cardiomyocytes was 
recorded with an all- in- one KEYENCE BZ- X800 fluorescence mi-
croscope. During data collection, cells were maintained under con-
trolled conditions at 37°C with 5% CO2 and 95% air in a stage- top 
microscope incubator (Tokai Hit). Motion vector analysis was carried 
out by high- resolution motion capture tracking using the SI8000 
Cell Motion Imaging System (Sony Corporation). Detailed protocols 
are described in Figure S2.

2.8  |  Quantitative plate- based assays

Patient- specific iPSC- derived cardiomyocytes were seeded on 96- 
well plates subjected to plate- based assays after drug treatment 
using SpectraMax 340PC384, SpectraMax L, and FlexStation 3 
microplate readers. CYTO- ID autophagy detection kits 2.0 (Enzo 
Life Sciences) were used for autophagy assays, ROS- Glo H2O2 as-
says (Promega) were used for ROS detection, JC- 1 assays (Enzo Life 
Sciences) were used for mitochondrial membrane potential meas-
urement, and Cell Titer Glo 2.0 assays (Promega) were used for ATP 
content, in accordance with the manufacturers' instructions.

2.9  |  Seahorse extracellular metabolic flux assay

Mitochondrial respiration in pt- iPSC- CMs was measured using 
the Seahorse Bioscience XF24 Flux Analyzer with XF Cell Mito 
Stress Test Kit (Agilent Technologies) following the manufacturer's TA
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instructions. Briefly, cells seeded on XF24 microplates treated with 
Tmab or DOX. Oxygen consumption rate (pmol/min) was normalized 
to baseline OCR and a total cell count of each well was carried out 
using the CyQuant Cell Proliferation assay (Thermo Fisher Scientific).

2.10  |  Immunoassays

Human KLK8, KLK5, cTnI, and NRG1 levels were measured in pt- 
iPSC- CMs cultured supernatants using the Human KLK8/Kallikrein- 8 
ELISA Kit PicoKine (BOSTER Bio), Human KLK5/Kallikrein- 5 ELISA 
Kit PicoKine (BOSTER Bio), Human Cardiac Troponin I ELISA kit 
(RayBiotech), and Human NRG1 DuoSet ELISA kit (R&D Systems), 
respectively, in accordance with the manufacturers' instructions.

2.11  |  Western blot analysis

All pt- iPSC- CMs were lysed in RIPA buffer supplemented with pro-
tease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail 
(Nacalai Tesque). The protein bands were detected by enhanced 
chemiluminescence. Table S2 lists all Abs used in this study. MB231, 
a HER2- negative breast cancer cell line, was used as a negative con-
trol, and SK- BR- 3, a HER2- positive breast cancer cell, was used as a 
positive control for ErbB2.

2.12  |  RNA sequencing and data analysis

Total RNAs prepared from pt- iPSC- CMs in the presence or absence 
of 1 μM Tmab were subjected to RNA sequencing analysis. The 
obtained Fastq data were processed using various pipelines to 
obtain the quantifying counts. Differentially expressed genes were 
identified using a threshold of false discovery rate of less than 0.05 
and minimal fold change greater than 3. Detailed methods and 
pipelines used for the analysis are described in Data S1.

2.13  |  Quantitative RT- PCR

All qRT- PCRs were carried out using the gene- specific primers and 
universal probe library probes (Roche). Relative gene expression lev-
els were calculated using the housekeeping gene GAPDH as an inter-
nal control per the 2−ΔΔCt method. Detailed methods are described in 
Data S1, and the primers and probes are listed in Table S3.

2.14  |  Study approval

All patients provided written informed consent prior to undergoing 
any procedures. Human research was reviewed and approved by the 
Juntendo University Hospital Institutional Review Board (Approval 
Number: 2019160).

2.15  |  Statistical analysis

Statistical analyses were undertaken using GraphPad Prism 8. All 
data are expressed as mean ± SEM. Box and whisker plots show the 
25th to 75th percentiles and minimum to maximum values, with the 
median indicated. Statistical comparisons were made using one- way 
ANOVA followed by Tukey's multiple comparison test, or two- tailed 
unpaired Student's t test, or nested t- test30,31 between two groups. 
Values of p < 0.05 were considered to indicate statistical significance.

Detailed methods are available in the Data S1.

3  |  RESULTS

3.1  |  Characteristics of patients selected for pt- 
iPSC- CM establishment

Twenty- four of 468 patients with breast cancer (5.1%) who received 
Tmab at Juntendo University Hospital between 2010 and 2019 
were diagnosed with CTRCD.32 Cardiac function- related data were 
collected in the Onco- Cardiology division. Patients in CTRCD group, 
who developed severe cardiotoxicity with a decline in LVEF of ≥30% 
from baseline, was defined as SP. Patients that did not develop 
cardiotoxicity for at least 1 year after completion of treatment 
were defined as NP. Three patients with matched backgrounds 
(low clinical risk score)33 in both groups were selected and pt- 
iPSC- CMs were generated (Figure 1A). The patient characteristics 
and LVEF changes of both groups are shown in Table 1. Patients 
in SP discontinued Tmab according to guidelines,34 and even after 
3– 5 years of cardioprotective therapy, LVEF did not recover to 
baseline (Figure 1B). There was no clinically significant difference in 
parameters indicating cardiac function before treatment in the two 
groups (Table S1).

3.2  |  Establishment of pt- iPSC- CMs and 
evaluation of cell function

Patient- specific iPSC- derived cardiomyocytes were generated from 
the six selected patients (SP, n = 3; NP, n = 3). The karyotype was 
confirmed prior to the start of induction (Figure 2A). Next, structural 
and electrophysiological functional assessments were undertaken 
to ensure that the established pt- iPSC- CMs, with reference to 
previously published data, could be used to accurately assess cell 
function.25,35,36 On day 8 postdifferentiation, beating myocardium 
was observed (Figure 2B, Video S1). The purity of pt- iPSC- CMs was 
assessed using CM detector RNA Switch, confirming that metabolic 
purification was sufficient (Figure 2C). The expression of sarcomere 
structures was confirmed by fluorescent immunostaining with cTnT 
and α- actinin staining (Figure 2D). The expression of cTnT and α- 
actinin, and the target receptors of Tmab, ErbB2, and ErbB4, was 
confirmed by western blotting (Figure 2E). The expression of ErbB2 
and 4 receptors, and the extracellular secretion of NRG1 protein 
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F I G U R E  1  Characteristics of selected patients with breast cancer for generation of patient- specific induced pluripotent stem cell- derived 
cardiomyocytes. (A) Flow diagram of patient selection. Twenty- four of 468 patients with breast cancer (5.1%) who received trastuzumab 
(Tmab)- based treatment were diagnosed with cancer therapy- related cardiac dysfunction (CTRCD). Three patients in each group were 
selected from the severely cardiotoxic patient group (SP), patients with a reduced left ventricular ejection fraction (LVEF) of at least 30% 
from baseline. (B) Time series of LVEF in the six patients. Cardiac- function values within the yellow background indicate that Tmab could not 
be administered. NP, patients without cardiotoxicity

F I G U R E  2  Generated patient- specific induced pluripotent stem cell- derived cardiomyocytes (pt- iPSC- CMs) show a functional 
cardiomyocyte phenotype. (A) Representative image of normal karyotype of iPSC lines by G- band analysis. (B) Representative phase- 
contrast image. (C) Confirmation of sufficient purification after metabolic purification using CM detector RNA switch. EGFP is expressed in 
cells other than cardiomyocytes (upper row). (D) Images of immunostaining with DAPI (blue), cardiac troponin- T (cTnT; green) and α- actinin 
(red). (E) Expression of western blot of ErbB2, ErbB4, cTnT, and α- actinin receptors. MB231 was used as a negative control and SK- BR- 3 as 
a positive control for ErbB2. (F) Recording of Ca2+ transients observed with the Ca2+ indicator, Cal520. (G) Electrophysiological activities 
of spontaneously beating pt- iPSC- CMs and enlarged single beat profile using the multielectrode array. (H) Membrane potential recording 
showing cardiomyocyte- specific action potentials recorded with the voltage sensitive dye, FluoVolt. F.I., fluorescence intensity
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level detected in the culture supernatants was also confirmed in all 
six lines of pt- iPSC- CMs (Figure S1C,D). Furthermore, we confirmed 
Ca2+ transients and electrophysiological properties characteristic of 
cardiomyocytes (Figure 2F– H).

3.3  |  Trastuzumab- induced reduction in 
contractility more evident in SP

First, we evaluated the contractility of drug- treated pt- iPSC- CMs 
using four parameters to confirm the recapitulation of the patient's 
phenotype (Figure 3A). The myocardial contractility was decreased 
by Tmab treatment in all the lines tested (Figure 3B). The rate of 
contractility change was more evident on day 7 than on days 2– 5 
(Figure S2B). Doxorubicin was also simultaneously examined as a 
positive control (Figure S3). Following Tmab treatment, a significant 
decrease in CV and RV was observed in all lines of pt- iPSC- CMs. 
Moreover, there was a greater reduction in CV and RV in SP than 

in NP (Figure 3B,C). The contraction– relaxation duration and 
spontaneous beats show no significant difference (Figure 3D,E). 
These data indicate that our model replicates the clinical phenotype 
of patients receiving Tmab treatment.

3.4  |  Differences in intracellular metabolic 
function and vulnerability between SP and NP

Next, we evaluated the cardiotoxic effects of Tmab on pt- iPSC- CMs, 
using plate- based assays. The vulnerability of cardiomyocytes to 
DOX was also evaluated. A decrease in cell viability was indicated 
by a decrease in ATP content. Higher Tmab concentrations resulted 
in a greater decrease in cell viability in SP compared with NP. 
Doxorubicin resulted in an approximate halving in the number of 
cells, with no difference between the two groups (Figure 4A). The 
generation of ROS was significantly higher in SP than NP following 
Tmab treatment, and even higher after DOX treatment, suggesting 

F I G U R E  3  Contractility analysis of patient- specific induced pluripotent stem cell- derived cardiomyocytes (pt- iPSC- CMs) following 
trastuzumab (Tmab) treatment with motion vector analysis. (A) Illustration of a representative motion waveform with associated parameters. 
(B– E) Relative change in parameters for contractility following Tmab treatment: (B) contraction velocity (CV), (C) relaxation velocity (RV), (D) 
contraction– relaxation deformation (CRD) distance, and (E) beating rate. Data were obtained using all the lines of pt- iPSC- CMs and the assay 
was repeated three times. NP, noncardiotoxic patient group; SP, severely cardiotoxic patient group
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F I G U R E  4  Quantitative plate- based assays and mitochondrial stress test of patient- specific induced pluripotent stem cell- derived 
cardiomyocytes (pt- iPSC- CMs) following trastuzumab (Tmab) or doxorubicin (DOX) treatment. (A– C) Relative change in each assay with 
drug treatment. (A) Quantification of ATP content measured using Cell Titer- Glo assay. (B) Quantification of reative oxygen species (ROS) 
generation measured using ROS- Glo H2O2 assay. (C) Autophagy level measured using CYTO- ID staining. (D) Representative images of 
immunostaining of CYTO- ID green. (E) Quantification of cardiac troponin I in the culture medium with ELISA. (F) Amplitudes of peak Ca2+ 
transients. (G, H) Oxygen consumption rate (OCR) was measured using the Seahorse XF24 extracellular- flux analyzer. (G) Representative 
plot of OCR measured following drug treatment. Each evaluation parameter and sequential addition (oligomycin, FCCP, and Rot/Ant- A) is 
shown in the graph. (H) Maximal respiration shown with relative OCR rate. (I) Mitochondrial membrane potential was measured using JC- 1 
dye. Data were obtained using all lines of pt- iPSC- CMs and the assay was repeated three times. NP, noncardiotoxic patient group; ns, not 
significant; SP, severely cardiotoxic patient group; FCCP, carbonyl cyanide 4- (trifluoromethoxy) phenylhydrazone; Rot/Ant- A, rotenone/
antimycin A
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that SP might generally be more susceptible to cardiac remodeling 
(Figure 4B). The autophagy activity level decreased following Tmab 
treatment, but there was no significant difference between SP and 
NP at the 1 μM dose. In contrast, a significant increase was observed 
in SP with both the higher dose of Tmab and DOX (Figure 4C,D). 
The release of cTnI, a marker of myocardial damage, did not increase 
with Tmab treatment, but did with DOX treatment, with higher 
cTnI release detected in SP than NP, indicating SP vulnerability 
(Figure 4E). Intracellular Ca2+ transients mediating myocardial 
contraction was measured using a fluorescent Ca2+ indicator. Both 
Tmab and DOX decreased the amplitude of Ca2+ transients, but there 
was no significant difference between the two groups (Figure 4F). 
Taken together, these results suggest that intercellular metabolism 
and vulnerability differ between SP and NP.

3.5  |  Mitochondrial dysfunction due to 
ErbB2 inhibition

We next undertook mitochondrial stress tests. Both pt- iPSC- CMs 
showed a decrease in OCR following Tmab and DOX treatment 

(Figure 4G). Maximal respiratory volume decreased in a dose- 
dependent manner with Tmab, indicating that ErbB2 inhibition 
attenuates mitochondrial function, but there was no obvious 
difference between the two groups (Figure 4H). Other end- points 
listed in Figure 4G showed similar results (Figure S4). Mitochondrial 
membrane potential change was reduced with DOX but not Tmab 
(Figure 4I). Collectively, these data show that in our model of pt- iPSC- 
CMs, ErbB2 inhibition by Tmab causes mitochondrial dysfunction. 
However, as this effect did not differ between the two groups, it 
suggests there are other significant effectors on intracellular energy 
metabolism involved in the mechanism of reduced contractility.

3.6  |  Characteristic gene expression in SP pt- iPSC- 
CMs

To elucidate the molecular mechanisms of the dysfunctional 
differences between SP and NP pt- iPSC- CMs, we performed 
RNA- Seq using both Tmab- treated (1 μM) and untreated pt- iPSC- 
CMs from both groups (Figure 5A). Differentially expressed genes 
between SP versus NP and Tmab- treated versus untreated groups 

F I G U R E  5  RNA sequencing (RNA- Seq) of patient- specific induced pluripotent stem cell- derived cardiomyocytes (pt- iPSC- CMs) and 
quantitative real- time RT- PCR (qRT- PCR) analysis of genes associated with cardiotoxicity. (A) Schematic illustrating the experimental 
workflow. RNA- Seq was undertaken on iPSC- CMs that were treated for 7 days with or without 1 μM trastuzumab (Tmab). (B– F) Comparisons 
of various gene expression levels in untreated and Tmab- treated pt- iPSC- CMs using qRT- PCR analysis (false discovery rate < 0.05 and fold 
change > 3) showed distinct patterns of gene expression between the severely cardiotoxic patient group (SP; n = 3) versus noncardiotoxic 
patient group (NP; n = 3) and Tmab- treated versus untreated. Relative gene expressions of KLK5, KLK8, IL1B, PTGS1, and TNFRSF8 in pt- iPSC- 
CMs are shown. All data are expressed as mean ± SEM
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were found (false discovery rate <0.05 and fold change >3; 
Tables S4– S7). Among these, we searched for genes of interest that 
have previously been associated with cardiotoxicity. We paid special 
attention to KLK5, a member of the KLK- related peptidase family, 
and KLK8, a downstream member of KLK5, which were specifically 
expressed in all SP pt- iPSC- CMs. In addition, several genes involved 
in inflammation regulation, including IL1β, TNFRSF8, and PTGS1, 
were more highly expressed in SP than NP during Tmab treatment. 
To confirm the data obtained by RNA- Seq, we undertook qRT- PCR 
of the selected genes, as shown in Table S3. Results of these genes 
are shown in Figure 5B– F. Moreover, KLK5 and KLK8 were measured 
in immortalized lymphoblasts from SP and NP patients, but no 
significant expression was observed in these cells, suggesting that 
their expression was cardiac- specific.

3.7  |  Differences in the KLK- PAR2- MAPK pro- 
inflammatory pathway underlie development of 
cardiotoxicity

Based on mRNA expression characteristics of SP pt- iPSC- CMs, we 
next investigated protein expression in pt- iPSC- CMs (Figure 6A). 
Extracellular secretion of KLK5 and KLK8, as measured by KLK5 
and KLK8 protein levels in the culture supernatants of pt- iPSC- 
CMs, was significantly higher in SP than in NP, with the latter having 
almost undetectable levels (Figure 6B,C). In The Human Protein 
Atlas, a tissue- based map of the human proteome, expression 
levels of KLK5 and KLK8 in the general myocardium are minimal, 
suggesting that the enhanced expression of these proteins in SP 
pt- iPSC- CMs is characteristic of SP. We next observed that PAR2, 
a reported substrate for KLK5/KLK8, was expressed in all pt- iPSC- 
CMs lines in western blot analyses (Figure 6D), and its expression 
levels were significantly higher in SP than NP (Figure 6E). In addition, 
PAR2 activation levels were assessed in response to treatment with 
the PAR2 agonist trypsin using intracellular Ca2+ as the indicator. 
Patients with the SP group responded to trypsin, even at the lower 
concentration of 1 nM, and showed significantly higher activity 
than NP with trypsin concentrations of 10 and 100 nM (Figure 6F). 
Previous reports have indicated that KLK activation of PAR2 triggers 
pro- inflammatory signals through downstream signaling of ERK1/2 
and JNK.37,38 The phosphorylation levels of ERK1/2 and JNK 
were significantly higher in SP than NP (Figure 6G– J). Collectively, 
these findings suggest that enhancement of inflammation- related 
pathways could be a biological feature of SP.

3.8  |  Antipro- inflammatory effects of KLK- PAR2 
inhibition in pt- iPSC- CMs

We hypothesized that the enhanced expression of KLK5 activates 
PAR2 to transduce its cardiotoxic signal, as evidenced by the 
increase of IL1β in SP. We then examined whether inhibition of 
the KLK5- PAR2- MAPK pathway could attenuate the expression of 

inflammation- related genes. First, we tested the effect of inhibitors 
on PAR2 activity. The dose and treatment time of the KLK5 
antagonist, UA, and the PAR2 antagonists, I- 191 and FSLLRY- NH2, 
were determined in preliminary experiments based on the IC50 
values of previous reports.26,27,29 Compared with the untreated 
group, PAR2 activity in SP was significantly inhibited by 10 μM of 
UA, suggesting that KLK5 inhibition can suppress the PAR2 pathway 
(Figure 7A– C). In addition, treatment with 2 μM I- 191 inhibited 
the intracellular Ca2+ response to trypsin in both groups, with the 
inhibition tending to be greater in SP compared with NP (Figure 7D– 
F). The addition of 100 μM FSLLRY- NH2 also reduced PAR2 activity, 
as shown with Ca2+ imaging (Figure S5). Furthermore, downstream 
IL1β mRNA expression levels, which increased after 1 week of Tmab 
treatment, were suppressed by I- 191 and FSLLRY- NH2 (Figure 7G). 
The contractility of SP pt- iPSC- CMs treated with Tmab for 7 days 
tended to improve with further supplementation of I- 191 or 
FSLLRY- NH2 (Figure 7H).

3.9  |  Enhancement of cardiotoxicity by KLK5 in NP 
pt- iPSC- CMs

To confirm the involvement of the KLK5- PAR2 signaling pathway in 
the development of severe cardiotoxicity, we examined the effects 
of KLK5 supplementation on NP pt- iPSC- CMs. Supplementation of 
rKLK5 protein in the medium in a dose- dependent manner resulted 
in a significant reduction of CV and RV following Tmab treatment 
(Figure 7I). In addition, supplementation of NP pt- iPSC- CM with 
20 nM rKLK5 was shown to have toxic effects on intracellular 
metabolic function, ATP, and ROS production that approximates SP 
(Figure S6). These observations suggest that enhanced expression 
of KLK5 in SP and the resultant activation of pro- inflammatory 
signaling are involved in the development of Tmab- induced severe 
cardiotoxicity (Figure 7J).

4  |  DISCUSSION

In this report, we selected only patients with severe cardiotoxicity 
due to Tmab and excluded the clinical risks of cardiotoxicity as 
much as possible, in order to delineate the difference between 
NP and SP. As a result, we were able to successfully demonstrate 
Tmab toxicity in our cell model. There was a significant difference 
in the extent of toxicity between pt- iPSC- CMs from SP and NP, with 
cardiomyocytes showing altered energy metabolism in response to 
Tmab. Furthermore, we found enhanced expression of inflammation- 
associated genes in SP pt- iPSC- CMs. Analysis of protein expression 
and functional assays confirmed the enhancement of the 
inflammation- associated KLK5- PAR2- MAPK pathway in SP pt- iPSC- 
CMs, providing evidence supporting the idea that this pathway is an 
important determinant of Tmab- induced severe cardiotoxicity.

Inhibition of ErbB2 has been reported to suppress autoph-
agy and evoke mitochondrial dysfunction and accumulation of 
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F I G U R E  7  Inhibition of the kallikrein5 (KLK5)– protease- activated receptor 2 (PAR2) pathway suppresses inflammation and recombinant 
KLK5- mediated contractility toxicity in patient- specific induced pluripotent stem cell- derived cardiomyocytes (pt- iPSC- CM). (A– F) Trypsin 
(100 nM) induced Ca2+ release in pt- iPSC- CMs. (A, B) Representative Ca2+ signaling change with or without the KLK5 antagonist, ursolic 
acid (UA). (D, E) Representative Ca2+ signaling change with or without the PAR2 antagonist, I- 191. (C, F) Comparison of the relative area of 
change in Ca2+ response to trypsin under UA and I- 191 treatment. The curved graph area above the F0 baseline was measured using ImageJ. 
(G) Interleukin- 1β (IL1β) mRNA expression in the severely cardiotoxic patient group (SP) treated with trastuzumab (Tmab) for 7 days ± I- 191 
and FSLLRY- NH2. (H) Contractility in SP treated with Tmab for 7 days ± I- 191 and FSLLRY- NH2. (I) Contraction and relaxation velocities in 
noncardiotoxic patient group (NP) treated with Tmab ± recombinant KLK5 (2 nM, 20 nM). (J) Proposed relationship between KLK5/KLK8- 
PAR2- MAPK and ErbB signaling pathways in the pt- iPSC- CM model. (K) Schematic showing the multifactorial molecular differences in 
contractility in SP and NP pt- iPSC- CMs and alterations in the balance between protective and cytotoxic effects after Tmab administration. 
All data are expressed as mean ± SEM. eNOS, endothelial nitric oxide synthase; iNOS, inducible nitric oxide synthase; ns, not significant; 
OCR, oxygen consumption rate; ROS, reactive oxygen species

F I G U R E  6  Kallikrein (KLK) drives inflammation status in the severely cardiotoxic patient group (SP) through activated protease- activated 
receptor 2 (PAR2). (A) Proposed KLK- PAR2- MAPK and ErbB signaling pathways in the patient- specific induced pluripotent stem cell- derived 
cardiomyocyte (pt- iPSC- CM) model. Pathways validated in this study are shown as dotted lines. (B, C) KLK5 and KLK8 levels detected 
in culture supernatant of pt- iPSC- CMs, as measured by ELISA. (D) Representative western blot analysis of PAR2 protein expression. (E) 
Quantification of PAR2 normalized to GAPDH. (F) PAR2 signaling assessed by Ca2+ transients induced by trypsin, a PAR2 agonist. (G, H) 
Representative western blot and quantification of p- ERK1/2 and ERK1/2. (I, J) Representative western blot and quantification of p- JNK and 
JNK protein expression. Data were obtained using pt- iPSC- CMs from six individuals, assays were repeated three to five times for ELISA and 
Ca2+ transients and twice for western blots. All data are expressed as mean ± SEM. NRG- 1, neuregulin- 1; SP, severely cardiotoxic patient group
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ROS.17,39 We observed mitochondrial dysfunction by Tmab in a 
dose- dependent manner but without significant difference be-
tween SP and NP. In contrast, ATP production, ROS levels, and 
autophagy dysregulation were much more prominent in SP pt- 
iPSC- CMs as compared with NP. We speculated that the shift from 
suppressed to increased autophagy might be caused, at least in 
part, by the higher production of ROS, an upstream regulator of 
autophagy, in SP pt- iPSC- CMs.40 Our data demonstrate the possi-
ble contribution of the energy metabolism pathway in the devel-
opment of cardiotoxicity.

Kallikreins are a family of 15 secreted serine proteases en-
coded by the largest protease gene cluster in the human genome. 
Kallikreins are involved in a variety of biological processes and 
are associated with several diseases, including inflammation and 
cancer.41 Gene expressions of KLK5 and KLK8 were higher in SP, 
with both proteins also detected in the culture supernatant of SP 
pt- iPSC- CMs. One substrate of the KLKs is PAR, from a seven- 
transmembrane G protein- coupled receptor superfamily that in-
cludes PAR2, which is activated by KLK5/KLK8.42,43 As subfamilies 
of the downstream MAPK signaling pathway, ERK1/2, JNK, and p38 
are known to have roles in cardiac remodeling such as myocardial 
fibrosis and inflammation.42,44– 46 In the present study, we found en-
hanced expression of inflammation- related genes is mediated by the 
KLK5- PAR2- MAPK pathway in SP but not NP pt- iPSC- CMs. This led 
us to speculate that inhibition of this pathway could provide a clue 
for the therapeutic strategies against Tmab- induced cardiotoxicity. 
As shown in Figure 7J, ErbB2 and PAR2 can both activate the MAPK 
signaling pathway, but they have opposing cardioprotective and pro- 
inflammatory functions, respectively. We speculate that the reason 
for this could be due to an imbalance in the workload of the two 
signaling pathways: the intracellular ErbB signaling pathway mainly 
signals through AKT rather than MAPK, whereas the PAR2 signaling 
pathway branches out to JNK and ERK/MAPK.

Interleukin- 1β, which was highly expressed in SP following Tmab 
treatment, is one of the major pro- inflammatory cytokines that can 
cause cardiac dysfunction.47,48 Interleukin- 1β is known to be a potent 
inducer of iNOS, which contributes to increased ROS production. As 
such, inhibition of iNOS is reported as cardioprotective when com-
bined with anti- HER2 and anthracyclines.49 Moreover, rivaroxaban, 
an inhibitor of factor Xa currently used as an anticoagulant in clin-
ical practice, causes decreased expression of PAR2. Rivaroxaban 
suppresses inflammation- induced genes, including IL1β, in a mouse 
model of myocardial infarction and shows cardioprotective effects 
such as reduction of heart failure and inhibition of fibrosis.50 In this 
study, we found that I- 191 and FSLLRY- NH2, negative allosteric mod-
ulators and antagonists for PAR2, suppressed the enhancement of 
IL1β mRNA expression caused by Tmab treatment in SP pt- iPSC- CMs. 
Therefore, patients with Tmab- induced cardiotoxicity who respond 
poorly to the general cardioprotectants could show improvement in 
cardiac function with inhibitors of the KLK5- PAR- MAPK- IL1β path-
way.51,52 Furthermore, cohorts such as SP, where KLK- mediated in-
flammatory pathways are likely to be enhanced, could find a common 
denominator in terms of susceptibility to cardiotoxicity. Recently, the 

involvement of inflammation, as assessed by increased MMP- 2 and 
GDF- 15, was reported in the MANTICORE clinical trial by diversified 
evaluation of the clinical characteristics of Tmab- induced cardiotox-
icity using blood tests and imaging.53

Our study had some limitations. First, the number of patients was 
small and thus our findings might not be generalizable. Confirmation 
of our findings in more samples is required to generalize our findings. 
Second, we have not identified the genetic factors driving enhanced 
expression levels of KLK5/8. Thus, the mechanisms by which acti-
vation of KLK5/8 is enhanced in patients with severe Tmab- induced 
cardiotoxicity still needs to be elucidated. Third, the maturation of 
pt- iPSC- CMs might not be completely uniform, which could influ-
ence our results by altering the expression levels of factors, such 
as receptors. Another limitation is that the myocardial environment 
might not be fully reproduced in vitro, and new responses could be 
observed in vivo with the involvement of surrounding stromal cells 
and cells responsible for immunity. This is particularly important in 
studies on inflammation and therefore, our observation need to be 
confirmed.

We determined that pt- iPSC- CMs recapitulate the individual 
differences in contractile and intracellular metabolic dysfunction 
caused by Tmab and show them to be a useful model for studying 
mechanisms and treatments in drug- induced cardiotoxicity. The 
mechanism of cardiotoxicity is multifactorial, including dysfunction 
of cellular energy metabolism and impairment of the cardiopro-
tection of the ErbB/NRG1 pathway. Our study shows inflamma-
tory factors could also contribute to the cardiotoxicity phenotype 
(Figure 7K), where suppression of PAR2 signaling in vitro could con-
trol the appearance of severe cardiotoxicity. Thus, our study could 
provide clues for avoiding interruption of Tmab therapy due to car-
diotoxicity and developing a new treatment strategy.
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