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Aims Trastuzumab, the first humanized monoclonal antibody that targets human epidermal growth factor receptor 2 (ERBB2/HER2), is 
currently used as a first-line treatment for HER2 (+) tumours. However, trastuzumab increases the risk of cardiac complications 
without affecting myocardial structure, suggesting a distinct mechanism of cardiotoxicity.

Methods 
and results

We used medium from trastuzumab-treated human umbilical vein endothelial cells (HUVECs) to treat CCC-HEH-2 cells, the hu-
man embryonic cardiac tissue-derived cell lines, and human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) to 
assess the crosstalk between vascular endothelial cells (VECs) and cardiomyocytes. Protein mass spectrometry analysis was used to 
identify the key factors from VECs that regulate the function of cardiomyocytes. We applied RNA-sequencing to clarify the mech-
anism, by which PTX3 causes cardiac dysfunction. We used an anti-human/rat HER2 (neu) monoclonal antibody to generate a rat 
model that was used to evaluate the effects of trastuzumab on cardiac structure and function and the rescue effects of lapatinib on 
trastuzumab-induced cardiac side effects. Medium from trastuzumab-treated HUVECs apparently impaired the contractility of 
CCC-HEH-2 cells and iPSC-CMs. PTX3 from VECs caused defective cardiomyocyte contractility and cardiac dysfunction in 
mice, phenocopying trastuzumab treatment. PTX3 affected calcium homoeostasis in cardiomyocytes, which led to defective con-
tractile properties. EGFR/STAT3 signalling in VECs contributed to the increased expression and release of PTX3. Notably, lapatinib, 
a dual inhibitor of EGFR/HER2, could rescue the cardiac complications caused by trastuzumab by blocking the release of PTX3.

Conclusion We identified a distinct mode of cardiotoxicity, wherein the activation of EGFR/STAT3 signalling by trastuzumab in VECs promotes 
PTX3 excretion, which contributes to the impaired contractility of cardiomyocytes by inhibiting cellular calcium signalling. We con-
firmed that lapatinib could be a feasible preventive agent against trastuzumab-induced cardiac complications and provided the ra-
tionale for the combined application of lapatinib and trastuzumab in cancer therapy.
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1. Introduction
Trastuzumab, a widely used humanized monoclonal antibody that targets 
human epidermal growth factor receptor 2 (HER2), shows dramatic thera-
peutic effects against HER2-overexpressing cancers in the clinic. However, 
trastuzumab is closely associated with the risk of cardiovascular complica-
tions. A total of 2–16% of patients treated with trastuzumab experience a 
decrease in left ventricular (LV) ejection fraction, and 1–4% of patients 
eventually develop symptomatic heart failure,1–3 which greatly limits the 
safe application of trastuzumab in clinical practice. Furthermore, no signifi-
cant myocardial injury was observed in endomyocardial biopsy samples 
from patients with cardiotoxicity due to trastuzumab,4 suggesting a com-
plicated cardiotoxic mechanism.

HER2 plays a key role in cardiac development and function,5 and in-
hibition of HER2 signalling causes damage to cardiomyocytes during 
ageing and stress overload, leading to a decrease in cardiomyocyte sur-
vival, suggesting that HER2 is crucial for cardiomyocyte survival and 
cardiac function. However, no significant change in mitochondrial or 
cardiomyocyte death was observed in ventricular-restricted 
HER2-deficient adult mice,6 suggesting that the role and mechanism 
of HER2 in the adult heart are complicated. Indeed, total HER2 expres-
sion in mouse hearts progressively decreases with age,7 and HER2 ex-
pression and function in different types of cells within the adult heart 
has not been detected.

Clinical studies have shown that patients who have pre-existing vascular 
diseases are more sensitive to trastuzumab-induced cardiovascular com-
plications,1,8 suggesting that the vasculature might contribute to 
trastuzumab-related cardiotoxicity. Vascular endothelial cells (VECs) are 
an important factor to maintain the contractile function of cardiomyo-
cytes, and VECs release signalling molecules to regulate the systolic re-
sponse of cardiomyocytes.9,10 Therefore, HER2 inhibition in VECs 
might be one of the causes of trastuzumab-induced cardiac dysfunction. 
Nevertheless, HER2 expression and function in VECs from adult hearts 
remain unknown.

Here, we found that the HER2 expression level was higher in adult 
VECs than in cardiomyocytes and identified VECs as the main target cells 
of trastuzumab. Mechanistically, we found that pentraxin 3 (PTX3) from 
VECs causes a reduction in cardiomyocyte contractility by inhibiting cal-
cium signalling. In addition, we provide evidence that STAT3 functions as 
a transcription factor of PTX3 and that EGFR-STAT3 signalling axis in 
VEC increases the transcription and release of PTX3. Notably, we found 
that lapatinib, a dual inhibitor of EGFR and HER2, rescues the 
trastuzumab-induced decrease in LV function, suggesting a protective 
strategy against trastuzumab-induced cardiomyopathy, and providing a 
rationale for the combined application of lapatinib and trastuzumab in 
cancer therapy.

2. Methods
Extended detailed methods are presented in the Supplementary material
online.

2.1 Animals and drug treatment
All experimental procedures and methods were in accordance with guide-
lines from Directive 2010/63/EU of the European Parliament on the pro-
tection of animals used for scientific purposes, approved by the Center for 
Drug Safety Evaluation and Research of Zhejiang University and performed 
according to the guidelines of the Institutional Animal Care and Use 
Committee (IACUC).

Six- to 8-week-old female Sprague Dawley rats (SLAC, Shanghai, 
China) were used to investigate the cardiotoxicity of anti-HER2 
(neu) antibody and the rescue effects of lapatinib. Ten-week-old fe-
male Institute of Cancer Research (ICR) mice (SLAC, Shanghai, 
China) were used to investigate the cardiotoxic effects of the 
PTX3 protein. Animals were anaesthetized with 2% isoflurane and 
then sacrificed by cervical dislocation prior to tissue collection. 
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Detailed information is provided in the Supplementary material
online.

2.2 Blood samples from patients
The study of human blood was conducted according to the Declaration of 
Helsinki 2013 and approved by the institutional review board. Blood sam-
ples were obtained from 5 patients who had not been treated with trastu-
zumab and 14 patients after trastuzumab therapy (with and without 
cardiomyopathy). Written informed consent was obtained from all blood 
donors before the study. Detailed information of each patient is presented 
in the Supplementary material online, Table S1.

2.3 Measurements of human induced 
pluripotent stem cell-derived 
cardiomyocyte survival and contractility
Commercial human induced pluripotent stem cell-derived cardiomyocytes 
(iPSC-CMs) purchased from Help Stem Cell Innovations (HELP4111) were 
seeded in Nanion CardioExcyte 96 Sensor Plates and treated with drugs or 
conditioned medium as indicated. Measurements of the survival rate (PI 
staining), contraction amplitude, and beat rate were taken every 30 min 
in CardioExcyte 96 systems from Nanion Technologies. All the parameters 
were normalized to the control group at the corresponding time.

2.4 Identification of secreted proteins by 
liquid chromatography with tandem mass 
spectrometry (LC-MS/MS) analysis
The concentrated conditioned medium samples were separated by 
SDS-PAGE. The gel was dyed with Coomassie Brilliant Blue and the 
most enriched band was cut out and analysed by PTM Biolabs. Briefly, 
the gel was digested by trypsin to obtain peptides. The tryptic peptides 
were dissolved in 0.1% formic acid, directly loaded onto a reversed-phase 
analytical column, and run on an EASY-nLC 1000 UPLC system. The pep-
tides were subjected to nanospray ionization (NSI) source followed by tan-
dem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled 
online to the UPLC.

2.5 RNA-sequencing
The detailed methods used for RNA-sequencing are provided in the 
Supplementary material online. Total RNA was isolated from 
PTX3-treated ventricles and purified using TRIzol reagent. After purifica-
tion, the fragmented poly (A) RNA was reverse transcribed to generate 
the cDNA with SuperScript™ II Reverse Transcriptase (Invitrogen, 
1896649). Paired-end sequencing (2 × 150 bp) was performed on an 
Illumina Novaseq™ 6000 (LC-BIO TECHNOLOGIES, Hangzhou, China).

2.6 Cytoplasmic and nuclear fractionation 
and western blot
Human umbilical vein endothelial cell (HUVEC) lysates were separated into 
nuclear and cytoplasmic fractions with a Nuclear and Cytoplasmic Protein 
Extraction Kit (Beyotime Biotechnology, P0027). Western blot was per-
formed as previously reported.11 Information related to the primary anti-
bodies and HRP-labelled secondary antibodies used is provided in the 
Supplementary material online.

2.7 PTX3 knockout in HUVECs via CRISPR- 
Cas9
LV-CAS9-puro virus (Shanghai Genechem Co., Ltd) was added to 
HUVECs. After 72 h of infection, 2 g/mL puromycin (T19978, 
TargetMol) was added. The HUVECs were then cultured with a half-dose 
of puromycin and infected with LV-PTX3-sgRNA lentivirus (Shanghai 
Genechem Co., Ltd). The PTX3 protein level was detected by western 
blot and the PTX3 knockout cells were selected for further experiments.

2.8 HER2 or STAT3 knockdown with siRNA 
oligonucleotides
Cells were seeded into 6-well plates at 1 × 105 cells per well and grown to 
50–60% confluence. Transfection was performed using Opti-MEM 
(Invitrogen, 31985-070), siRNA, and Oligofectamine (Invitrogen, 
12252001) according to the manufacturer’s recommendations. siRNA oli-
gonucleotides were transfected at a final concentration of 12 nM using 
Oligofectamine. The cell culture solution was changed to RPMI-1640 me-
dium plus 10% fetal bovine serum (FBS)  at 6 h after transfection. The 
siRNA sequences are provided in the Supplementary material online, 
Table S5.

2.9 Knockdown of EGFR by shRNA lentivirus
pLKO.1 vectors (Addgene, 8453; deposited by the Bob Weinberg 
Laboratory, Massachusetts Institute of Technology) containing EGFR 
shRNA were constructed by digestion with EcoRI and AgeI and subsequent 
T4 ligation. After transformation, monoclonal colonies were selected for 
sequencing identification. The correct plasmid was amplified and used 
for lentivirus production. HUVECs were infected with lentiviral- 
conditioned medium overnight and then collected for further research. 
The shRNA sequences are provided in the Supplementary material 
online, Table S5.

2.10 Statistical analysis
Statistical analysis was performed using GraphPad Prism 9. All data were 
expressed as the mean value ± standard deviation. When comparing the 
difference between two groups, Student’s t-test (unpaired, two-tailed) 
was applied. One-way analysis of variance (ANOVA) was performed to de-
tect the significance of differences between multiple groups. Dunnett’s T3 
and Sidak tests were used to assess the significance of differences among 
every mean to the control value or among selected pairs of groups, re-
spectively. Two-way ANOVA with post hoc tests was used to assess the 
significance of differences among pairs of groups at different time-points.

3. Results
3.1 VECs mediate trastuzumab-induced 
cardiotoxicity.
To identify the cardiotoxic mechanism of trastuzumab, we first investi-
gated the direct effect of trastuzumab on cardiomyocytes. We discovered 
that trastuzumab did not decrease the survival rate of cardiomyocytes (see 
Supplementary material online, Figure S1A). We then established a model 
of cell contractile force detection based on the literature12 using digoxin, 
which can promote cell contraction and reduce the planar surface area. 
We found that the planar surface area of the cells was reduced after di-
goxin administration in both the control and trastuzumab groups (see 
Supplementary material online, Figure S1B), suggesting that trastuzumab 
had no direct deleterious effects on cardiomyocytes contraction. In add-
ition, we used the human iPSC-CM model and treated the iPSC-CMs 
with trastuzumab or adriamycin (ADR), an anticancer drug that can reduce 
the survival and contractility of cardiomyocytes, to generate a positive con-
trol group. After 6 h of ADR treatment, the cell survival rate significantly 
decreased. In contrast to ADR, trastuzumab did not significantly reduce 
cell survival (see Supplementary material online, Figure S1C). 
Furthermore, we observed that the spontaneous contraction amplitude 
and beat rate were not affected by trastuzumab treatment but were re-
duced by ADR treatment (see Supplementary material online, Figure S1D 
and E). These results suggested that trastuzumab had no direct effect on 
the survival or contraction of iPSC-CMs.

To confirm the effect of trastuzumab on the heart, a rat model was es-
tablished with anti-HER2/neu (homologue of HER2 in rats) antibody. 
Anti-HER2/neu antibody and trastuzumab exhibit structural similarity in 
the third complementarity determining region and share the same antigen 
epitope on their targets.13 Thus, anti-HER2/neu antibody was used to 
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mimic the cardiotoxicity of trastuzumab in vivo (see Supplementary 
material online, Figure S1F). Haematoxylin and eosin (H&E) staining showed 
no apparent cardiac injury in the hearts of anti-HER2/neu antibody-treated 
rats (see Supplementary material online, Figure S1G). We also noticed in-
creased collagen deposition in heart sections from anti-HER2/neu 
antibody-treated rats (see Supplementary material online, Figure S1H and 
I), indicating that trastuzumab caused cardiac fibrosis. Wheat germ 
agglutinin (WGA) staining showed slightly increased cardiomyocyte 
size in the hearts of anti-HER2/neu antibody-treated hearts rats (see 
Supplementary material online, Figure S1J), suggesting the existence of slight 
cardiac hypertrophy. These results were consistent with the clinical find-
ings that trastuzumab causes cardiac dysfunction in patients without fea-
tures of significant cardiac structural changes or myocardial cell damage 
based on biopsy results.4

Considering the potential relationship between HER2 inhibition and the 
cardiac complications of trastuzumab and the decreased overall protein le-
vel of HER2 in adult mouse hearts, we performed an immunofluorescence 
assay with the hearts of adult mice and mouse embryos. We found that 
HER2 protein levels in cardiomyocytes were dramatically reduced in adult 
hearts (Figure 1A). Interestingly, the VECs in the capillary from the adult 
mouse hearts still maintained substantial expression of HER2 (Figure 1A), 
which prompted us to propose that VECs might participate in the cardio-
toxicity of trastuzumab. We then detected the role of VECs in 
trastuzumab-related cardiotoxicity. As shown in Figure 1B, we treated 
HUVECs with either sterilized water (solvent control) or trastuzumab 
for 24 h, and the supernatants were collected as conditioned medium 
(control medium, Ctrl-Medium or trastuzumab medium, Tra-Medium). 
We found that Tra-Medium had little effect on the survival rate of 
CCC-HEH-2 cells (Figure 1C), but inhibited the contraction of 
CCC-HEH-2 cells (Figure 1D). Furthermore, we used iPSC-CMs to confirm 
the effects of trastuzumab-treated VECs on cardiomyocytes. As expected, 
Tra-Medium did not decrease the survival rate of iPSC-CMs (Figure 1E), but 
significantly inhibited the contraction amplitude (Figure 1F) and beat rate 
(Figure 1G) of iPSC-CMs, suggesting that trastuzumab-treated VECs led 
to defective cardiomyocyte contractility. We noticed no significant change 
in the mitochondrial membrane potential or protein levels of mitochon-
drial respiratory chain complexes in cardiomyocytes after 24 h of treat-
ment with Tra-Medium (see Supplementary material online, Figure S2A 
and B). We also found that Tra-Medium increased mRNA level of NPPA, 
NPPB (natriuretic peptide TYPE A/B), and MYH7 (myosin, heavy peptide 
7, myocardial β), and decreased mRNA level of MYH6 (myosin, heavy pep-
tide 6, myocardial α) in CCC-HEH-2 cells (see Supplementary material 
online, Figure S2C), suggesting the pathological cardiac remodelling. 
Taken together, these data demonstrated that trastuzumab acts on 
VECs first and then indirectly causes defective cardiomyocyte contractility 
and cardiac dysfunction.

3.2 PTX3 released from VECs promotes 
trastuzumab-induced cardiac dysfunction
To identify the key factors from VECs that inhibit cardiomyocyte contract-
ility, the substances in the medium of trastuzumab-treated HUVECs were 
analysed by LC-MS/MS (see Supplementary material online, Figure S3A). 
One hundred and forty proteins were identified, suggesting that many fac-
tors were secreted by HUVECs upon trastuzumab treatment. To catch the 
key secreted protein(s), we analysed the top 10 enriched proteins (see 
Supplementary material online, Figure S3B), wherein PTX3 is only one pro-
tein that can be released by VECs and plays key functions in endothelial dys-
function and cardiomyocyte injury. Thus, we focused on PTX3 in our later 
study and confirmed the function of PTX3 in trastuzumab-induced cardiac 
dysfunction. The levels of PTX3 in the cell lysates and medium were de-
tected by western blot and ELISA. We found that trastuzumab treatment 
led to an increase in PTX3 levels in the medium in a time- and dose- 
dependent manner (Figure 2A and B, see Supplementary material online, 
Figure S3C), suggesting the release of PTX3 from HUVECs. We also found 
that CCC-HEH-2, human aorta vascular smooth cells, and primary macro-
phages induced from human peripheral blood monocytes cells could not 

release PTX3 upon trastuzumab treatment (see Supplementary material 
online, Figure S3D), further confirming that the increase in 
secreted-PTX3 was from VECs other than other cell types. To further in-
vestigate the release of PTX3, we measured the plasma from patients di-
agnosed with/without cardiac complications after trastuzumab therapy. 
The ELISA results showed that patients with cardiac complications, like re-
duced LV systolic function, reduced LV diastolic function, tricuspid regur-
gitation, mitral regurgitation, or tachycardia, had higher plasma PTX3 levels 
than patients without cardiac complications (Figure 2C and see 
Supplementary material online, Table S1). These data indicated that 
PTX3 might be the key factor that mediates the crosstalk between VECs 
and cardiomyocytes in trastuzumab-induced cardiac complications.

To test this hypothesis, a PTX3-neutralizing antibody was applied to 
block PTX3 function. We found that PTX3 neutralization reversed 
Tra-Medium-induced defective cardiomyocyte contractility in the digoxin 
model (Figure 2D). Moreover, the PTX3-neutralizing antibody was suffi-
cient to inhibit the decreased contraction amplitude (Figure 2E) and beat 
rate (Figure 2F) of iPSC-CMs, without affecting the survival rate 
(Figure 2G). In addition, we investigated the role of PTX3 in 
VEC-mediated cardiac dysfunction by knocking out the PTX3 expression 
in HUVECs via CRISPR-Cas9 and the knockout efficiency was confirmed 
by qPCR (Figure 2H). The release of PTX3 caused by trastuzumab was re-
markably ablated in HUVECs (PTX3 KO) (Figure 2I). Notably, trastuzumab- 
containing medium from HUVECs (PTX3 KO) failed to inhibit the contract-
ility of cardiomyocytes in the digoxin model (Figure 2J) or decrease the con-
traction amplitude or beat rate of iPSC-CMs (Figure 2K–M).

Next, we applied recombinant PTX3 protein to mimic the release of 
PTX3. We found that the survival rate of CCC-HEH-2 cells remained un-
altered with recombinant PTX3 protein treatment (Figure 3A). Notably, in 
PTX3-treated CCC-HEH-2 cells, we observed a reduction in digoxin- 
stimulated contractility (Figure 3B). Moreover, 40 ng/mL PTX3 led to a sig-
nificant decrease in contraction amplitude (Figure 3C) but could not reduce 
the survival rate (Figure 3D) or beat rate (Figure 3E) of iPSC-CMs. Then we 
examined the role of PTX3 in vivo and treated the ICR mice with 20 or 
100 ng of recombinant mouse PTX3 protein daily for 14 days via intraven-
ous injection. We found a decreased ejection fraction and fractional short-
ening in the PTX3-treated mice (Figure 3F and Supplementary material 
online, Table S2), suggesting cardiac dysfunction in the mice treated with 
PTX3. H&E staining results showed no apparent cardiac injury in the 
PTX3-treated hearts (Figure 3G). However, we observed some collagen 
deposition in heart sections from PTX3-injected mice, indicating slight car-
diac fibrosis (Figure 3H and I). WGA staining showed a slightly increased 
cardiomyocyte size in hearts from PTX3-injected mice (Figure 3J), indicat-
ing that PTX3 caused cardiac hypertrophy. Meanwhile, the injection of 
PTX3 had little effect on heart weight/body weight ratio or heart rate 
(see Supplementary material online, Figure S4A and B). In addition, we 
found that PTX3 failed to increase the levels of serum creatine kinase myo-
cardial band (CK-MB) (see Supplementary material online, Figure S4C), ALT 
or AST (Supplementary material online, Figure S4D), which are biochemical 
markers of cardiac and hepatic injury, respectively. These results indicated 
that PTX3 is sufficient to cause cardiac dysfunction directly without dam-
aging the cardiac structure. It has been reported that PTX3 could induce 
endothelial dysfunction14 and we found that trastuzumab showed nearly 
no effects on the proliferation and migration but slight effects on the sur-
vival of HUVECs (see Supplementary material online, Figure S5), suggesting 
that endothelial dysfunction might be involved in the cardiomyocyte con-
tractility defects. Collectively, our data suggest that PTX3 is the key factor 
released from VECs that mediates trastuzumab-induced cardiac 
dysfunction.

3.3 PTX3 causes aberrant calcium signalling 
in cardiomyocytes
Next, we investigated the mechanisms by which PTX3 or Tra-Medium 
caused defective contractility by performing RNA-sequencing of hearts 
from PTX3-treated mice. We found that the expression of 26 genes 
was significantly up-regulated in the hearts of PTX3-treated mice 
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Figure 1 Vascular endothelial cells participate in trastuzumab-induced cardiotoxicity. (A) Representative confocal images of the heart of mouse embryos at 
Day 16.5 (n = 3 embryos) and of 6-week-old and 16-week-old mice (n = 3 mice) stained with HER2 (red), α-Actinin (green) antibody, and DAPI (blue). Scale 
bar, 100 μm and 20 μm. (B–G) Effects of conditioned medium on CCC-HEH-2 cells and iPSC-CMs. (B) The schematic diagram of the preparation and appli-
cation of conditioned medium. (C ) SRB colorimetric assay showed the effect of conditioned medium on the survival of CCC-HEH-2 cells (n = 3). (D) Digoxin 
was used to stimulate the contraction of CCC-HEH-2 cells, and the contractility was calculated by planar surface area (n = 8). (E–G) The normalized survival 
rate, contraction amplitude, and beat rate of iPSC-CMs (n = 6 individuals). The P-value was calculated by one-way ANOVA (Dunnett’s or Sidak multiple com-
parisons tests). NS, no significance; *P < 0.05, **P < 0.01, ***P < 0.001.DAPI, 4’,6-diamidino-2-phenylindole; iPSC-CMs, induced pluripotent stem cell-derived 
cardiomyocytes; Ctrl-Medium, control medium; Tra-Medium, trastuzumab medium.
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Figure 2 PTX3 governs trastuzumab-induced cardiotoxicity. (A and B) The level of PTX3 in HUVECs medium. (A) Western blot and quantification of PTX3 
(n = 3). (B) ELISA analysis of PTX3 (n = 3). (C ) ELISA analysis of PTX3 on the plasma from patients as indicated. (D–G) The conditioned medium and 
PTX3-neutralizing antibody were used to treat CCC-HEH-2 cells and iPSC-CMs. (D) The contractility of CCC-HEH-2 cells (n = 8). (E–G) The normalized 
survival rate, contraction amplitude, and beat rate of iPSC-CMs (n = 6 individuals). (H ) The transcriptional level of PTX3 was measured by qPCR in 
HUVECs (WT and PTX3 KO, n = 5). (I) The secretion level of PTX3 was measured by western blot (n = 3). (J–M) The conditioned medium from 
HUVECs (WT and PTX3 KO) were treated with CCC-HEH-2 cells and iPSC-CMs. (J ) The contractility of CCC-HEH-2 cells (n = 8). (K–M) The normalized 
viability, contraction amplitude, and beat rate of iPSC-CMs (n = 6 individuals). The P-value was calculated by one-way ANOVA (Dunnett’s or Sidak multiple 
comparisons tests). NS, no significance; *P < 0.05, **P < 0.01, ***P < 0.001. Ctrl-Medium, control medium; Tra-Medium, trastuzumab medium; PTX3 
Neu-Antibody, PTX3-neutralizing antibody.
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Figure 3 PTX3 reduces the contractility of cardiomyocytes and causes left ventricular dysfunction in mice. (A–E) Effects of recombinant PTX3 protein on 
CCC-HEH-2 cells and iPSC-CMs. (A) Survival rate of CCC-HEH-2 cells (n = 3). (B) Contractility of CCC-HEH-2 cells (n = 8). (C–E) The normalized contraction 
amplitude, survival rate, and beat rate of iPSC-CMs (n = 5 in control and n = 4 in PTX3). (F–J) Mice were treated with saline or PTX3 (20 ng or 100 ng/mouse) 
once a day by i.v. for 14 days (n = 8 mice). (F ) Cardiac function was examined by echocardiography. (G–I) Heart tissues were collected for histopathological 
analysis. (G) Haematoxylin and Eosin staining. Scale bar, 100 μm and 50 μm. (H ) Sirius Red staining and quantification. Scale bar, 100 μm. (I ) Masson’s 
Trichrome staining. Scale bar, 25 μm. (J ) WGA staining and quantification of the cross-sectional area of cardiomyocytes. The P-value was calculated by one-way 
ANOVA (Dunnett’s or Sidak multiple comparisons tests) or Student’s t-test (unpaired, two-tailed, two groups). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4 PTX3 reduces the Ca2+ content and impairs the contraction of cardiomyocytes. (A–G) RNA-sequencing of the three mice hearts treated with vehicle 
or PTX3. (A) The volcano plot of log2-fold change of gene expression. (B) Gene ontology (GO) analysis. (C) Heatmap of different gene expression patterns related 
to calcium ion binding. (D–G) Gene set enrichment analysis (GSEA). (H and I) Fluo-4 AM staining and flow cytometry showed the effects of conditioned medium 
and recombinant PTX3 protein on the Ca2+ content of CCC-HEH-2 cells (n = 3). (J ) CCC-HEH-2 cells were treated with conditioned medium from HUVECs 
(WT and PTX3 KO) and measured for the Ca2+ content (n = 4). (K) KEGG pathway enrichment analysis. (L) CCC-HEH-2 cells were treated with conditioned 
medium at various times as indicated. The protein levels of P-STAT3 (Y705) of CCC-HEH-2 cells were measured by western blot (n = 3). The P-value was calcu-
lated by one-way ANOVA (Dunnett’s or Sidak test). *P < 0.05, **P < 0.01; ***P < 0.001. GO, Gene Ontology; NES, normalized enrichment score; Tra-Medium, 
trastuzumab-medium; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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compared with control mice (≥2- or ≤0.5-fold, false discovery rate ≤0.05), 
whereas the expression of 36 genes was down-regulated (Figure 4A and 
Supplementary material online, Tables S3 and S4). Gene ontology pathway 
analysis of biological processes showed enrichment of genes in processes 
related to the response to hypoxia, regulation of high voltage-gated calcium 
channel activity, and angiogenesis (Figure 4B). Notably, gene set enrichment 
analysis further confirmed that signalling pathways closely related to car-
diac function, including the calcium signalling pathway, calcium channel 
regulator activity, c-AMP, and endocrine- and other factor-regulated cal-
cium reabsorption, were more enriched in vehicle-treated hearts 
(Figure 4C–G), suggesting that dysregulated calcium signalling might contrib-
ute to the cardiac dysfunction caused by trastuzumab or PTX3. To further 
assess the function of PTX3 in calcium signalling, we detected the intracel-
lular calcium content in CCC-HEH-2 cells. Flow cytometry with the cal-
cium dye Fluo-4 AM revealed that Tra-Medium and recombinant PTX3 
protein led to a decrease in intracellular calcium content in CCC-HEH-2 
cells (Figure 4H and I). Moreover, deletion of the PTX3 gene in HUVECs 
rescued the decreased intracellular calcium content in CCC-HEH-2 cells 
caused by trastuzumab-containing medium (Figure 4J).

Moreover, Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way enrichment analysis and the resulting heatmap showed the enrichment 
of pathways related to the pathogen infection and immune response 
(Figure 4K and Supplementary material online, Figure S6A), suggesting 
activation of inflammation response in the PTX3-treated hearts, which 
was consistent with the occurrence of inflammatory infiltration in 
PTX3-treated hearts (Figure 3G) and anti-HER2/neu antibody-treated 
hearts (see Supplementary material online, Figure S1G) and the canonical 
role of PTX3 in regulating immune activity. Considering that PTX3 pro-
motes inflammatory response partially by STAT3 signalling15 and that 
STAT3 plays key roles in the regulation of cardiac calcium signalling,16,17

we detected the activation of STAT3 signalling by PTX3. We found that 
Tra-Medium apparently increased the phosphorylation of STAT3 (Y705) 
in CCC-HEH-2 cells in a time- and dose-dependent manner (Figure 4L 
and Supplementary material online, Figure S6B). In addition, PTX3 treat-
ment increased the expression of p-STAT3 (Y705) in the hearts (see 
Supplementary material online, Figure S6C). Notably, trastuzumab had a lit-
tle direct effect on the phosphorylation of STAT3 (Y705) in CCC-HEH-2 
cells (see Supplementary material online, Figure S6D). These data sup-
ported the hypothesis that PTX3 from VECs regulates cardiac homoeosta-
sis and function by STAT3 signalling in cardiomyocytes.

3.4 Activation of EGFR signalling led to the 
release of PTX3 from VECs
Given that the release of PTX3 from VECs was the key cause of 
trastuzumab-induced cardiac dysfunction, we next investigated the me-
chanisms by which trastuzumab promotes PTX3 release. We first exam-
ined the protein secretion pathways that are responsible for 
trastuzumab-induced PTX3 release using brefeldin A (BFA), which blocks 
transport from endoplasmic reticulum to Golgi and is used as an inhibitor 
of the conventional protein secretion pathway. Western blot results 
showed that BFA inhibited the increase in the level of extracellular PTX3 
caused by trastuzumab and led to the intracellular accumulation of the 
PTX3 protein (see Supplementary material online, Figure S7A). Notably, 
3-methyladenine (3-MA), an autophagy inhibitor, did not affect the level 
of PTX3. These results indicated that trastuzumab promotes PTX3 secre-
tion from VECs through the conventional pathway. In the conventional se-
cretory pathway, the signal peptides located in the N-termini of secreted 
proteins are essential for secretion.18 Therefore, we predicted the signal 
peptides of PTX3 using the SignalP 5.0 server. As shown in Figure 5A, the 
peptide from amino acids 1–16, which was highly conserved in diverse 
mammalian species (Figure 5B), may be a signal peptide. To confirm this sig-
nal peptide, we constructed a full-length PTX3 plasmid and a truncated 
PTX3 (Δ 2–16) plasmid, and examined the release of PTX3 from 
HUVECs (PTX3-KO). We found that the truncation of amino acids 2– 
16 apparently impeded the trastuzumab-induced release of PTX3 

(Figure 5C), indicating that this peptide is the signal peptide in PTX3 that 
is required for its release from VECs.

The increased transcription of secretory proteins promoted their re-
lease to the extracellular space. As expected, 75, 150, and 300 μg/mL tras-
tuzumab increased the mRNA level of PTX3 (Figure 5D). Therefore, we 
then investigated how trastuzumab regulates the transcription of PTX3. 
We first explored the involvement of the inhibition of HER2, the target 
of trastuzumab, in PTX3 transcription and release. Compared with non- 
targeting siRNA (NC), HER2 siRNA increased the mRNA level of PTX3 
(Figure 5E). Notably, HER2 siRNA triggered the release of PTX3 into the 
extracellular medium (Figure 5F). These results suggested that inhibition 
of HER2 in VECs leads to the increased transcription and release of PTX3.

HER2 inhibition induces compensatory activation of the EGFR signalling 
pathway19 and the overexpression/activation of EGFR promotes cardio-
vascular diseases and injuries, including cardiac hypertrophy, fibrosis, endo-
thelial dysfunction, and atherogenesis,20,21 which prompted us to 
investigate whether EGFR signalling is involved in trastuzumab-induced 
PTX3 release and cardiac complications. We found that trastuzumab treat-
ment or silencing of the HER2 gene promoted the phosphorylation of tyro-
sine (Y) 1068 of EGFR in HUVECs (Figure 5G and H). Immunofluorescence 
and immunohistochemistry assays further confirmed the increased phos-
phorylation of EGFR in HUVECs and in VECs of the hearts, respectively 
(Figure 5I and Supplementary material online, Figure S7B). These data sug-
gested the activation of EGFR by trastuzumab-mediated HER2 inhibition in 
VECs. We then examined the effect of EGFR activation on the 
trastuzumab-induced increase in the transcription and release of PTX3. 
We found that EGF, the ligand of EGFR, increased the transcription level 
of PTX3 and promoted PTX3 secretion, accompanied by the increased 
phosphorylation of EGFR (see Supplementary material online, Figure S7C 
and D). We also constructed an active EGFR plasmid by mutating tyrosine 
1068 to aspartic acid (D) or glutamic acid (E), termed Y1068D or Y1068E, 
to mimic tyrosine phosphorylation. Overexpression of the Y1068D or 
Y1068E plasmid markedly increased the mRNA level, and intracellular 
and secreted protein levels of PTX3 (see Supplementary material online, 
Figure S7E and F). These data indicated that activated EGFR contributes 
to the increased transcription and secretion of PTX3.

In contrast, we applied lentivirus containing shRNA targeting EGFR to 
knock down EGFR expression in HUVECs and found that EGFR knockdown 
reversed the increase in the transcription (Figure 5J), and secreted protein 
levels of PTX3 caused by trastuzumab (see Supplementary material online, 
Figure S7G). In addition, we detected the effects of EGFR inhibitors on the 
transcription and release of PTX3. The EGFR inhibitors, gefitinib and 
AZD3759, and the EGFR/HER2 dual inhibitors, lapatinib, neratinib, and 
pyrotinib, also directly decreased the mRNA level of PTX3 in HUVECs 
(see Supplementary material online, Figure S7H–L). Moreover, gefitinib, 
AZD3759, and lapatinib blocked the effects of trastuzumab on PTX3 tran-
scription (see Supplementary material online, Figure S7M–O) and release 
(Figure 5K). Taken together, our data showed that the activation of 
EGFR by trastuzumab led to the increased transcription and release of 
PTX3 from VECs.

3.5 EGFR signalling mediates transcription 
and release of PTX3 by STAT3
The EGFR signalling pathway, in which several classic downstream effec-
tors, including STAT3, AKT, IkBα, ERK, and JNK1/2, regulate signal trans-
duction from EGFR activation, is one of the most thoroughly studied 
signalling pathways. Therefore, we next proceeded to identify the down-
stream effector of EGFR that is required for the transcription and release 
of PTX3. We found that the level of only phosphorylated STAT3 (Y705) 
among the tested proteins was increased by trastuzumab (Figure 6A and 
see Supplementary material online, Figure S8A). Phosphorylation of 
STAT3 at Y705 promotes the translocation of STAT3 from cytoplasm 
to nucleus, where STAT3 functions as a transcription factor to regulate 
the transcription of target genes.22 Immunofluorescence assay and subcel-
lular fractionation analysis revealed that trastuzumab promoted the nu-
clear localization of STAT3 (Figure 6B and see Supplementary material 
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Figure 5 Activation of EGFR in vascular endothelial cells promotes the transcription and secretion of PTX3. (A) The signal peptide prediction for PTX3 via SignalP 
5.0. (B) Phylogenetic conservation of the N-terminal amino acids 2–16 in PTX3 protein. (C) HUVECs (PTX3 KO) were transfected with PCDH, PTX3 (WT), or 
PTX3 harbouring a deletion of amino acids 2–16 (Δ2–16) for 12 h and treated with trastuzumab. The protein levels of secreted-PTX3 were measured by western 
blot (n = 3). (D) The transcription levels of PTX3 measured by qPCR (n = 6). (E and F) HUVECs were transfected with NC or HER2 siRNA. (E) The transcription 
levels of HER2 and PTX3 were measured by qPCR (n = 5). (F) The protein levels of PTX3 of medium and lysates were measured by western blot (n = 3). (G and H ) 
Western blot of p-EGFR (Y1068) levels in HUVECs treated with trastuzumab or transfected with NC or HER2 siRNA (n = 3). (I) Immunofluorescence assays of 
p-EGFR (Y1068) levels in HUVECs (n = 3). Scale bar, 5 μm. (J ) The transcription levels of PTX3 in HUVECs that were transfected with EGFR shRNA (#1, #2) or NC 
lentivirus (n = 5). (K) HUVECs were exposed to trastuzumab with or without gefitinib, AZD3759, or lapatinib for 24 h. The protein levels of secreted-PTX3 were 
measured by western blot (n = 3). The P-value was calculated by one-way ANOVA (Dunnett’s or Sidak test). *P < 0.05, **P < 0.01, ***P < 0.001. VEC, Vector; DAPI, 
4’,6-diamidino-2-phenylindole; Gefi, gefitinib; AZD, AZD3759; Lapa, lapatinib.



1260                                                                                                                                                                                                          Z. Xu et al.

Figure 6 STAT3 functions as a transcription factor of PTX3 in HUVECs. (A and B) HUVECs were treated with trastuzumab at various times or various 
concentrations of trastuzumab as indicated. (A) The level of p-STAT3 (Y705) measured by western blot (n = 4). (B) Representative images of HUVECs 
with p-STAT3 (Y705, green) and DAPI (blue) (n = 3). Scale bar, 10 μm. (C ) Sprague Dawley rats were treated with IgG or anti-HER2/neu antibody by i.v. 
for 4 weeks. Heart sections were stained with p-STAT3 (Y705) antibody by immunohistochemistry (n = 3). Scale bar, 100 μm and 25 μm. (D and E) 
HUVECs were transfected with PCDH or HA-STAT3 plasmid. (D) The PTX3 mRNA level was measured by qPCR (n = 6). (E) The protein levels of 
STAT3 and PTX3 were measured by western blot (n = 3). (F and G) HUVECs were transfected with NC or STAT3 siRNA for 12 h and then treated with 
or without trastuzumab. (F ) The PTX3 mRNA level (n = 5). (G) The protein levels of STAT3 and secreted-PTX3 (n = 3). (H) Relative luciferase activity in 
HUVECs treated with various concentrations of trastuzumab for 12 h (n = 3). (I ) Relative luciferase activity in HUVECs transfected with PCDH or 
HA-STAT3 plasmid (n = 3). (J ) ChIP-qPCR analysis of STAT3 binding to the promoter of the PTX3 gene in HUVECs (n = 3). The P-value was calculated 
by one-way ANOVA (Dunnett’s or Sidak test) or Student’s t-test (unpaired, two-tailed, two groups). *P < 0.05, **P < 0.01, ***P < 0.001 (comparing with 
the indicated group or lane one) and ###P < 0.001 (comparing with lane two in Figure 6G). DAPI, 4′,6-diamidino-2-phenylindole; VEC, Vector.
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online, Figure S8B), suggesting that trastuzumab promotes the nuclear lo-
calization of STAT3 in HUVECs, which was further confirmed by immuno-
histochemistry assay with trastuzumab-treated heart sections (Figure 6C). 
We then investigated the role of STAT3 in the transcription and release 
of PTX3. Overexpression of the STAT3 plasmid increased the mRNA 
and secreted protein level of PTX3 in HUVECs (Figure 6D and E). In add-
ition, an increase in the mRNA and secreted protein levels of PTX3 caused 
by trastuzumab was abolished by STAT3 knockdown (Figure 6F and G). 
Luciferase assay showed that PTX3 luciferase activity was up-regulated 
upon trastuzumab treatment (Figure 6H). Overexpression of the STAT3 
plasmid increased PTX3 luciferase activity 1.73-fold (Figure 6I). 
Conversely, PTX3 deletion had little effect on the phosphorylation of 
STAT3 (see Supplementary material online, Figure S8C). Taken together, 
these data suggest that STAT3 is required for EGFR-mediated PTX3 tran-
scription and release and that PTX3 is a target gene of STAT3.

We then examined the direct regulation of PTX3 transcription by 
STAT3 by detecting the binding of STAT3 to the PTX3 promoter region 
via chromatin immunoprecipitation (ChIP) assay. A previous study identi-
fied the 1 kb region upstream of the transcription start site (TSS) as a po-
tential promoter region of the PTX3 gene.23 We analysed the PTX3 
promoter region with the NCBI database and found that it contains several 
conserved STAT3-binding motifs [TTC(N)2-4GAA and TT(N)4-6AA].24,25

We designed a pair of PCR primers to amplify the region upstream of 
TSS that also contains the STAT3-binding motifs to detect the enrichment 
of DNA fragments by STAT3 pull-down. As shown in Figure 6J, the ability of 
trastuzumab to promote the enrichment of STAT3 on the promoter re-
gion of PTX3 was confirmed by STAT3 ChIP-qPCR. Overall, we demon-
strated that STAT3 is recruited to the PTX3 promoter region to 
directly promote PTX3 transcription upon trastuzumab-induced activa-
tion of EGFR signalling.

3.6 Lapatinib could be an intervention agent 
for trastuzumab-induced cardiotoxicity by 
inhibiting EGFR/STAT3/PTX3 signalling
Given that EGFR activation in VECs led to cardiac dysfunction caused by 
trastuzumab and that lapatinib inhibited EGFR-mediated PTX3 release, 
we investigated the rescue effects of lapatinib on trastuzumab-induced car-
diotoxicity. The addition of lapatinib reversed the effects of Tra-Medium 
on calcium content in CCC-HEH-2 cells (Figure 7A). Moreover, we found 
that lapatinib abolished the decreases in contraction amplitude and beat 
rate caused by Tra-Medium without affecting the survival fraction of 
iPSC-CMs (Figure 7B–D).

Our in vitro data prompted us to examine the feasibility of lapatinib as an 
intervention strategy for trastuzumab-induced cardiac complications in 
vivo. A rat model was established with anti-HER2/neu antibody combined 
with lapatinib and used to investigate the effects on the heart (Figure 7E). 
Considering that PTX3 is the key factor underlying trastuzumab-induced 
cardiotoxicity, we then detected the change in the PTX3 content in rat ser-
um. Compared with the baseline level at Week 0, the level of PTX3 in the 
anti-HER2/neu group was significantly increased at Weeks 2 and 4 and la-
patinib reduced the increased PTX3 level caused by anti-HER2/neu to the 
level of the IgG group (Figure 7F). The echocardiography results showed 
that anti-HER2/neu antibody caused cardiac dysfunction, as evidenced by 
the decreased LV ejection fraction and fraction shortening (Figure 7G 
and Supplementary material online, Table S5). Notably, the addition of la-
patinib improved cardiac function, suggesting a significant protective effect 
(Figure 7G). We found no apparent change in markers of the myocardial 
injury, including the heart index; histological features; and lactate dehydro-
genase, creatine kinase, and CK-MB levels (Figure 7H, Supplementary 
material online, Figure S9A and B), which was consistent with clinical obser-
vations. We also confirmed that lapatinib could mitigate the activation of 
EFGR/STAT3 signalling (Figure 7I and J) in the heart. Taken together, these 
results indicated that lapatinib protected against trastuzumab-induced car-
diac complications by preventing EFGR/STAT3-mediated PTX3 release 

and provided a potential strategy to improve the cardiac safety of trastu-
zumab in the clinic.

4. Discussion
Cardiovascular complications, such as heart failure, caused by trastuzu-
mab dramatically decrease the survival quality of cancer patients, but an 
effective therapeutic strategy is lacking. Here, we reveal that VECs ex-
press a substantial amount of the HER2 protein and are the main target 
cells of trastuzumab. We confirmed that the activation of EGFR/STAT3 
signalling in VECs by trastuzumab promotes the release of PTX3, which 
leads to the decreased contractility of cardiomyocytes by the disruption 
of calcium homoeostasis and increased immune activity. Furthermore, 
we identified lapatinib as a feasible preventive and protective agent for 
trastuzumab-induced cardiac complications.

Decreased LV ejection fraction and/or congestive heart failure, which 
are common cardiotoxic effects caused by trastuzumab, are observed in 
2–16% of patients treated with trastuzumab, though the incidence has var-
ied in different trials.1,3,26 Typically, this cardiotoxicity further increases 
with exposure to anthracyclines,27 further complicating the cardiotoxic 
mechanism. To obtain clear insights into the mechanism underlying 
trastuzumab-induced cardiac dysfunction, we mainly investigated the ef-
fects of trastuzumab alone on the heart in this study, to mimic the clinical 
practice wherein trastuzumab is used as a single therapeutic agent. Indeed, 
it has been well established that anthracyclines cause cardiomyocyte death 
and myocardial injury,28,29 which might increase the sensitivity of cardio-
myocytes to trastuzumab or the PTX3 protein. Future studies on the ef-
fects of combined trastuzumab and anthracyclines treatment on the 
heart and the effects of trastuzumab treatment on anthracycline-damaged 
hearts are warranted.

Kitani et al.30 reported that 7 days of treatment with trastuzumab caused 
mitochondrial dysfunction and defective biogenesis in iPSC-CMs, so these 
effects might underly the mechanism by which trastuzumab induces cardiac 
dysfunction. One possible explanation for these phenotypes is HER2 inhib-
ition in cardiomyocytes, since in vitro results showed that the NRG1-HER2 
signalling pathway plays a protective role against mitochondrial dysfunction 
and apoptosis in cardiomyocytes.31,32 However, endomyocardial biopsy of 
the ventricles from patients who suffered from the trastuzumab cardio-
toxicity showed no features of significant cardiac structural changes or 
myocardial cell damage,4 in contrast to the phenotypes caused by HER2 
inhibition in vitro. Cardiomyocyte-specific HER2-deficient adult mice that 
were induced by MLC2v-Cre showed dilated cardiomyopathy, but no sig-
nificant change in mitochondrial function or structure was observed, which 
is contrary to the conclusion that HER2 is essential for mitochondria and 
cardiomyocytes, suggesting that the role and mechanism of HER2 in the 
heart are complicated. Notably, the Myl2 gene, which encodes MLC2v, 
starts to express in the mouse ventricular cardiac primordia at embryonic 
Day 7.5. Therefore, dilated cardiomyopathy caused by MLC2v-Cre-driven 
HER2 deletion might not precisely reflect the role of HER2 in the adult 
heart. These findings indicated that clarification of the function of HER2 
in the adult heart using inducible cardiac-specific Cre mice would promote 
the understanding of the cardiotoxicity of HER2 inhibitors.

Nevertheless, ErbB2 expression in mouse hearts progressively de-
creases with age.7 However, the role of HER2 inhibition in 
trastuzumab-induced cardiac complications cannot be excluded and has 
yet to be investigated. Therefore, we sought to investigate the expression 
of HER2 in different cell types within embryonic and adult hearts. Our data 
revealed that VECs in adult hearts maintained HER2 expression but most 
of the cardiomyocytes showed low expression of HER2. We then con-
firmed that VECs contributed to the decreased contractility of cardiomyo-
cytes. These findings might explain why patients who have pre-existing 
vascular diseases more easily undergo trastuzumab-induced cardiovascular 
complications.1,8

VECs can release signalling factors to promote myocardial development 
and control the contractility of cardiomyocytes in the normal adult heart. 
Thus, the identification of the key factors that mediate the crosstalk 

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad012#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad012#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad012#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad012#supplementary-data
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Figure 7 The dual EGFR/HER2 inhibitor lapatinib confers functional protection from trastuzumab-induced cardiotoxicity. (A–D) HUVECs were exposed to 
trastuzumab with or without lapatinib for 24 h and the conditioned medium was added to CCC-HEH-2 cells and iPSC-CMs. (A) The Ca2+ content of 
CCC-HEH-2 cells measured by flow cytometry (n = 4). (B–D) The normalized survival rate, contraction amplitude, and beat rate of iPSC-CMs (n = 6 indivi-
duals). (E–J) Sprague Dawley rats were treated with saline, anti-HER2/neu antibody, lapatinib, or lapatinib plus anti-HER2/neu antibody for 4 weeks (n = 6 rats). 
(E) The schematic diagram of animal experiment. (F ) Serum was analysed for PTX3 level by ELISA. (G) Cardiac function examined by echocardiography. (H ) 
Organ index of the heart. (I and J ) Heart sections were stained with P-EGFR (Y1068) and p-STAT3 (Y705) antibody by immunohistochemistry (n = 3 rats). 
Scale bar, 100 μm and 25 μm. The P-value was calculated by one-way ANOVA (Sidak test) or two-way ANOVA (Tukey’s test). NS, no significance; *P < 0.05, 
**P < 0.01, ***P < 0.001. Ctrl-Medium, Control medium; Tra-Medium, trastuzumab medium; Lapa-Medium, lapatinib medium; Lapa/Tra-Medium, 
lapatinib-plus-trastuzumab medium.
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between VECs and cardiomyocytes is of key importance for the study of 
the pathology of cardiac diseases. We identified PTX3 as a factor that con-
tributes to decreased contractility of cardiomyocytes. Nevertheless, the 
direct effect of PTX3 on cardiomyocytes is much less understood. 
Increased plasma PTX3 levels were observed in heart failure patients 
and PTX3 levels were positively correlated with the severity of heart fail-
ure.33,34 Somatic deletion of Ptx3 in mice attenuates the cardiac remodel-
ling and decreased cardiac function induced by transverse aortic 
constriction, suggesting the potential deleterious role of PTX3 in heart fail-
ure. We found that PTX3 decreased the contractility of iPSC-CMs in vitro 
and led to cardiac dysfunction in vivo, confirming the undiscovered deleteri-
ous effects of PTX3 on cardiomyocytes in drug-induced cardiomyopathy. 
Notably, PTX3 can also induce vascular endothelial dysfunction,14 which 
might secondarily affect cardiomyocytes. In our study, we found that re-
combinant PTX3 protein had a direct effect on cardiomyocytes, and we 
noticed that this effect was slightly less pronounced than that of 
trastuzumab-conditioned medium, suggesting that other factors related 
to endothelial dysfunction might also contribute to cardiomyocyte injury. 
However, all these results indicated the initial and key role of PTX3 secre-
tion in trastuzumab-induced cardiotoxicity and that PTX3 could be an ideal 
therapeutic target in trastuzumab-induced cardiotoxicity.

The heart is composed of various cell types, including cardiomyocytes, 
fibroblasts, endothelial cells, pericytes, smooth muscle cells, immune cells, 
and other cells,35 and crosstalk between these various cell types occurs in 
the heart and is important for heart function.36 Here, we applied cardio-
myocytes, endothelial cells, smooth muscle cells, and macrophages, the 
main cell types in the heart that are commercially available or can be easily 
used in the laboratory, to confirm the source of PTX3. One of the limita-
tions of this study is that the involvement of other types of cells was not 
detected. However, we focused on the effect on only cardiomyocytes, gi-
ven that cardiomyocytes are the most important functional cells. 
Understanding changes that occur in other cell types could provide a dee-
per understanding of this cardiotoxicity mechanism.

Heart failure is characterized by altered calcium signalling37,38 and the 
production of proinflammatory cytokines and inflammatory mediators.39

Here, we preliminarily found that aberrant calcium signalling and immune 
activity might contribute to defective cardiomyocyte contractility. The 
regulation of immune activity is the canonical role of PTX3, and PTX3 
treatment significantly enhances STAT3 phosphorylation. In addition, 
STAT3 plays key roles in the regulation of cardiac calcium signalling. 
Indeed, we noticed the recruitment of inflammatory cells in the hearts 
of rats treated with the anti-Her2/neu antibody or recombinant PTX3 pro-
tein. Therefore, PTX3-mediated immune activity or immune cells might 
also play role in trastuzumab-induced cardiotoxicity.

Our data showed that the EGFR-STAT3 signalling pathway in VECs is 
required for PTX3 expression and release and that STAT3 directly binds 
the promoter region of the PTX3 gene, which contains the canonical 
STAT3-binding motifs TTC(N)2-4GAA and TT(N)4-6AA,24,25 revealing 
that the STAT3-PTX3 signalling axis plays a key role in the crosstalk be-
tween VECs and cardiomyocytes and that EGFR and STAT3 could be po-
tential targets in the treatment of trastuzumab-induced cardiomyopathy. 
Considering the lack of clinical STAT3 inhibitors and that several EGFR in-
hibitors with high cardiac safety have been used in the clinic, we focused on 
EGFR inhibitors. We confirmed that the combined use of lapatinib and 
trastuzumab could rescue trastuzumab-induced cardiotoxicity. Clinical 
trials found that the combination of lapatinib and trastuzumab resulted 
in a lower risk of cardiotoxicity, which confirms our finding that lapatinib 
could rescue the cardiotoxicity of trastuzumab.40,41 However, sub-analysis 
of the Adjuvant Lapatinib And/Or Trastuzumab Treatment Optimisation 
(ALTTO) trial found that trastuzumab plus lapatinib increased the risk of tox-
icity in older patients (≥65 years old)42 and here, we used 6-week-old rats to 
detect the protective effect of lapatinib on the cardiotoxicity of trastuzumab. 
Given that physiological characteristics differ with age, there must be another 
mechanism underlying this clinical finding and the application of trastuzumab 
plus lapatinib should potentially be avoided in older patients.

Taken together, our results identified a distinct model of trastuzumab- 
induced cardiomyopathy, wherein trastuzumab promotes EGFR/STAT3 

signalling-mediated PTX3 secretion from VECs and then indirectly de-
creases cardiomyocyte contractility by regulating calcium homoeostasis. 
Our data showed that targeting EGFR with lapatinib rescued the cardiovas-
cular complications caused by trastuzumab. Our findings provided the ra-
tionale for the improved clinical cardiac safety of combined treatment with 
lapatinib and trastuzumab, which could further expand the clinical applica-
tion of this combined therapeutic strategy.
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Authors’ contributions
Z.X., X.C., X.Z., B.Y., Q.H., and P.L. designed the study. Z.X., Z.G., and H.F. 
performed in vitro studies and statistical analysis. Y.J., B.X., and YT.Z. 
checked the data and statistical analysis. Y.Z., Y.J., Z.P., H.Y., and X.Y. per-
formed animal studies and data analysis. Z.X. and Y.Z. generated and ana-
lysed the LC-MS/MS and RNA-Seq data. X.C., X.Z., and X.W. provided 
reagents, plasma samples from patients, and clinical views. Z.X., H.F., and 
H.Y. wrote the raw manuscript and drew the figures. Z.X., H.Y., and P.L. 
received funding. Z.X., B.Y., Q.H., and P.L. revised the manuscript and fig-
ures. All authors interpreted the data and approved the final manuscript.

Acknowledgements
We would like to thank experimenter Wei Yin from the Image Center, 
Core Facilities, School of Medicine, Zhejiang University for the confocal la-
ser scanning microscope images. We also would like to thank the staff 
members of LC-BIO TECHNOLOGIES (HANGZHOU) CO., LTD. for 
their technical support and expertise in RNA-Sequencing.

Conflict of interest: None declared.

Funding
This work was supported by the National Natural Science Foundation of 
China (Nos. 81872941 to P.L., 82003862 to Z.X., and 82104315 to 
H.Y.), Postdoctoral Foundation of Zhejiang Province (ZJ2020038 to 
Z.X.), and the Fundamental Research Funds for the Central Universities.

Data availability
The data and methods for data analysis are available from the correspond-
ing author upon reasonable request. The RNA-seq data generated in this 
study are publicly available in the Gene Expression Omnibus (GEO) in en-
try GSE200325.

References
1. Gunaldi M, Duman BB, Afsar CU, Paydas S, Erkisi M, Kara IO, Sahin B. Risk factors for devel-

oping cardiotoxicity of trastuzumab in breast cancer patients: an observational single-centre 
study. J Oncol Pharm Pract 2016;22:242–247.

2. Vogel CL, Cobleigh MA, Tripathy D, Gutheil JC, Harris LN, Fehrenbacher L, Slamon DJ, 
Murphy M, Novotny WF, Burchmore M, Shak S, Stewart SJ, Press M. Efficacy and safety 
of trastuzumab as a single agent in first-line treatment of HER2-overexpressing metastatic 
breast cancer. J Clin Oncol 2002;20:719–726.

3. Sengupta PP, Northfelt DW, Gentile F, Zamorano JL, Khandheria BK. Trastuzumab-induced 
cardiotoxicity: heart failure at the crossroads. Mayo Clin Proc 2008;83:197–203.

4. Ewer MS, Vooletich MT, Durand JB, Woods ML, Davis JR, Valero V, Lenihan DJ. Reversibility 
of trastuzumab-related cardiotoxicity: new insights based on clinical course and response to 
medical treatment. J Clin Oncol 2005;23:7820–7826.

5. Kuhn B. ERBB2 Inhibition and heart failure. N Engl J Med 2013;368:875–876.
6. Crone SA, Zhao YY, Fan L, Gu Y, Minamisawa S, Liu Y, Peterson KL, Chen J, Kahn R, 

Condorelli G, Ross J Jr, Chien KR, Lee KF. Erbb2 is essential in the prevention of dilated car-
diomyopathy. Nat Med 2002;8:459–465.

7. Ma H, Yin CY, Zhang YG, Qian L, Liu JD. Erbb2 is required for cardiomyocyte proliferation in 
murine neonatal hearts. Gene 2016;592:325–330.

8. Wadhwa D, Fallah-Rad N, Grenier D, Krahn M, Fang T, Ahmadie R, Walker JR, Lister D, 
Arora RC, Barac I, Morris A, Jassal DS. Trastuzumab mediated cardiotoxicity in the setting 
of adjuvant chemotherapy for breast cancer: a retrospective study. Breast Cancer Res Treat 
2009;117:357–364.

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad012#supplementary-data


1264                                                                                                                                                                                                          Z. Xu et al.

9. Tirziu D, Giordano FJ, Simons M. Cell communications in the heart. Circulation 2010;122: 
928–937.

10. McCormick ME, Collins C, Makarewich CA, Chen Z, Rojas M, Willis MS, Houser SR, Tzima E. 
Platelet endothelial cell adhesion molecule-1 mediates endothelial-cardiomyocyte commu-
nication and regulates cardiac function. J Am Heart Assoc 2015;4:e001210.

11. Xu ZF, Jin Y, Gao ZZ, Zeng Y, Du JX, Yan H, Chen XQ, Ping L, Lin NM, Yang B, He QJ, Luo 
PH. Autophagic degradation of CCN2 (cellular communication network factor 2) causes 
cardiotoxicity of sunitinib. Autophagy 2022;18:1152–1173.

12. Chen ZC, Yu BC, Chen LJ, Cheng KC, Lin HJ, Cheng JT. Characterization of the mechanisms 
of the increase in PPARdelta expression induced by digoxin in the heart using the H9c2 cell 
line. Br J Pharmacol 2011;163:390–398.

13. Zhang HT, Wang Q, Montone KT, Peavey JE, Drebin JA, Greene MI, Murali R. Shared anti-
genic epitopes and pathobiological functions of anti-p185(her2/neu) monoclonal antibodies. 
Exp Mol Pathol 1999;67:15–25.

14. Carrizzo A, Lenzi P, Procaccini C, Damato A, Biagioni F, Ambrosio M, Amodio G, 
Remondelli P, Del Giudice C, Izzo R, Malovini A, Formisano L, Gigantino V, Madonna M, 
Puca AA, Trimarco B, Matarese G, Fornai F, Vecchione C. Pentraxin 3 induces vascular endo-
thelial dysfunction through a P-selectin/matrix metalloproteinase-1 pathway. Circulation 
2015;131:1495–1505; discussion 1505.

15. Gao PF, Tang K, Lu YJ, Huang ZL, Wang SS, Wang MJ, Wang J M, Zhao JP, Xie JG. Pentraxin 3 
promotes airway inflammation in experimental asthma. Resp Res 2020;21:237.

16. Zhang W, Qu X, Chen B, Snyder M, Wang M, Li B, Tang Y, Chen H, Zhu W, Zhan L, Yin N, Li 
D, Xie L, Liu Y, Zhang JJ, Fu XY, Rubart M, Song LS, Huang XY, Shou W. Critical roles of 
STAT3 in beta-adrenergic functions in the heart. Circulation 2016;133:48–61.

17. Avalle L, Camporeale A, Morciano G, Caroccia N, Ghetti E, Orecchia V, Viavattene D, Giorgi 
C, Pinton P, Poli V. STAT3 localizes to the ER, acting as a gatekeeper for ER-mitochondrion 
Ca2+ fluxes and apoptotic responses. Cell Death Differ 2019;26:932–942.

18. Owji H, Nezafat N, Negandaripour M, Hajiebrahimi A, Ghasemi Y. A comprehensive review 
of signal peptides: structure, roles, and applications. Eur J Cell Biol 2018;97:422–441.

19. Narayan M, Wilken JA, Harris LN, Baron AT, Kimbler KD, Maihle NJ. Trastuzumab-induced 
HER reprogramming in ‘resistant’ breast carcinoma cells. Cancer Res 2009;69:2191–2194.

20. Shraim BA, Moursi MO, Benter IF, Habib AM, Akhtar S. The role of epidermal growth factor 
receptor family of receptor tyrosine kinases in mediating diabetes-induced cardiovascular 
complications. Front Pharmacol 2021;12:701390.

21. Makki N, Thiel KW, Miller FJ. The epidermal growth factor receptor and its ligands in car-
diovascular disease. Int J Mol Sci 2013;14:20597–20613.

22. Bharadwaj U, Kasembeli MM, Robinson P, Tweardy DJ. Targeting Janus kinases and signal 
transducer and activator of transcription 3 to treat inflammation, fibrosis, and cancer: ration-
ale, progress, and caution. Pharmacol Rev 2020;72:486–526.

23. Bonavita E, Gentile S, Rubino M, Maina V, Papait R, Kunderfranco P, Greco C, Feruglio F, 
Molgora M, Laface I, Tartari S, Doni A, Pasqualini F, Barbati E, Basso G, Galdiero MR, 
Nebuloni M, Roncalli M, Colombo P, Laghi L, Lambris JD, Jaillon S, Garlanda C, Mantovani 
A. PTX3 is an extrinsic oncosuppressor regulating complement-dependent inflammation 
in cancer. Cell 2015;160:700–714.

24. Pan YM, Wang CG, Zhu M, Xing R, Cui JT, Li WM, Yu DD, Wang SB, Zhu W, Ye YJ, Wu Y, 
Wang S, Lu YY. STAT3 signaling drives EZH2 transcriptional activation and mediates poor 
prognosis in gastric cancer. Mol Cancer 2016;15:79.

25. Hutchins AP, Diez D, Takahashi Y, Ahmad S, Jauch R, Tremblay ML, Miranda-Saavedra D. 
Distinct transcriptional regulatory modules underlie STAT3’s cell type-independent and 
cell type-specific functions. Nucleic Acids Res 2013;41:2155–2170.

26. Zhang T, Wang R, Liu Y, Huang J, Yang Z. Efficacy and safety of doublet versus single agent as 
salvage treatment for metastatic breast cancer pretreated with anthracyclines and taxanes: a 
systematic review and meta-analysis. Curr Med Res Opin 2016;32:1883–1889.

27. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, Fleming T, Eiermann W, 
Wolter J, Pegram M, Baselga J, Norton L. Use of chemotherapy plus a monoclonal antibody 
against HER2 for metastatic breast cancer that overexpresses HER2. N Engl J Med 2001;344: 
783–792.

28. Li DL, Wang ZV, Ding G, Tan W, Luo X, Criollo A, Xie M, Jiang N, May H, Kyrychenko V, 
Schneider JW, Gillette TG, Hill JA. Doxorubicin blocks cardiomyocyte autophagic flux by in-
hibiting lysosome acidification. Circulation 2016;133:1668–1687.

29. Dhingra R, Guberman M, Rabinovich-Nikitin I, Gerstein J, Margulets V, Gang H, Madden N, 
Thliveris J, Kirshenbaum LA. Impaired NF-kappaB signalling underlies cyclophilin D-mediated 
mitochondrial permeability transition pore opening in doxorubicin cardiomyopathy. 
Cardiovasc Res 2020;116:1161–1174.

30. Kitani T, Ong SG, Lam CK, Rhee JW, Zhang JZ, Oikonomopoulos A, Ma N, Tian L, Lee J, Telli 
ML, Witteles RM, Sharma A, Sayed N, Wu JC. Human-induced pluripotent stem cell model 
of trastuzumab-induced cardiac dysfunction in patients with breast cancer. Circulation 2019; 
139:2451–2465.

31. Vermeulen Z, Segers VFM, De Keulenaer GW. Erbb2 signaling at the crossing between heart 
failure and cancer. Basic Res Cardiol 2016;111:60.

32. Jie BZ, Zhang XX, Wu XS, Xin Y, Liu Y, Guo YF. Neuregulin-1 suppresses cardiomyocyte 
apoptosis by activating PI3K/Akt and inhibiting mitochondrial permeability transition pore. 
Mol Cell Biochem 2012;370(1–2):35–43.

33. Matsubara J, Sugiyama S, Nozaki T, Sugamura K, Konishi M, Ohba K, Matsuzawa Y, Akiyama 
E, Yamamoto E, Sakamoto K, Nagayoshi Y, Kaikita K, Sumida H, Kim-Mitsuyama S, Ogawa H. 
Pentraxin 3 is a new inflammatory marker correlated with left ventricular diastolic dysfunc-
tion and heart failure with normal ejection fraction. J Am Coll Cardiol 2011;57:861–869.

34. Matsubara J, Sugiyama S, Nozaki T, Akiyama E, Matsuzawa Y, Kurokawa H, Maeda H, Fujisue 
K, Sugamura K, Yamamoto E, Matsui K, Jinnouchi H, Ogawa H. Incremental prognostic sig-
nificance of the elevated levels of pentraxin 3 in patients with heart failure with normal left 
ventricular ejection fraction. J Am Heart Assoc 2014;3:e000928.

35. Litvinukova M, Talavera-Lopez C, Maatz H, Reichart D, Worth CL, Lindberg EL, Kanda M, 
Polanski K, Heinig M, Lee M, Nadelmann ER, Roberts K, Tuck L, Fasouli ES, DeLaughter 
DM, McDonough B, Wakimoto H, Gorham JM, Samari S, Mahbubani KT, Saeb-Parsy K, 
Patone G, Boyle JJ, Zhang H, Zhang H, Viveiros A, Oudit GY, Bayraktar OA, Seidman JG, 
Seidman CE, Noseda M, Hubner N, Teichmann SA. Cells of the adult human heart. 
Nature 2020;588:466–472.

36. Wagner JUG, Dimmeler S. Cellular cross-talks in the diseased and aging heart. J Mol Cell 
Cardiol 2020;138:136–146.

37. Gorski PA, Ceholski DK, Hajjar RJ. Altered myocardial calcium cycling and energetics in heart 
failure—a rational approach for disease treatment. Cell Metab 2015;21:183–194.

38. Kho C, Lee A, Hajjar RJ. Altered sarcoplasmic reticulum calcium cycling-targets for heart fail-
ure therapy. Nat Rev Cardiol 2012;9:717–733.

39. Suzuki S, Takeishi Y. Molecular mechanisms and clinical features of heart failure. Fukushima J 
Med Sci 2018;64:116–124.

40. Valachis A, Nearchou A, Lind P, Mauri D. Lapatinib, trastuzumab or the combination added 
to preoperative chemotherapy for breast cancer: a meta-analysis of randomized evidence. 
Breast Cancer Res Treat 2012;135:655–662.

41. Baselga J, Bradbury I, Eidtmann H. Lapatinib with trastuzumab for HER2-positive early breast 
cancer (NeoALTTO): a randomised, open-label, multicentre, phase 3 trial. Lancet 2012;379: 
633–640.

42. Ponde N, Agbor-Tarh D, Dal Lago L, Korde LA, Hilbers F, Jackisch C, Werner O, Gelber RD, 
Jatoi A, Dueck AC, Moreno-Aspitia A, Sotiriou C, de Azambuja E, Piccart M. Tolerability and 
toxicity of trastuzumab or trastuzumab plus lapatinib in older patients: a sub-analysis of the 
ALTTO trial (BIG 2-06; NCCTG (Alliance) N063D). Breast Cancer Res Treat 2021;185: 
107–116.

Translational perspective
We identified PTX3 as a potential biomarker and target for the treatment of trastuzumab-induced cardiac complications and demonstrated that la-
patinib can prevent cardiac dysfunction caused by trastuzumab by blocking EFGR/STAT3-mediated PTX3 release from VECs, which provided a mech-
anistic rationale for the combined application of lapatinib and trastuzumab in cancer.
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