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Background and Purpose: Immune checkpoint inhibitors (ICl), such as anti-PD-1
monoclonal antibodies, have revolutionized cancer therapy by enhancing the cyto-
toxic effects of T-cells against tumours. However, enhanced T-cell activity also may
cause myocarditis and cardiotoxicity. Our understanding of the mechanisms of ICI-
induced cardiotoxicity is limited. Here, we aimed to investigate the effect of PD-1
inhibition on cardiac function and explore the molecular mechanisms of ICl-induced
cardiotoxicity.

Experimental Approach: C57BL6/J and BALB/c mice were treated with isotype con-
trol or anti-PD-1 antibody.

Echocardiography was used to assess cardiac function. Cardiac transcriptomic
changes were investigated by bulk RNA sequencing. Inflammatory changes were

assessed by qRT-PCR and immunohistochemistry in heart, thymus, and spleen of the

Abbreviations: Aif1, allograft inflammatory factor; Ass1, argininosuccinate synthase 1; CTLA-4, cytotoxic T-cell antigen-4; Fxyd2, FXYD domain containing ion transport regulator 2; Gata3,
GATA binding protein 3; Gsk3b, glycogen synthase kinase 3 beta; Icam1, intercellular adhesion molecule 1; irAE, immune-related adverse events; Ldb3, LIM domain binding 3; LVEDV, left
ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LVIDd, left ventricular internal diameter in diastole; LVIDs, left ventricular internal diameter in systole; LVSD, left
ventricular systolic dysfunction; Nfkbia, nuclear factor-kappa-B-inhibitor alpha; Ppia, peptidylprolyl isomerase A; Rora, RAR-related orphan receptor alpha; Rorc, RAR-related orphan receptor
gamma; Rpl13a, ribosomal protein L13a; Stat3, signal transducer and activator of transcription 3; Tbx21, T-box transcription factor 21.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
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animals. In follow-up experiments, anti-CD4 and anti-IL-17A antibodies were used
along with PD-1 blockade in C57BL/6J mice.

Key Results: Anti-PD-1 treatment led to cardiac dysfunction and left ventricular dila-
tion in C57BL/6J mice, with increased nitrosative stress. Only mild inflammation was
observed in the heart. However, PD-1 inhibition resulted in enhanced thymic inflam-
matory signalling, where ll17a increased most prominently. In BALB/c mice, cardiac
dysfunction was not evident, and thymic inflammatory activation was more balanced.
Inhibition of IL-17A prevented anti-PD-1-induced cardiac dysfunction in C57BL6/)J
mice. Comparing myocardial transcriptomic changes in C57BL/6J and BALB/c mice,
differentially regulated genes (Dmd, Ass1, Chrm2, Nfkbia, Stat3, Gsk3b, Cxcl9, Fxyd?2,
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21-4-11-SE-18, UNKP-19-3-SE-I-11, UNKP-21-
3-1l and UNKP-22-4-1I-SE-3).
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1 | INTRODUCTION

Immune checkpoint inhibitors (ICl) have emerged as a novel form of
cancer therapeutics in the past decade. ICls have revolutionized the
treatment of several malignancies, including metastatic melanoma, for
which there has been limited therapeutic options beforehand (Gedye
et al., 2015).

Malignant cells have multiple ways of evading the surveillance of
the immune system, one of which is increasing the expression of
immune checkpoints. Immune checkpoints, such as programmed cell
death-1 (PD-1), programmed cell death-1 ligand (PD-L1), and cyto-
toxic T-cell antigen-4 (CTLA-4), are inhibitory molecules responsible
for regulating T-cell activation and preventing autoimmunity in physi-
ological conditions. ICls enhance the cytotoxic effect of T-cells, lead-
ing to increased activation of the host immune system against cancer
cells. However, enhanced T-cell activity may also cause immune-
related adverse events (irAEs) in numerous organs, including the car-
diovascular system (Postow et al., 2018).

ICl-associated cardiotoxicity includes myocarditis, which is a rare
but often fatal adverse event, characterized by infiltration of CD4" and
CD8" T-cells and CD68" macrophages (Johnson et al., 2016; Mahmood
et al., 2018). ICl-induced myocarditis can present either with or without
left ventricular dysfunction, and also may associate with arrhythmias
(Hu et al., 2019). Other case reports have described non-inflammatory
cardiac toxicities, such as a decline in cardiac function (Roth et al., 2016)
and cardiomyopathy without concomitant myocarditis (Heinzerling

et al., 2016), as well as Takotsubo-like syndrome, after treatment with

and Ldb3) were revealed, related to cardiac structure, signalling, and inflammation.
Conclusions: PD-1 blockade induces cardiac dysfunction in mice with increased IL-
17 signalling in the thymus. Pharmacological inhibition of IL-17A treatment prevents

ICl-induced cardiac dysfunction.

cancer immunotherapy, cardio-oncology, cardiotoxicity, heart failure, nivolumab, pembrolizumab

What is already known

e Immune checkpoint inhibitors may lead to immune

related adverse events, including cardiovascular toxicities.

What does this study add

e Specific transcriptomic changes in the heart are associ-
ated with cardiotoxicity, due to PD-1 inhibition.

e PD-1 inhibition induces pro-inflammatory signalling in
the thymus, while IL-17A inhibition prevents anti-PD-1-

induced cardiac dysfunction.

What is the clinical significance

e Tumour-free patients receiving adjuvant ICI therapy may
also be at risk of cardiotoxicity development.
e Repurposing IL-17 neutralizing antibodies could be a

therapeutic option to prevent ICl-induced cardiotoxicity.

ICIs (Anderson & Brooks, 2016; Ederhy et al., 2018; Geisler et al., 2015).
Importantly, late cardiac adverse events have been observed following
ICI therapy, most commonly presenting as left ventricular systolic
dysfunction and heart failure (Dolladille et al., 2020).
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The clinical use of ICls in cancer treatment is on the rise—
between 2011 and 2018, the percentage of cancer patients eligible
for ICI therapy increased from 1.54% to 46.6%, while there are hun-
dreds of ongoing clinical trials investigating the use of ICls in various
cancer types (Zaha et al., 2020). Recently, a Danish nationwide study
showed that cardiac adverse events in patients receiving ICl therapy
are more frequent than previously thought, with a hazard ratio of up
to 4.93 compared with non-ICl therapy (D’Souza et al., 2020). There-
fore, identifying patients at risk, preventing and treating ICl-associated
cardiovascular adverse events are key issues to address in the field of
cardio-oncology. However, the molecular mechanisms of ICl-induced
cardiotoxicity are not yet fully understood. In this study, we aimed to
characterize ICl-induced cardiotoxicity in detail in preclinical models,
to investigate the effect of ICl therapy on the cardiovascular system
and its underlying mechanisms. Furthermore, we aimed to investigate
pharmacological options to prevent the development of ICl-induced

cardiac changes.

2 | METHODS

21 | Experimental animals and materials
Experimental procedures were carried out on male C57BL/6J mice
and BALB/c (Oncological Research Center, Department of Experimen-
tal Pharmacology, Budapest, Hungary; and Janvier Labs, Le Genest-
Saint-Isle, France), ranging from 8 to 10 weeks in age and weighing
20-28 g at the beginning of the study. These two mice strains exert a
prototypical Th1l- and Th2-type immune responses; accordingly, we
carried out experiments on both strains. The animals had an acclimati-
zation period of at least 1 week prior to experiments. Mice were
maintained under a 12:12 h light-dark cycle, under controlled envi-
ronmental conditions (20-24°C and 35-75% relative humidity) in indi-
vidually ventilated cages (IVC) with shelters, holding two to three
animals per cage. Standard rodent chow and tap water were provided
ad libitum throughout the entire study. All procedures were approved
by the National Scientific Ethical Committee on Animal Experimenta-
tion and the Semmelweis University's Institutional Animal Care and
Use Committee (H-1089 Budapest, Hungary) in accordance with NIH
guidelines (National Research Council [2011], Guide for the Care and
Use of Laboratory Animals: Eighth Edition) and permitted by the gov-
ernment of Food Chain Safety and Animal Health Directorate of the
Government Office for Pest County (project identification code:
PE/EA/1912-7/2017; date of approval: November 2017). Animal
studies are reported in compliance with the ARRIVE guidelines (Percie
du Sert et al., 2020) and with the recommendations made by the
British Journal of Pharmacology (Lilley et al., 2020). The following
antibodies were used for in vivo treatment (all purchased from BioXCell,
Lebanon, NH, USA): anti-PD-1 monoclonal antibody (clone RMP1-14,
BP0146, RRID:AB_10949053), anti-CD4 (clone GK1.5, BPOOO3, RRID:
AB_1107636), anti-IL17A (clone 17F3, BP0173, RRID: AB_10950102),
and isotype control (rat IgG2a, clone 2A3, BP0089, RRID: AB_
1107769).
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2.2 | Experimental groups

C57BL/6J and BALB/c mice were randomly assigned to isotype con-
trol or anti-PD-1 treated groups, using a strategy to minimize initial
weight difference between study groups. C57BL/6J mice were trea-
ted three times a week for either 2 or 4 weeks with a dose of 200 pg
per mouse (n = 10 per group, Figure 1a), whereas BALB/c mice were
treated for three times a week for 2 weeks with a dose of 200 pg per
mouse (n = 10 per group, Figure 5a). Initial group size calculation was
performed based on left ventricular ejection fraction (EF) as the pri-
mary endpoint. Assuming 65% as the control group's EF (based on
previous measurements with typical standard deviation £5), at least
eight animals per group were needed to detect at least a 10%
decrease with a power of 0.8 and alpha = 0.05. We selected 10 ani-
mals per group to account for unexpected mortality and technical
issues. One mouse (C57BL/6J) was excluded from the study due to
premature death, preventing the collection of echocardiographic and
molecular/histological data, while another mouse (C57BL/6J) was
excluded from conventional echocardiographic analysis due to techni-
cal issues. In separate experiments, C57BL6/J mice were randomly
assigned to isotype control, anti-PD-1, anti-CD4, or anti-IL17A trea-
ted groups (200 pg per mouse, n = 10 per group, Figure 8a). One ani-
mal was excluded from the echocardiographic analysis due to
technical issues. For all experiments, body weight was measured
weekly. After the treatment period, cardiac function was evaluated by
echocardiography. Following this, mice were killed under ketamine/
xylazine anaesthesia (100/10 mg-kg™%) with cervical dyslocation fol-
lowed by whole-body perfusion with phosphate-buffered saline (PBS),
after which organs were stored for histological and molecular

analyses.

23 | Echocardiography
Mice were anaesthetised with isoflurane (5% for induction, 2% for
maintenance) and placed on heating pads to maintain 37°C body tem-
perature, with continuous monitoring of core temperature via a rec-
tally placed probe. Echocardiographic analysis was done with the
Vevo 3100 high-resolution in vivo imaging system (Fujifilm VisualSo-
nics, Toronto, Canada) using an ultrahigh frequency MX400 trans-
ducer (30 MHz, 55 frames per second), by an operator blinded to the
study groups. On two-dimensional recordings of the short-axis at the
mid-papillary muscle level, measured parameters included left ventric-
ular internal diameter in systole and diastole (LVIDs and LVIDd,
respectively), LV anterior wall thickness and posterior wall thickness.
End-diastolic and end-systolic LV areas were measured from short-
and long-axis two-dimensional B-mode recordings. Diastolic parame-
ters were measured in the apical four-chamber view. Pulse-wave
Doppler and tissue Doppler were used to determine early mitral
inflow velocity (E) and mitral annular early diastolic velocity (e),
respectively.

Fractional shortening was calculated as [(LVIDd — LVIDs)/
LVIDd] x 100. End-diastolic (LVEDV) and end-systolic (LVESV) LV
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FIGURE 1 Cardiac function was impaired following anti-PD-1 treatment assessed by transthoracic echocardiography in C57BL/6J mice
(black coat). (a) Study design for investigating the effects of anti-PD-1 treatment in C57BL/6J mice. Eight- to ten-week-old C57BL/6J mice were
treated with isotype control or anti-PD-1 antibody for either 2 or 4 weeks, followed by echocardiography and tissue collection. (b) Selected
parameters of systolic and diastolic function are shown. EF: ejection fraction; LV mass: left ventricular mass; LVIDs: left ventricular systolic
internal diameter; LVIDd: left ventricular diastolic internal diameter, GLS: global longitudinal strain. *P < 0.05 versus time-matched isotype
control, repeated measures ANOVA, followed by Bonferroni's post hoc test, n = 8-10 per group. (c) Representative echocardiographic B-mode
and M-mode images of isotype control and anti-PD-1 treated animals. Scale bar: 3 mm. Time stamp: 0.5 s. Results are presented as mean

+ standard deviation (SD). Exact group sizes are shown in each graph.
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volumes were calculated from the rotational volumes of the left ven-
tricular trace at the diastole and systole around the long axis line of
the spline. Stroke volume (SV) was calculated as LVEDV — LVESV.
Ejection fraction (EF) was determined as (SV/LVEDV) x 100. Cardiac
output was calculated as (SV x HR/1000). LV mass was calculated
according to a cubic formula, proposed first by Devereux et al. (1986)
and modified for rodents (Zacchigna et al., 2021) (LV mass = 1.04
[(LVIDd + LVAWd + LVPWd)® — LVIDd?] x 0.8 + 0.6).

Echocardiographic recordings were evaluated via VevoLAB soft-
ware (Fujifilm VisualSonics, Toronto, Canada) by an evaluator blinded
to the study groups. Global longitudinal strain (GLS) was assessed by
speckle-tracking. For this procedure, two to three consecutive cardiac
cycles in B-Mode were selected. Using the Vevo Strain Software,
semi-automated tracing of the endocardial and epicardial borders in
the parasternal long-axis was performed to calculate GLS. Papillary
muscles were excluded from GLS analysis. Mice with a high respira-
tory rate, which prevented tracing of consecutive cardiac cycles, were
excluded from GLS analysis.

24 | Histologic analysis

Heart tissues were fixed in neutral buffered formalin for 24 h, then
dehydrated in alcohols, and embedded in paraffin. Five-micrometre-
thick sections were used for histological analyses and immunohisto-
chemistry. All the stainings were visualized and images were captured

with a Leica LMDé microscope (Wetzlar, Germany).

241 | Haematoxylin and eosin staining
Paraffin-embedded heart sections were stained with haematoxylin
and counterstained with eosin, after initial de-paraffinization and

hydration for evaluation of morphologic and pathologic alterations.

2.4.2 | Sirius red staining

Heart sections after initial preparations (see above) were pre-treated
with 0.2% aqueous phosphomolybdic acid, followed by staining with
0.0125% picrosirius red for 1 h, and then washed with 0.01 N HCI.
The extent of cardiac fibrosis was analysed and quantified by ImageJ

Software, using predefined threshold values, in a blinded manner.

243 | Immunohistochemistry

Prepared heart sections underwent antigen retrieval (Antigen
Unmasking Solution, Citrate-based, pH = 6, Vector Laboratories,
Newark, CA, USA, H-3300) for 30 min. Endogenous peroxidase
activity was blocked by 3% H,O, in PBS solution, and then the
sections were blocked with 2.5% goat serum in PBS and 2.5% milk
powder. Primary CD3e antibodies (rabbit IgG, 85061, Cell Signaling
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Technology, Leiden, The Netherlands, RRID:AB_2721019) and
3-nitrotyrosine (3-NT) antibodies (rabbit IgG, 06-284, EMD Millipore,
Bedford, USA, RRID:AB_310089) were diluted (1:200) in goat serum
(2.5%) and were incubated overnight at 4°C. After washing with
gentle shaking three times with PBS, the sections were incubated
with anti-rabbit IgG secondary antibodies (8114S, Cell Signaling
Technology, Leiden, The Netherlands, RRID:AB_10544930) conju-
gated with horseradish peroxidase. Secondary antibodies were
washed with gentle shaking three times with PBS and signals were
developed with diaminobenzidine (SK-4103, ImmPACT DAB EqV
Peroxidase [HRP] Substrate, Vector Laboratories, Burlingame, CA,
USA, RRID:AB_2336521). CD3e positive cells were counted manually
by an evaluator blinded to study groups. 3-NT staining was analysed
and quantified by ImageJ) Software using predefined threshold values
in a blinded manner. The immuno-related procedures used comply
with the recommendations made by the British Journal of

Pharmacology.

244 | Lectin histochemistry

Prepared heart sections underwent antigen retrieval (Antigen
Unmasking Solution, Tris-based, pH =9, Vector Laboratories,
Newark, CA, USA, H-3301, RRID:AB_2336227) for 30 min. The sec-
tions were incubated with wheat germ agglutinin (WGA-FITC, 1:50,
Sigma Aldrich, L4895) and isolectin B4 (ILB4-DyLight 594, 1:50, Invi-
trogen, L32473) overnight at 4°C. Cardiomyocyte cross sectional area
was analysed by automatically delineating cross sections of cardio-
myocytes with Image) Software, by an evaluator blinded to study
groups. Cardiomyocytes were analysed on at least eight images per
heart. Microvascular density was calculated as the ratio of microvascu-
lar count divided by the average cross-sectional area of the

cardiomyocytes.

2.5 | RNA isolation and quantitative reverse
transcription-polymerase chain reaction (qRT-PCR)

Total RNA was isolated from mouse heart, thymus, and spleen samples
with a chloroform/isopropanol precipitation method. Briefly, Qiazol®
(Qiagen, The Netherlands) was added to each sample and homogenized
with TissueLyser (Qiagen, The Netherlands). Homogenates were centri-
fuged, and from the clean upper phase, DNA and protein were precipi-
tated with chloroform. Total RNA was precipitated with isopropanol,
and pellets were washed four times with 75% ethanol (VWR, PA, USA).
Finally, total RNA was resuspended in nuclease-free water, and the
RNA concentration was determined by spectrophotometry (Implen
Nanophotometer® N60, Miinchen, Germany).

cDNA was synthesized from 1 pg total RNA by Sensifast cDNA
synthesis kit (Bioline, UK) according to the manufacturer's protocol.
cDNA was further diluted 20x with RNAse free water. gqRT-PCR reac-
tions were performed on a LightCycler® 480 Il instrument (Roche,
Germany) by using SensiFAST SYBR Green master mix (Bioline, UK).
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Sequences of primers are shown in Table S1. Peptidylprolyl
isomerase A (Ppia) and ribosomal protein L13a (Rpl13a) were used as
housekeeping genes. Results were calculated with 2724P evaluation
method.

2.6 | RNA sequencing

The RNA Integrity Numbers and RNA concentration were determined
by RNA ScreenTape system with 2200 Tapestation (Agilent Technolo-
gies, Santa Clara, CA, USA) and RNA HS Assay Kit with Qubit 3.0
Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA),
respectively.

For gene expression profiling (GEx) library construction, Quant-
Seq 3' mRNA-Seq Library Prep Kit FWD for lllumina (Lexogen
GmbH, Wien, Austria) was applied according to the manufacturer's
protocol. The quality and quantity of the library was determined
by using High Sensitivity DNA10OO ScreenTape system with the
2200 Tapestation (Agilent Technologies, Santa Clara, CA, USA) and
dsDNA HS Assay Kit with the Qubit 3.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA), respectively. Pooled libraries
were diluted to 2 pM for 1x86 bp single-end sequencing with
75-cycle High Output v2.5 Kit on the NextSeq 500 Sequencing
System (lllumina, San Diego, CA, USA) according to the manufac-
turer's protocol. Datasets from the RNA sequencing experiments
are publicly available at ArrayExpress (https://www.ebi.ac.uk/
biostudies/arrayexpress) under the accession number E-MTAB-
12388.

27 |
data

Bioinformatics analysis of RNA sequencing

To perform adapter and poly(A) tail trimming, quality- and length-
filtering of raw RNA sequencing reads, we used Cutadapt software
(version 2.10) (Martin, 2011). Reads with a Phred quality score below
30, or reads with a length of less than 19 nucleotides, were filtered
out. For quality control analysis, we used FastQC (version 0.11.9) and
MultiQC (version 1.10) (Ewels et al., 2016) tools. Adapter trimmed
and filtered reads were aligned to the GRCm38 Mus musculus refer-
ence genome assembly (Ensemble release 81) (Yates et al., 2016)
using HISAT2 software (version 2.2.1) (Kim et al., 2019). Annotation
and read counting were performed by featureCounts (version 2.0.1)
(Liao et al., 2014) using the corresponding reference annotation. Nor-
malization, differential expression analysis of the annotated reads, and
visualizations of the results by volcano plots were conducted with the
use of the DESeq2 (version 1.10.1) (Love et al., 2014) Bioconductor
package and custom scripts developed in the R programming language
(version 3.2.3). To control false discovery rate due to multiple hypoth-
esis testing, P values of pairwise comparisons were corrected by the
Benjamini-Hochberg procedure yielding g values (Benjamini &
Hochberg, 1995).

2.8 | Gene ontology enrichment analysis

We performed Gene Ontology (database version released on
9 October 2020) enrichment analysis against the Mus musculus refer-
ence gene list, using the online PANTHER Overrepresentation Test
(geneontology.org, version released on 28 July 2020) (Mi et al., 2019)
to evaluate enriched biological process terms among genes that were
significantly differentially expressed based on non-corrected P values.
Enrichment P values were assessed with Fisher's exact test, and
results were corrected for multiple comparison by applying the false

discovery rate method.

29 | Flow cytometry

Flow cytometry was performed to investigate the changes in lympho-
cyte populations following isotype control or anti-PD-1 treatment
alone, or in combination with CD4 depletion or anti-IL17A. After
2 weeks of treatment in C57BL/6J mice, blood was drawn from the
inferior vena cava in citrate-containing tubes, followed by collection
of the thymus and spleen of animals. The thymus and spleen were
manually dissected and homogenized through a 40-um cell strainer
(pluriStrainer 40 pm, Nylon-Mesh. 43-57040-51). The samples were
centrifuged for 5 min at 400x g and resuspended in 0.5- to 1-ml PBS.
All samples were stained for 15 min with the following antibodies (all
from Cell Signaling Technology, Leiden, The Netherlands, Mouse Acti-
vated T Cell Markers Flow Cytometry Panel, 62447): PE CD3 (28306),
violetFluor 450TM CD4 (92599), PE-Cy7 CD8a (87922), FITC CD69
(39443), and PerCP-Cy5.5 CD25 (32325). The spleen and plasma sam-
ples were incubated with 1-ml red blood cell lysis buffer for 10 min
(eBioscience™ 1X RBC Lysis Buffer, 00-4333-57). After washing
steps, all samples were fixed in 2% PFA. A CytoFlex S flow cytometer
(Beckman Coulter, Indianapolis, IN, USA) was used for data acquisi-
tion, and data were analysed using the CytExpert software (Beckman
Coulter, Indianapolis, IN, USA) by an evaluator blinded to study
groups.

210 | Statistical analysis

The data and statistical analysis comply with the recommendations of
the British Journal of Pharmacology on experimental design and analy-
sis in pharmacology (Curtis et al., 2018). All data were generated from
at least five independent experiments. All values are presented as
mean * standard deviation (SD). The statistical analysis was per-
formed using GraphPad Prism software (version 8.0.1). P < 0.05 was
considered significant. Normal distribution of data was tested by the
Shapiro-Wilk normality test. For comparisons between two groups,
either parametric two-tailed Student's t test or nonparametric
Mann-Whitney U-test was performed. Repeated measures ANOVA
followed by Bonferroni's post hoc test was used for multiple

comparisons between related groups. One-way ANOVA followed by
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Tukey's post hoc test or Kruskal-Wallis test followed by Dunn's
post hoc test was used to compare independent groups. The post hoc
tests were conducted only if F in ANOVA or Kruskal-Wallis
test achieved P <0.05 and there was no significant variance
inhomogeneity. For correlation analysis of two continuous variables,
Spearman's rho (r;) was computed, and 95% confidence intervals were
obtained. ROUT analysis was performed to identify outliers, with
Q value = 1%.

2.11 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org and are
permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander, Christopoulos, et al., 2021; Alexander, Cidlowski,
et al., 2021; Alexander, Fabbro, Kelly, Mathie, Peters, Veale,
Armstrong, Faccenda, Harding, Pawson, Southan, Davies, Annett,
et al., 2021; Alexander, Fabbro, Kelly, Mathie, Peters, Veale,
Armstrong, Faccenda, Harding, Pawson, Southan, Davies, Beuve,
et al, 2021; Alexander, Kelly, Mathie, Peters, Veale, Armstrong,
Faccenda, Harding, Pawson, Southan, Buneman, Cidlowski,
Christopoulos, et al., 2021; Alexander, Kelly, Mathie, Peters, Veale,
Armstrong, Faccenda, Harding, Pawson, Southan, Davies, Amarosi,
Anderson, et al., 2021; Alexander, Mathie, et al., 2021).

3 | RESULTS

3.1 | Anti-PD-1 treatment leads to cardiac
dysfunction and dilation of the left ventricle in
C57BL/6J mice

Cardiac dysfunction has been associated with the use of immune
checkpoint inhibitors, ranging from mild dysfunction to cardiogenic
shock. Here, we investigated cardiac functional and morphological
changes of C57BL/6J mice after 2 or 4 weeks of anti-PD-1 treatment
using echocardiography (Figure 1).

Anti-PD-1 treatment has led to impaired systolic function in ani-
mals treated with PD-1 inhibitor, as shown by significantly decreased
ejection fraction, while left ventricular mass was significantly
increased compared with isotype control group (Figure 1b). On
two-dimensional echocardiographic images of the anti-PD-1 treated
animals, dilation of the left ventricle was seen compared with isotype
controls (Figure 1c). This was quantitatively shown by increased left
ventricular internal diameter at systole and diastole (LVIDs and
LVIDd, respectively). Diastolic function was assessed by the ratio of
early diastolic filling (E, measured via pulse-wave Doppler) and early
diastolic mitral annular tissue velocity (e/, measured via tissue
Doppler). E/€’ ratio correlates with the end-diastolic pressure of the
left ventricle, which was significantly increased after 4 weeks of anti-
PD-1 treatment. Global longitudinal strain (GLS) is a sensitive param-

eter showing early cardiac dysfunction. GLS was significantly
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impaired due to anti-PD1 treatment after 4 weeks of treatment,
while after 2 weeks, a tendency was seen (P = 0.11). Complete
results of the echocardiographic measurements are shown in
Table S2.

Altogether, immune checkpoint inhibition with a PD-1 inhibitor
resulted in reduced cardiac systolic and diastolic function and led to

left ventricular dilation.

3.2 | Anti-PD-1 treatment does not cause
interstitial fibrosis or cardiomyocyte hypertrophy

Following the echocardiographic evaluation of cardiac function, the
hearts were harvested for weight measurement, histological assess-
ment, and molecular analysis. Similar to in vivo findings, representa-
tive histological sections of anti-PD-1 treated animals showed dilation
of the ventricles (Figure 2a), while heart weight was significantly
increased compared to isotype control groups (Figure 2b). Results of
body and organ weight measurements are listed in Table S3. Cardio-
myocyte cross-sectional area did not increase following anti-PD-1
treatment, and microvascular density also was unaffected (Figure 2c).
In line with these findings, cardiac gene expression associated with
hypertrophy did not reveal significant changes (Figure 2e). Anti-PD-1
treatment showed a mild tendency towards increased cardiac fibrosis,
measured by either Sirius red staining (Figure 2d) or gene expression
of fibrosis markers by qRT-PCR (Figure 2f).

Overall, it seems that cardiac hypertrophy and fibrosis did not
increase significantly with anti-PD-1 treatment; thus, cardiac dysfunc-
tion and left ventricular dilation after anti-PD-1 treatment are likely

the result of other mechanisms.

3.3 | Anti-PD-1 treatment leads to distinct
transcriptomic profile of the heart

To investigate the underlying mechanisms of ICI-induced cardiac dys-
function, we aimed to characterize the transcriptomic changes occur-
ring after anti-PD-1 treatment in the heart with bulk RNA sequencing.
After 2 weeks of PD-1 inhibitor therapy, 538 genes were found to be
differentially expressed after correcting for multiple comparisons,
compared with isotype control treatment. Of these, 266 were up-reg-
ulated, and 272 were down-regulated. After 4 weeks of PD-1 inhibi-
tor therapy, 55 genes were differentially expressed, with 17 being up-
regulated and 38 down-regulated (Figure 3a). Figure 3b shows the
50 more significantly changed genes.

Furthermore, to analyse the functional changes after PD-1 inhi-
bition, we performed Gene Ontology (GO) analysis. After 2 weeks
of treatment, several GO terms related to cardiac contractile
function were down-regulated, while GO terms indicating metabolic
changes were found to be up-regulated. After 4 weeks, up-regulated
genes with a high fold enrichment were related to antigen
presentation via major histocompatibility complex (MHC) molecules

(Figure 3c).
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FIGURE 2 Concentric hypertrophy of the heart and cardiac fibrosis cannot explain the functional impairment and increase of heart weight
following anti-PD-1 treatment. (a) Representative images of haematoxylin and eosin (H&E) stained hearts of isotype control and anti-PD-1
treated animals. Scale bar: 1 mm. (b) Comparison of heart weights relative to the body weight or tibia length of the animals. *P < 0.05 versus
Isotype CON, Student's t test, n = 9-10 per group. (c) Cardiomyocyte cross-sectional area (CSA) was determined on WGA-stained sections
(representative images are shown). Microvascular density was determined by the ratio of the microvascular number (stained with isolectin B4)
and CSA. Scale bar: 100 pm. Student's t test: n.s., n = 9-10 per group. (d) Representative images are shown of hearts stained with Sirius red
following anti-PD-1 treatment. Cardiac fibrosis is expressed as the ratio between the stained area and total area of the slice. Student's t test: n.s.,
n = 9-10 per group. Scale bar: 100 pm. (e, f) gRT-PCR was performed to assess relative expression of hypertrophy- (e) and fibrosis-related (f)
genes. One-way ANOVA or Kruskal-Wallis test was performed, followed by Tukey's or Dunn's post hoc test if the test's P value was significant,
n = 7-8 per group. Results are presented as mean + standard deviation (SD). Exact group sizes are shown in each graph.
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FIGURE 3 RNA sequencing shows distinct myocardial transcriptomic profile after anti-PD-1 treatment in C57BL/6J mice. (a) Volcano plots
showing down- and up-regulated genes after 2 and 4 weeks of anti-PD-1 treatment. (b) Heat map showing gene-wise Z-scores of the normalized
read counts of the 50 most significant differentially expressed genes after 2 and 4 weeks of anti-PD-1 treatment. (c) Gene ontology

(GO) biological process enrichment analysis of the differentially expressed transcripts following 2 and 4 weeks of anti-PD-1 treatment (a and b,
respectively), compared with isotype control. GO terms were categorized based on their expression pattern (down-regulated, up-regulated, and
down- and up-regulated). The top 10 GO terms with the highest fold enrichment values are shown in each category. All of the shown GO terms
had adjusted P values < 0.05 and were considered significant. n = 6 animals per group.

Altogether these findings indicate that immune checkpoint inhibi-
tion with anti-PD-1 treatment leads to a distinct transcriptomic pro-
file, characterized by reduced cardiac contractility, metabolic changes,

and increased antigen presentation.

3.4 | Anti-PD-1 treatment increases myocardial
nitrosative stress via increased Nox2 expression

Increased nitrosative stress by peroxynitrite formation has been
shown to induce cardiac dysfunction (Pacher et al., 2005). Thus,
we aimed to investigate the role of nitrosative stress in ICl-induced
cardiotoxicity. We measured the level of 3-nitrotyrosine (3-NT immu-
nohistochemistry), an in vivo marker of oxidative damage mediated by
peroxynitrite. 3-NT formation was increased transiently after 2 weeks
of anti-PD-1 treatment, compared with isotype control and with
4 weeks of anti-PD-1 treated groups (Figure S1A,B). NADPH-
oxidases and nitrogen monoxide synthases (NOS) are responsible for
increased superoxide and/or nitric oxide production, leading to perox-
ynitrite generation. Expression of Nox2 was found to be increased
after 2 and 4 weeks of anti-PD-1 treatment, while other oxidase sub-
units (p22phox and Nox4) and NO-synthases (Nos1, Nos2, and Nos3)
were not altered by the treatment (Figure S1C).

3.5 | Anti-PD-1 treatment leads to systemic
inflammatory activation without local T-cell infiltration
in the heart

Next, we studied the inflammatory changes following anti-PD-1 treat-
ment. In clinical cases, ICl therapy has been associated with T-cell and
macrophage infiltration of the myocardium, resulting in autoimmune
myocarditis (Johnson et al., 2016). To investigate the potential pro-
inflammatory effects of anti-PD-1 treatment in the development of
cardiac dysfunction, we measured the changes of inflammatory gene
expression locally (in the heart) and remotely (in the thymus and
spleen) via gRT-PCR (Figure 4). Anti-PD-1 treatment significantly
increased the expression of Il1b in the heart after 2 weeks, whereas
Aif1l and Cd163—markers of different macrophage populations—were
increased after 4 weeks of PD-1 inhibitor treatment. However, other
cytokines, or cell-type specific markers of inflammation, were not
affected significantly, including Cd3e expression (Figure 4a). Further-
more, CD3e immunohistochemistry did not show an increase in the
numbers of CD3" T-cells in the myocardium (Figure 4b).

Immune checkpoint inhibition has also been reported to cause
various systemic immune-related adverse effects. The thymus plays a
vital role in the development of T-cells; thus, we investigated the

effect of anti-PD-1 treatment on thymic inflammatory gene
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expression. Accordingly, we found increased levels of pro-
inflammatory cytokines (I3, Il6, I117A, ll17F, and 1123) (Figure 4c). Of
these, ll17a showed the highest increase compared with the isotype
control-treated group. Importantly, gene expression of anti-
inflammatory cytokine 1110 did not change significantly, leading to
increased 1117a/1110 ratio after anti-PD-1 treatment. Furthermore, we
also assessed inflammatory changes in the spleen, where only IFNG
showed increased expression after 2 weeks of anti-PD-1 treatment
(Figure 4d).

Altogether, these findings indicate that cardiac dysfunction after
anti-PD-1 treatment in healthy C57BL/6J mice can develop indepen-
dently of T-cell infiltration into the myocardium. However, gene
expression of pro-inflammatory cytokines is markedly increased in the
thymus, and to a lesser extent in the spleen, suggesting remote cyto-
kine production as a potential mediator of ICl-induced cardiac

dysfunction.

3.6 | Anti-PD-1 treatment does not cause cardiac
dysfunction in BALB/c mice

Following the findings that anti-PD-1 treatment induced pro-
inflammatory gene expression in the thymus, we investigated the
effect of PD-1 inhibition in BALB/c mice, which are known to differ in
systemic T-cell mediated immune response (Watanabe et al., 2004).
Because we saw the most prominent changes in cardiac gene expres-
sion after 2 weeks of treatment in C57BL/6J mice, we treated BALB/c
mice for 2 weeks with isotype control or with anti-PD-1 (Figure 5a). In
contrast to C57BL/6J mice, BALB/c mice did not show increased
heart weight, nor left ventricular dilation, nor cardiac dysfunction fol-
lowing PD-1 inhibition (Figure 5b-e), suggesting that this strain of
mice is resistant to anti-PD-1 inhibition induced cardiac dysfunction

in this experimental setting.

3.7 | Comparison of inflammatory and molecular
changes induced by PD-1 inhibition in the hearts of
C57BL/6J and BALB/c mice

We hypothesized that by investigating molecular changes due to anti-
PD-1 treatment in BALB/c mice, we could identify discrepancies com-
pared with the response seen in C57BL/6J mice, which then could
provide insights into the molecular events of ICl-induced cardiac dys-
function development.

First, we investigated inflammatory changes in BALB/c mice. In
the heart, the expression of 114 and Cd163 increased significantly,
while in contrast to C57BL/6J mice, ll1b expression was not altered
(Figure 6a). In the thymus, we have seen a prominent response to
anti-PD-1 treatment, with the increase of I3, Il6, 1110, ll17a, I17f, 1123,
Rora, and decrease of Il4 and Gata3. Interestingly, opposed to
C57BL/6J mice, expression of anti-inflammatory cytokine 1110 was
significantly increased, leading to a lower ratio of 1l17a/1l10
(Figure 6b).

Next, we analysed nitrosative stress in the heart of BALB/c mice,
in which nitrosative stress was increased significantly in C57BL/6)J
mice after 2 weeks of anti-PD-1 treatment. Here, we did not find any
alteration of 3-NT immunohistochemistry staining (Figure S2A,B).
Nox2 was significantly up-regulated (Figure S2C), albeit the magnitude
of increase was lower compared with C57BL/6J mice.

Lastly, we aimed to validate the gene expression changes in the
heart identified by bulk RNA sequencing in C57BL/6J mice via gRT-
PCR, and compare them with changes in the hearts of BALB/c mice.
Of the most significantly altered genes in the hearts of C57BLé6/J, we
selected 15 genes through literature search that have been shown
previously to play potential roles in cardiac inflammation and/or dys-
function. We identified nine genes that were significantly up- or
down-regulated compared with isotype control in C57BL/6J mice
measured via gRT-PCR, in accordance with the RNAseq results
(Figure 7a). Of these genes, Dmd, Chrm2, Nfkbia, Stat3, Gsk3b, and
Ldb3 were significantly down-regulated, while in BALB/c mice, these
genes were significantly up-regulated. Fxyd2 and Cxcl? were up-
regulated in C57BL/6J mice, although they did not change signifi-
cantly in BALB/c mice. Correlation analysis showed significant posi-
tive correlation between gene expression and left ventricular ejection
fraction in the case of Dmd, Ldb3, Chrm2, Nfkbia, Stat3, and Gsk3b,
while negative correlation was found in the case of Fxyd2 and Ass1
(Figure 7b).

3.8 | Anti-IL17A treatment or CD4 T-cell depletion
prevents the development of anti-PD-1 induced
cardiac dysfunction

After the molecular characterization of ICl-induced cardiac dysfunc-
tion, we further investigated mechanisms that could be targeted phar-
macologically to alleviate anti-PD-1-induced cardiotoxicity. Our
previous results showed that expression of several pro-inflammatory
cytokines increased after anti-PD-1 treatment. Thus, first we
depleted CD4* T-cells, which are major contributors to cytokine pro-
duction. Since the expression of l117a was most prominently induced
by PD-1 inhibition, we also targeted IL-17A with a monoclonal anti-
body as a clinically relevant intervention. We found that the depletion
of CD4*" T-cells, and selective blockade of IL-17A, prevented the
development of ICI-induced cardiac dysfunction, as shown by main-
tained ejection fraction in the respective groups, whereas the ejection
fraction was decreased with anti-PD-1 treatment alone (Figure 8b).
The efficacy of CD4+ T-cell depletion was confirmed by flow cyto-
metry of T-cells harvested from the spleen and thymus (Figure 8d), as
well as from venous blood (Figure S3B). Interestingly, treatment with
anti-PD-1 antibody alone, or in combination with anti-IL17A, mod-
estly decreased the CD4" T-cell population in the spleen (Figure 8d).
T-cell activation marker CD69 was decreased in the thymus of the
CD4+ T-cell depleted animals, compared with the isotype control
treated group, but were not altered with anti-PD-1 or anti-IL17A
treatments, while CD25 was not affected by either treatment
(Figure S3C).
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FIGURE 4 Anti-PD-1 treatment causes mild inflammation in the heart and prominent inflammatory gene expression in the thymus of
C57BL/6J mice. (a) Analysis of mRNA expression of cytokines (ll1b, 114, 116, 1123, and Tnfa) and cell markers (Cd3e, Aif1, Cd163, Cd80, and Icam1) in
the heart by qRT-PCR. *P < 0.05 versus Isotype CON, one-way ANOVA or Kruskal-Wallis test followed by Tukey's or Dunn's post hoc test,

n = 6-8 per group. (b) Representative images and quantification of CD3e immunohistochemistry after anti-PD-1 treatment. Scale bar: 100 pm.
Student's t test: n.s., n = 9-10 per group. (c) Analysis of mRNA expression of cytokines (Il1b, I3, 116, 1110, ll17a, 117f, 1123, and Ifng), cell markers
(Cd3e, Aif1, Cd163, Cd19, Cd20, and Cxcr3), and transcription factors (Tbx21, Rora, Rorc, Stat3, and Gata3) in the thymus by qRT-PCR. *P < 0.05
versus Isotype CON, one-way ANOVA or Kruskal-Wallis followed by Tukey’s or Dunn's post hoc test, n = 6-8 per group. (d) Analysis of mMRNA
expression of cytokines (Il1b, 14, 116, 1110, ll17a, l17f, and Ifng), cell markers (Cd3e, Aif1, Cd163, Cd19, and Cd20), and transcription factors (Tbx21,
Rora, Rorc, Stat3, and Gata3) in the spleen by gRT-PCR. *P < 0.05 versus Isotype CON, one-way ANOVA or Kruskal-Wallis test followed by
Tukey's or Dunn's post hoc test, n = 6-8 per group. Results are presented as mean * standard deviation (SD). Exact group sizes are shown in
each graph.
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FIGURE 5

Anti-PD-1 treatment does not cause cardiac dysfunction or left ventricular dilation in BALB/c mice (albino, white coat). (a) Study

design for investigating the effects of anti-PD-1 treatment in BALB/c mice. Eight- to ten-week-old BALB/c mice were treated with isotype
control or anti-PD-1 antibody for 2 weeks, followed by echocardiography and tissue collection. (b) Representative images of hematoxylin and
eosin (H&E) stained hearts of isotype control and anti-PD-1 treated animals. Scale bar: 1 mm. (c) Selected parameters of systolic and diastolic
function are shown. EF: ejection fraction; LV mass: left ventricular mass; LVIDs: left ventricular systolic internal diameter; LVIDd: left ventricular
diastolic internal diameter; GLS: global longitudinal strain. *P < 0.05 versus isotype control, Student's two-tailed t test, n = 10 per group for
quantification of EF, LVIDs, LVIDd, LV mass, E/€’, n = 5-8 per group for quantification of GLS. (d) Comparison of heart weights relative to the
body weight or tibia length of the animals. *P < 0.05 versus Isotype CON, Student's t test, n = 10 per group. (e) Representative echocardiographic
B-mode and M-mode images of isotype control and anti-PD-1 treated animals. Scale bar: 3 mm. Time stamp: 0.5 s. Results are presented as

mean + standard deviation (SD). Exact group sizes are shown in each graph.
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FIGURE 6 Investigation of anti-PD-1 induced inflammatory changes in BALB/c mice. (a) Analysis of mRNA expression of cytokines (ll1b, 114,

116, 1123, and Tnfa) and cell markers (Cd3e, Aif1, Cd163, Cd80, and Icam1) in the heart by qRT-PCR. *P < 0.05 versus Isotype CON, Student's t test
or Mann-Whitney U-test, n = 7-10 per group. (b) Analysis of mMRNA expression of cytokines (Il1b, I3, 116, 1110, ll17a, l117f, 123, and Ifng), cell
markers (Cd3e, Aif1, Cd163, Cd19, Cd20, and Cxcr3) and transcription factors (Tbx21, Rora, Rorc, Stat3, and Gata3) in the thymus by gqRT-PCR.

*P < 0.05 versus Isotype CON, Student's t test or Mann-Whitney U-test, n = 7-10 per group. Results are presented as mean * standard deviation

(SD). Exact group sizes are shown in each graph.

4 | DISCUSSION

In this study, we demonstrate that anti-PD-1 treatment leads to cardiac
contractile dysfunction in C57BL/6J mice, characterized by left ventric-
ular dilation with systolic and diastolic dysfunction. In contrast, BALB/c
mice did not develop cardiac dysfunction nor dilation of the left ventri-
cle. In both strains, anti-PD-1 treatment was associated with only
smouldering inflammatory changes in the heart; however, there was

prominent activation of thymic cytokine expression. Of note, C57BL/6)

mice presented with an increased I117a/1110 ratio, whereas increased
1110 production was seen in BALB/c mice, indicating a more balanced
thymic activation. Depletion of CD4" T-cells or inhibition of IL-17A
prevented the development of anti-PD-1-induced cardiac dysfunction
in C57BL/6J mice. Investigating the cardiac gene expression changes in
both strains revealed differentially regulated genes, providing mecha-
nistic insights into the development of ICl-induced cardiac dysfunction.

Several forms of cardiotoxicity have been described previously as
a result of ICI therapy. Of these, myocarditis, a rare but often fatal
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FIGURE 7 Comparison of molecular changes in the hearts of C57BL/6J and BALB/c mice following 2 weeks of anti-PD-1 treatment.

(A) Analysis of cardiac gene expression by gRT-PCR. *P < 0.05 versus corresponding isotype CON, Student's t test or Mann-Whitney U-test,

n = 6-10 per group. #P < 0.05 between C56BL/6J and BALB/c groups, Student's t test, n = 6-10 per group. (B) Correlation analysis between
expression level of cardiac genes and left ventricular ejection fraction in C57BL/6J mice, Spearman's correlation test. Red dots indicate animals
treated with anti-PD-1, while black dots show isotype control treated mice. Results are presented as mean + standard deviation (SD).
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FIGURE 8 Anti-PD-1-induced cardiac dysfunction is prevented by co-treatment with anti-CD4 or anti-IL17A antibody. (a) Study design for
investigating the effects of anti-CD4 and anti-IL17A co-treatment with anti-PD-1 in C57BL/6J mice. (b) Treatment with anti-CD4 or anti-IL17A
prevented the decline in ejection fraction seen with anti-PD-1 treatment alone. *P < 0.05 versus corresponding baseline, repeated measures
ANOVA, followed by Bonferroni's post hoc test. #P < 0.05 versus anti-PD-1 at 2 weeks, repeated measures ANOVA, followed by Dunnett's post
hoc test, n = 9 for isotype CON group, n = 10 for anti-PD-1, anti-PD-1 + anti-CD4, and anti-PD-1 + anti-IL17A groups. Results are presented as
mean + standard deviation (SD). (c) Representative echocardiographic M-mode images of isotype control, anti-PD-1, anti-PD-1 + anti-CD4, and
anti-PD-1 + anti-IL17A treated animals. Scale bar: 3 mm. Time stamp: 0.5 s. (d) Representative flow cytometry images and quantification of
CD4™" cells in the spleen and thymus of isotype control, anti-PD-1, anti-PD-1 + anti-CD4, and anti-PD-1 + anti-IL17A treated animals. Gating
strategy for flow cytometry analysis is shown in Figure S3. *P < 0.05 versus isotype CON, one-way ANOVA, followed by Tukey's post hoc test.
#P < 0.05 versus isotype CON, anti-PD-1, and anti-PD-1 + anti-IL17A groups, one-way ANOVA, followed by Tukey's post hoc test, n = 5 per
group. Results are presented as mean + standard deviation (SD).
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adverse event, has been the most extensively investigated in clinical
studies and preclinical models. However, accumulating evidence sug-
gests, that besides myocarditis, ICl therapy leads to increased occur-
rence of other cardiovascular diseases, such as accelerated
atherosclerosis (Drobni et al., 2020) and heart failure (Dolladille
et al., 2020). In retrospective investigations, left ventricular systolic
dysfunction has been associated with prior ICI treatment (Escudier
et al,, 2017) (Michel et al., 2022). Based on these findings, subclinical
cardiac dysfunction may be a common manifestation of ICl-induced
cardiotoxicity, and it may affect a significant proportion of patients
treated with ICls, highlighting the need to investigate the effect of
immune checkpoint inhibitors on cardiac function and its underlying
mechanisms.

The interaction between cancer and the immune system also may
play an important role in triggering ICl-related adverse events. In pre-
clinical reports, anti-PD-1 treatment of B16-F10 melanoma-bearing
BALB/c mice resulted in decreased cardiac function and inflammation
in the heart, whereas there were no differences found in the non-
tumour bearing groups (Tay et al., 2020), in agreement with our find-
ings, where non-tumour bearing BALB/c mice were resistant to PD-1
induced cardiotoxicity. However, in an early study by Nishimura et al.
(2001), PD-1 deletion in BALB/c mice resulted in severe dilated car-
diomyopathy, suggesting that PD-1 plays a role in maintaining cardiac
homeostasis, and that genetic interference with PD-1 signalling may
cause cardiac disturbances even without tumour presence. Michel
et al. (2022) have found that only tumour-bearing C57BL/6 mice
developed cardiac dysfunction after 13 days of anti-PD-1 administra-
tion; however, this is in contrast to our findings, where non-tumour
bearing C57BL/6J mice developed dysfunction even after 2 weeks of
treatment. An interesting difference in the study by Michel et al.
(2002) is that female mice were treated, as opposed to male mice in
our experiments, which could suggest sex-mediated differences in the
response to anti-PD-1 treatment. Our findings that PD-1 inhibition
without tumour presence causes significant cardiac dysfunction high-
lights the fundamental role of the PD-1-PD-L1 immune checkpoint
system in maintaining cardiac physiology. Therefore, tumour-free
patients treated with adjuvant ICI therapy to prevent recurrence
(Weber et al., 2017) may still be at risk for ICl-induced cardiotoxicity.

Interestingly, despite evident changes in cardiac function, only
mild inflammation was found in the heart in our present study. Thus,
it is highly likely that the decrease in cardiac function after anti-PD-1
treatment could not be fully explained by myocardial T-cell infiltration
and local cytokine production. However, ICls are known to cause sys-
temic immune stimulation and adverse events. Thus, we hypothesized
that T-cell activation in remote immune-related organs and subse-
guent remote cytokine production may mediate the observed cardiac
dysfunction. Enhanced thymic activity following immune checkpoint
inhibition has been shown previously in a case report, where thymic
hyperplasia has been observed in patients (Mencel et al., 2019). Fur-
thermore, ICl treatment of patients with thymoma has been associ-
ated with the development of myocarditis (Konstantina et al., 2019).
Increased cytokine production by T-cells activated in the thymus may

lead to cardiac dysfunction even without massive inflammatory cell

infiltration into the myocardium, for example, by cytokine-induced
peroxynitrite formation (Ferdinandy et al., 2000), which corresponds
with our present findings of increased nitrosative stress in the
myocardium.

Of note, in our study, ll17a showed the highest increase in the
thymus of C57BL/6J mice. IL-17 is a pro-inflammatory cytokine pro-
duced primarily by Th17 cells. In clinical studies, the level of circulat-
ing IL-17 was found to correlate with ICl-induced colitis (Tarhini
et al., 2015). In accordance with this finding, in human peripheral
blood cells, anti-PD-1 treatment increased IL-17 production in vitro
(Dulos et al., 2012), while increased Th17 subpopulations were associ-
ated with inflammatory and autoimmune toxicities following immune
checkpoint inhibition (von Euw et al., 2009). In a mouse model of
experimental autoimmune myocarditis (EAM), IL-17A was associated
with ventricular dilation and dysfunction after myocarditis, but not
with myocarditis development per se (Baldeviano et al., 2010), corre-
sponding with our findings that cardiac dysfunction occurred without
significant local inflammation in the heart, with increased systemic IL-
17A expression. Further strengthening the link between heart failure
development and IL-17, Myers et al. (2016) found that myocarditis/
DCM patients with subsequent heart failure (NYHA IlI-1V) had signifi-
cantly higher serum IL-17 levels compared with NYHA [-1I patients.
Similarly, increased IL-17 serum concentration was found in patients
with heart failure, as well as in a mouse model of pressure-overload
induced heart failure, where IL-17 knock-out improved cardiac func-
tion (Xue et al., 2021). Based on the finding that systemic inflamma-
tory gene expression was altered by anti-PD-1 treatment, primarily in
the thymus, we speculated that PD-1 inhibition would have different
effects in mice with different systemic immune response. BALB/c
mice exert a Th2-dominant immune response, as opposed to
C57BL/6J mice. In accordance with our hypothesis, BALB/c mice
were less susceptible to anti-PD-1 treatment, as cardiac dysfunction
and left ventricular dilation did not develop in this strain. Interestingly,
compared with C57BL/6J mice, in the thymus, the anti-inflammatory
cytokine 1110 was up-regulated, leading to a more balanced IL-17/IL-
10 ratio. This conclusion suggests that subtle differences in systemic
immune response to PD-1 inhibition may predispose to cardiotoxicity
development.

Accordingly, interventions targeting cytokine expression have
prevented the development of PD-1 inhibition-induced cardiac dys-
function. While it has been shown previously that ICI-induced myo-
carditis is mediated mainly by CD8" T-cells (Wei et al., 2020), and
targeting this cell population can prevent the decrease in cardiac func-
tion (Michel et al., 2022) Here, we have shown that CD4" T-cells also
contribute to the development of anti-PD-1-induced cardiac dysfunc-
tion, likely through the production of various cytokines. In line with
this hypothesis, specific targeting of IL-17A with a monoclonal anti-
body during anti-PD-1 treatment prevented the development of car-
diac dysfunction. IL-17 blocking antibodies are currently in clinical
use, for the treatment of psoriasis (Ghoreschi et al., 2021). Recently,
blocking antibodies have been shown to be effective in alleviating ICI-
induced immune-related adverse effects (irAEs) in some cases
(Johnson et al., 2019; Lechner et al., 2022), whereas inhibition of
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IL-17A improved the anti-tumour effect of ICI treatment in preclinical
studies (Liu et al., 2021; Nagaoka et al., 2020). Taken together, phar-
macological treatment aimed at IL-17A with currently available anti-
bodies could be a clinically relevant adjuvant to immune checkpoint
blockade, because it can alleviate ICl-mediated cardiotoxicity and
other irAEs, while not interfering with, or even improving the anti-
cancer effects.

To investigate the transcriptomic changes occurring in the heart
after pharmacological PD-1 inhibition, we have performed analysis of
the cardiac transcriptome of isotype control and anti-PD-1 treated
C57BL/6J mice with bulk RNA sequencing. Immune checkpoint inhibi-
tion with anti-PD-1 treatment resulted in a distinct transcriptomic
profile, with changes most prominently involving cardiac contractile
processes and antigen presentation, as revealed by Gene Ontology
Enrichment analysis of the differentially expressed genes. Of the dif-
ferentially expressed genes, several have been previously associated
with cardiac dysfunction and heart failure.

First, genes with roles in cardiac structure and function were
assessed. The dystrophin gene (Dmd) was found to be down-regulated
due to PD-1 inhibition in C57BL/6J mice, whereas it increased in
BALB/c mice. Dystrophin is a key structural protein in muscle cells,
linking the cytoskeleton and extracellular matrix and providing struc-
tural stability. Mutations in the Dmd gene are responsible for Duch-
enne and Becker muscular dystrophies, presenting with dilated
cardiomyopathy among skeletal muscle-related and other symptoms
(Kamdar & Garry, 2016). In preclinical studies, loss of dystrophin has
been associated with contractile dysfunction and progression to heart
failure in abdominal aorta banded mice (Prado et al., 2017), while
decrease in dystrophin levels was observed in mice after myocardial
infarction-induced heart failure (Yoshida et al., 2003). Furthermore,
dystrophin-deficiency resulted in metabolic and signalling alterations
in the heart before overt signs of heart failure appeared (Khairallah
et al., 2007), suggesting that dystrophin is involved in various cardiac
processes among structural stability of muscle cells. The expression of
Lim domain binding 3 (Ldb3) showed a similar pattern. LDB3 plays a
role in muscle cell structure, maintaining Z-line integrity during con-
traction (Weeland et al., 2015). Mutations in Ldb3 have been impli-
cated in dilated cardiomyopathy previously (Vatta et al., 2003). Fxyd2,
encoding the y subunit of Na*-K"-ATPase, increased prominently in
C57BL/6J mice, butwas not affected in BALB/c mice. Although Fxyd2
has been described to play a physiological role in the kidney
(Kamdar & Garry, 2016), the marked increase seen in the hearts of
mice with cardiac dysfunction suggests a potential role in cardiac
function as well.

Signalling molecules Stat3 and Gsk3b both decreased in
C57BL/6J mice, while increased in BALB/c mice. Signal transducer
and activator of transcription 3 (STAT3) has been implicated in a vital
role for maintaining normal cardiac function under stress conditions
(Kurdi et al., 2018). Cardiac knock-out of Stat3 leads to decreased
contractile function in mice with angiotensin ll-induced hypertension,
without exacerbating cardiac hypertrophy (Altara, Harmancey,
et al., 2016). Interestingly, STAT3 has been shown to protect against
the dilation phenotype in viral myocarditis by maintaining the
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expression of dystrophin (Yajima et al., 2006). Glycogen synthase
kinase 3p (GSK3p) activity has been shown to be decreased in heart
failure (Haq et al., 2001). However, this is potentially a compensatory
mechanism, since GSK3p inhibition has been shown to be cardiopro-
tective in a pressure-overload induced mouse heart failure model
(Hirotani et al., 2007).

Furthermore, the cardiac response to parasympathetic stimuli
seems to be dysregulated as well, with the decreased expression of
Chrm2 in C57BL/6) mice and increase in BALB/c mice. Chrm2 is
responsible for M2 muscarinic acetylcholine receptor production.
Deficiency of M2 muscarinic acetylcholine receptors has been shown
to increase the susceptibility of the heart to the detrimental effects of
chronic adrenergic stimulation (LaCroix et al., 2008), whereas a mis-
sense mutation in the gene has been associated with familial dilated
cardiomyopathy (Zhang et al., 2008).

Transcriptomic changes in the myocardium related to inflamma-
tory pathways were also found to be altered by anti-PD-1 treatment.
Cxcl9 was up-regulated in the hearts of C57BL/6J mice, which pro-
duces the pro-inflammatory chemokine (C-X-C motif) ligand
9 (CXCL9). CXCL9 is the ligand for CXCR3 and induces chemotaxis
and leukocyte extravasation. In patients with heart failure, circulating
CXCL9 has been associated with disease severity (Altara, Mallat,
et al, 2016). Furthermore, the CXCL9/CXCL10-CXCR3 axis have
been implicated in the pathogenesis of heart failure. In mice, CXCR3
deficiency ameliorated the progression of pressure-overload induced
heart failure, by inhibiting T-cell migration into the myocardium
(Ngwenyama et al., 2019). In a clinical study, increased CXCL9 serum
levels have been observed after ICI therapy. Of note, patients with
irAEs exhibited greater increase in CXCL9 compared with patients
without irAEs (Khan et al., 2019). Nfkbia, encoding IkBa, and inhibitor
of NF-xB, was found to be down-regulated after 2 weeks of ICl ther-
apy in C57BL/6J mice, while it increased in BALB/c mice. Degradation
of IkBa and subsequent activation of NF-xB in septic mice have been
shown to contribute to cardiac dysfunction (Li et al., 2014).

In our data set, Ass1 was the most significantly up-regulated gene.
Argininosuccinate synthetase, the product of Ass1, is the rate-limiting
step in arginine production from citrulline, which is the substrate of
NO synthases (Husson et al, 2003). Ass1 was shown to be up-
regulated by inflammatory cytokines, such as IL-1f (Flodstrém
et al., 1995), while in LPS-treated rats, Ass1 and iINOS were co-
induced (Nagasaki et al., 1996).

Taken together, our results show that anti-PD-1 therapy leads
to impaired cardiac function even without T-cell infiltration into the
myocardium in C57BL/6J mice. ICl-induced cardiac dysfunction pre-
sents with a unique transcriptomic profile related to cardiac struc-
ture, signalling and inflammation, while nitrosative stress is
increased in the heart. Beside local alterations in the myocardium,
anti-PD-1 treatment leads to an enhanced systemic immune
response, with increased pro-inflammatory cytokine expression seen
most prominently in the thymus. Differences in systemic immune
response to PD-1 inhibition may determine the susceptibility to car-
diotoxicity, because BALB/c mice were resistant to the develop-

ment of cardiac dysfunction. Targeting pro-inflammatory cytokine
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expression non-specifically (by depleting CD4" T-cells) or by spe-
cific inhibition of IL-17A, prevented anti-PD-1-induced cardiac
dysfunction. These findings provide insights about the underlying
mechanisms of ICl-induced cardiac dysfunction and heart failure,
whereas repurposing IL-17A blocking antibodies could be a poten-
tial pharmacological intervention to alleviate anti-PD-1-induced

cardiotoxicity.
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