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Immune-checkpoint-inhibitors (ICI) target key regulators of the immune system
expressed by cancer cells that mask those from recognition by the immune
system. They have improved the outcome for patients with various cancer types,
such as melanoma. ICI-based therapy is frequently accompanied by immune-
related adverse side effects (IRAEs). The reversible melanoma cancer mouse
model (B16F10 cells stably expressing a ganciclovir (GCV)-inducible suicide gene
in C57BL/6Nmice: B16F10-GCV) allows chemotherapy-free tumor elimination in
advanced disease stage and demonstrates almost complete recovery of the
mouse heart from cancer-induced atrophy, molecular impairment and heart
failure. Thus, enabling the study of anti-cancer-therapy effects. Here, we
analyzed potential cardiac side effects of antibody-mediated PD-L1 inhibition
in the preclinical B16F10-GCVmousemodel after tumor elimination and 2 weeks
recovery (50 days after tumor inoculation). Anti-PD-L1 treatment was associated
with improved survival as compared to isotype control (Ctrl) treated mice.
Surviving anti-PD-L1 and Ctrl mice showed similar cardiac function, dimensions
and the expression of cardiac stress and hypertrophy markers. Although anti-PD-
L1 treatment was associated with increased troponin I type 3 cardiac (TNNI3) blood
levels, cardiacmRNA expression ofmacrophagemarkers and elevated cardiac levels
of secreted inflammatory factors compared toCtrl treatment, both groups showed a
comparable density of inflammatory cells in the heart (using CXCR4-ligand 68Ga-
Pentixafor in PET-CT and immunohistochemistry). Thus, anti-PD-L1 therapy
improved survival in mice with advanced melanoma cancer with no major
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cardiac phenotype or inflammation 50 days after tumor inoculation. Without a second
hit that triggers the inflammatory response, anti-PD-L1 treatment appears to be safe
for the heart in the preclinical melanoma mouse model.
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immune checkpoint inhibitors, PD-L1, inflammation, cancer, cardio-oncology,
cardiotoxicity

Introduction

The development and clinical use of immune checkpoint
inhibitors (ICIs) have recently improved the survival of
patients with various types of cancer, including malignant
melanoma, lung cancer, kidney cancer and others (Palaskas
et al., 2020; Mahoney et al., 2015). In contrast to conventional
chemotherapy or targeted therapies that mostly have a direct
effect on cancer cells, ICIs mediate their effects indirectly by
enabling the immune system to recognize cancer cells mainly by
tumor-specific, cytotoxic T lymphocytes. Within the group of
ICIs, there exist different “generations” of drugs, each of which
differ in its target molecule and thus intervene at different points
of entry in the immune system, but all have in common the
overarching effect of increased sensitization of the endogenous
immune defense mechanisms (Varricchi et al., 2017). An
immunosuppressive effect of so-called immune checkpoints is
exerted by expression and mutual recognition of various cell
surface markers (cytotoxic T-lymphocyte associated protein 4
(CTLA-4), programmed cell death 1 (PD-1), programmed cell
death ligand 1 (PD-L1)) on T cells and antigen-presenting cells
(de Mello et al., 2017). This effect protects against an “overshoot”
of the immune response or autoimmune diseases during antigen
recognition and subsequent T cell activation. High expression of
these surface markers enables tumor cells to evade recognition
and thus elimination by the immune system (de Mello et al.,
2017). The blockade of this ligand receptor interaction using ICIs
prevents the following immunosuppressive effect and the
sensitized immune system reacts with an intensified immune
response, which is now also directed against tumor cells that
previously remained undetected.

An intervention in such central mechanisms of the immune
response can be associated with so-called immune-related adverse
events (IRAE) (Varricchi et al., 2017). Initially, the most common
mild side effects observed with various ICIs were rash, fatigue,
pruritus or diarrhea (Varricchi et al., 2017). Recently, increasing
evidence has been reported for acute and sometimes life-threatening
myocarditis related to ICI treatment (Neilan et al., 2018). Due to the
acute form of ICI-associated cardiotoxicity and the demonstrated
expression of PD-1/PD-L1 in the heart, this signaling pathway is
assumed to be of particular importance in the development of ICI-
induced myocarditis (Neilan et al., 2018). The release of heart
muscle-specific proteins (cardiac antigens) due to severe cardiac
atrophy, e.g., in tumor disease, could lead to sensitization to cardiac
inflammation caused by ICI. FDA approved medications for PD-L1
blockade include humanized monoclonal antibodies such as
Atezolizumab, Durvalumab, Avelumab (Schardt, 2020).

Previous clinical studies on cardiotoxicity frequently use
healthy animal models that do not adequately capture the

clinical situation of cancer diseased patients, since cancer itself
is able to impact on the cardiovascular system, such as cardiac
atrophy and inflammation, alterations in mitochondrial
oxidative characteristics and metabolism, and a functional
decline (Pietzsch et al., 2021; Salloum et al., 2023). In
addition, the systemic impact of malignant tumor diseases,
including the release of cytokines and metabolites, impairs
several cardioprotective signaling pathways. Therefore, the
effect of anti-cancer medications on the heart may be different
in healthy and in cancer diseased mice. As mouse cancer models
may exhibit high mortality complicating longterm studies, we
established a reversible B16F10 melanoma mouse model that was
stably transduced with a suicide gene inducing cell death upon
exposure to ganciclovir (GCV, model named as B16F10-GCV
mice) (Pincha et al., 2011; Pietzsch et al., 2021). In B16F10-GCV
mice, we have previously demonstrated almost complete cardiac
recovery from cancer-induced atrophy, molecular impairment
and heart failure (Pietzsch et al., 2021). In brief, during advanced
cancer stage, B16F10-GCV mice showed massive cardiac atrophy
related to cardiomyocyte atrophy (without the induction of
cardiomyocyte apoptosis), and impaired cardiac function.
Cardiac atrophy and dysfunction were partly caused by an
imbalance of cardiac protein synthesis and degradation related
to alterations in systemic and cardiac metabolism such as an
impairment in insulin signaling (Thackeray et al., 2017; Pietzsch
et al., 2021). After recovery frommelanoma cancer, B16F10-GCV
mice displayed functional, metabolic and morphological cardiac
recovery (Pietzsch et al., 2021). Thus, this model enables
investigation of longlasting effects of cancer on the cardiovascular
system after chemotherapy-free tumor elimination, and to
differentiate them from side effects of anti-cancer therapies
(Pietzsch et al., 2021). In this context, we were already able to
demonstrate that doxorubicin treatment during the advanced
cancer disease stage is associated with increased mortality of
B16F10-GCV mice. The surviving mice revealed morphological
and functional cardiac recovery but showed longlasting alterations
in the cardiac gene expression profile, especially in the circadian
rhythm pathway, which is a known mediator of the DNA damage
response pathway (DDR) and might contribute to late cardiotoxicity.
In the present study, we applied a mouse-specific monoclonal
antibody treatment regime targeting PD-L1 to investigate potential
side effects of ICI therapy on the heart after recovery from tumor
disease in the reversible B16F10 melanoma mouse model. Since in
cancer patients with ICI therapy IRAEs often occur within a
timeframe of approximately 6 weeks after ICI therapy, we
performed the final analysis for our study 50 days after tumor
induction and 43 days after starting anti-PD-L1 therapy. To detect
possible inflammatory response during anti-PD-L1 therapy, serial
68Ga-Pentixafor PET-CT measurements were done. The aim was to
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analyze whether a PD-L1-directed ICI therapy induces cardiac IRAE
after recovery from melanoma cancer disease. An elevated immune
response after recovery from cancer disease might therefore
contribute to late autoimmune side effects such as myocarditis.

Methods

B16F10 melanoma cells

Murine melanoma cell line B16F10 was obtained from ATCC.
Cells were grown in DMEM culture medium containing 4.5 g/L
glucose (Capricorn) supplemented with 10% FCS (BiochromAG) and
penicillin/streptomycin (100 U/100 µg per ml, Gibco). For injection,
tumor cells were grown to confluence and detached from cell culture
flasks by treatment with 0.25% trypsin/EDTA (Gibco). Cell pellet was
washed twice with prewarmed, sterile PBS; then, cells were suspended
in PBS and counted. As previously described, B16F10 cells were
genetically modified by lentiviral transduction with a herpes simplex
virus type 1 thymidine kinase (HSVtk), firefly luciferase and yellow
fluorescent protein (YFP) containing construct (Pincha et al., 2011;
Pietzsch et al., 2021). Single cell clones were isolated by limiting

dilution and checked for positive YFP signal in FACS. A fully YFP-
positive cell clone (B16F10HSVtk-c) was used for all in vivo
experiments. HSVtk1 enabling cell-specific induction of apoptosis
was activated by addition of GCV as described (Tomicic et al., 2002).

Animal experiments–B16F10 melanoma
mouse model

As described before, male C57BL6/N mice (12 ± 2 weeks of age,
Charles River Germany) were injected intraperitoneally (i.p.) with
B16F10HSVtk-c melanoma cells (B16F10 mice, 1 × 106 cells) or PBS
as a vehicle (Thackeray et al., 2017; Pietzsch et al., 2021). Single doses
of 100 μg monoclonal antibody per animal against PD-L1
(GolnVivo™ purified anti-mouse CD274 antibody clone 10F.9G2,
no 124328, BioLegend) or corresponding isotype control (Ctrl,
GolnVivo purified rat IgG2b,k isotype Ctrl, no 400666,
BioLegend) were applied i.p. at day 7, 10, and 13 after tumor cell
or PBS injection for a total of 3 doses (Figure 1A, Supplementary
Figure S1A). Treatment with GCV (80 mg/kg BW twice daily) was
started at advanced tumor disease stage at day 14 based on the
guidelines of recognition of distress in experimental animals

FIGURE 1
Anti-PD-L1 treatment in B16F10-GCVmice. (A) Scheme for anti-PD-L1 or isotype Ctrl treatment in B16F10-GCVmice. (B) Serial BLI of B16F10-GCV
mice following tumor inoculation of luciferase and HSVtk expressing B16F10 cells. Mice were monitored up to 50 days after tumor inoculation and (C)
quantitative analysis of the tumor burdenwas performed bymeasurement of the total flux (p/s) on day 4–6 (pre PD-L1 inhibition) and day 14–15 (post PD-
L1 inhibition) after tumor inoculation, anti-PD-L1 (N= 35) or isoptypeCtrl (Ctrl) (N = 32). Datawere presented asmedian and IQR, n.s vs. B16F10-GCV
isoptype Ctrl, Mann-Whitney U test.
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proposed by Morton and Griffith (Figure 1A) (Morton and
Griffiths, 1985). Using the same protocol, GCV treatment of
cancer-free control mice (GCV mice) was started at day
14 after PBS vehicle injection (Supplementary Figure S1A).
GCV treatment was continued until day 34–36 when signal loss
in IVIS B16F10-GCV mice occurred. For live visualization of
B16F10 melanoma cells, mice were imaged using an in vivo
imaging system (IVIS) Lumina II (Caliper Life Sciences) for
1 min following i.p. injection of 0.8 mg/mouse D-Luciferin
(AppliChem). Whole animal imaging was performed from a
ventral perspective. Bioluminescene radiance was analyzed using
Living Image (BLI) 4.0 software. After melanoma cell inoculation,
B16F10-GCV and GCV mice received continuous analgesia
(Novalgin, 500 mg/mL in drinking water). Mice were housed in
groups of five and maintained on a 14 h/10 h light/dark cycle with
standard laboratory chow and water freely available. Animal health
condition was assessed based on the guidelines of recognition of
distress in experimental animals as proposed by Morton and
Griffith (Morton and Griffiths, 1985).

All animal studies were in accordance with the German animal
welfare legislation and with the European Communities Council
Directive 86/609/EEC and 2010/63/EU to protect animals used for
experimental purposes under consideration of the ARRIVE
guidelines. Furthermore, the experiments were approved by the
local Institutional Animal Care and Research Advisory Committee
and permitted by the local authority.

Echocardiography

Echocardiography was performed on anesthetized mice as
described previously (Thackeray et al., 2017; Pietzsch et al.,
2021). In brief, contractile function and heart rate were assessed
by echocardiography using the Vevo 3100 system (VisualSonics)
after tumor elimination and 2 weeks recovery (day 50 ± 3 after
tumor cell injection). Anesthesia was induced with 4% (in 100%
oxygen) isoflurane, followed by maintenance at 0.5%–1%
isoflurane via a special vaporizer for rodents delivered by a
small nose cone (VisualSonics). For echocardiographic image
acquisition, the animal was placed in a supine position on a
prewarmed platform and the body temperature was maintained
at 37°C during the entire procedure. Echocardiographic
measurements were obtained 5 min following the induction of
anesthetic when heart rate had stably recovered to exclude the
variation in cardiac function created by time after induction.
Parasternal short- or long-axis views were recorded in B- and
M-mode at the level of the papillary muscle, and still images were
used to measure LV end-diastolic diameter (LVEDD) and LV end-
systolic diameter (LVESD) and calculate fractional shortening
([LVEDD–LVESD]/LVEDD x 100). Cardiac output was calculated
by VisualSonics Vevo 3100 software version 3.

Serial 68Ga-Pentixafor PET-CT
imaging protocol

As previously described, 68Ga-Pentixafor was synthesized by
using an automated module and CPCR4.2 precursor provided by

Scintomics GmbH (Fürstenfeldbruck, Germany) (Thackeray
et al., 2015). 18F-FDG (fluorodeoxyglucose) was synthesized
using standard kits and production methods. PET was
performed using a dedicated small animal system (Inveon
DPET, Siemens, Knoxville) as reported before (Thackeray
et al., 2015). Animals underwent serial imaging using the
CXCR4-ligand 68Ga-Pentixafor measured in PET-CT imaging
at day 7, day 15, day 35 and day 49 after tumor cell inoculation
(day 0, day 8, day 28 and day 42 after starting anti-PD-L1 or
isotype Ctrl treatment) to identify tissue inflammation
(Figure 1A). In brief, anesthetized animals (1.5% isoflurane,
0.6 L/min O2) were positioned prone on the imaging bed
(Minerve) with the heart centered in the scanner field of
view. 68Ga-Pentixafor (12.6 ± 1.3 MBq) was injected
intravenously as 0.10 mL bolus via the tail vein. After
conscious tracer distribution, a 10 min static listmode scan
was acquired at 50 min after injection under isoflurane
anesthesia. Afterwards, 0.2 mL 18F-FDG (20 ± 2 MBq) was
administrated i.p. under anesthesia to enable accurate
localization of the myocardium. After 20 min under
continued isoflurane, a second 10 min static scan was
performed (Glasenapp et al., 2021).

All PET images were reconstructed to a 128 × 128 × 159 image
matrix (0.78 × 0.78 × 0.80 mm) using an OSEM3D/MAP (ordered
subset expectation maximization/maximum a posteriori) algorithm
(β = 0.01, 2 OSEM iterations, 18 MAP iterations) with scanner-
applied scatter correction. A 57Co transmission scan (10 min) was
used for attenuation correction (Thackeray et al., 2015). Image
analysis was performed with Inveon Research Workplace 4.2
(Siemens Medical Solutions). First, 18F-FDG images were used to
manually create regions of interest for LV myocardium by
interactive thresholding as previously described (Thackeray et al.,
2015). These regions of interest were imported onto co-registered
68Ga-pentixafor images to calculate 68Ga-pentixafor uptake. The
signal was semiquantitatively analyzed as percent injected dose
per gram of tissue (%ID/g).

Murine plasma measurements

Murine plasma samples were acquired by 10 min centrifugation
at 1,500 rpm of right ventricular blood in ethylenediaminetetraacetic
acid (EDTA) containing vials and stored at −80°C. Mouse troponin I
type 3 cardiac (TNNI3; Novus Biologicals #NBP3-00456) levels were
measured in plasma using a commercial ELISA kit following the
manufacturer’s protocol. Concentrations were detected with a
Thermo Scientific Varioskan Flash plate reader using SkanIt
Software 2.4.5 (Thermo Scientific).

Lipid peroxidation (malondialdehyde,
MDA) detection

Lipid peroxidation (nmol/mg protein) were measured in LV
tissue lysates using a commercial MDA assay kit (Abcam ab118970)
respectively, according to the manufacturer’s protocol.
Concentrations were detected with a Thermo Scientific Varioskan
Flash plate reader using SkanIt Software 2.4.5 (Thermo Scientific).
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Histology and immunostaining

For cardiac morphological analyses, hearts were perfused,
embedded in OCT Tissue-Tek and frozen at −80°C. Cardiac
cryosections were stained with H&E as described (Hilfiker-
Kleiner et al., 2004). Cardiomyocyte cross-sectional area (CSA)
was determined on longitudinal cardiac sections of B16F10-GCV
mice after staining with Fluorescein-labelled wheat germ agglutinin
(WGA; Vector Laboratories Inc., FL-1021) and Hoechst 33258
(SIGMA-Aldrich) as previously described. At least 30–50 cells
per individual heart were measured (Heimerl et al., 2020).
Interstitial collagen was analysed in picro-Sirius red F3BA-stained
LV cryosections (Hilfiker-Kleiner et al., 2004). Global inflammation
was stained in LV cryosections with the pan-inflammatory marker
CD45 (BD Pharmingen, Clone 30-F11, #550539) counterstained
with eosin as described (Hoch et al., 2011). The average number of
CD45+ cells was determined per field (5 fields/section and 3 sections/
animal). HE, Sirius Red and CD45 staining images were acquired by
bright field microscopy using Axio Observer 7 and Zen 2.6 pro
software (Carl Zeiss Jena).

Inflammation was stained in LV cryosections with antibodies
recognising CD68 (abcam ab53444), CD80 (abcam ab106162),
CD206 (R&D Systems AF2535) and CD8a (Cell Signaling
Technologies #98941) counterstained with Hoechst 33258
(SIGMA-Aldrich). Cardiac slices were imaged on a Zeiss
LSM780 with a LD C-Apochromat 40x/1.2 W objective and
Zen2013 imaging software in online-fingerprinting mode with
pre-defined spectra for each fluorescent protein obtained from
single stainings. Five regions per slice were randomly chosen
along the sagittal axis and z-stacks were acquired with 12 planes
in 0.5 µm distance and a pixel size of 0.208 µm (1024 × 1024 pixels,
pixel dwell time 1.57 µs). Image analysis was done in maximum-
intensity projections using ImageJ and Matlab (Mathworks). Mean
fluorescence intensities were measured using ImageJ ‘Measure’ tool
for each individual channel in each of the five imaged regions. A
mean of the five regions was taken to represent the mean
fluorescence per animal.

Number of macrophages was counted manually using ImageJ
“CellCounter” Plugin in a merged image of CD68, CD80 and
CD206 fluorescence signal in each of the five imaged regions.
Cells were only counted when the macrophage marker signal
could be assigned to a Hoechst-stained nucleus. A mean of the
five regions was used to display the mean number of macrophages
per animal per field of view. Pearson’s correlation coefficient was
calculated using custom-written Matlab scripts for each of the five
regions per animal. Analysis strategy follows the colocalization
theory of Scientific Volume Imaging (https://svi.nl/
ColocalizationTheory).

Negative control for the correlation coefficient was obtained for
each image by rotation of the second channel by 90°C and 50% pixel
shift followed by the same correlation analysis as for the
original image.

Multiplex assays of cardiac murine tissue

For multiplex analysis, samples from LV tissue of anti-PD-
L1 and isotype Ctrl treated mice were generated with the Bio-

Plex® cell lysis kit (#171304011, Bio-Rad) according to the
manufacturer’s protocol. The protein concentration of the LV
lysates was measured with Bradford reagent (Bio-Rad) and LV
lysates were diluted with Bio-Plex sample diluent to a protein
contration of 1 mg/mL. The Bio-Plex Pro™ Mouse Cytokine 23-
plex Assay (M60009RDPD, Bio-Rad) was used as recommended by
the manufacturer and measured with the Bio-Plex 200 system
(Bio-Rad).

RNA isolation, cDNA synthesis and qRT-PCR

Total RNA from adult murine hearts was isolated with TRIzol®

Reagent (Life technologies) in accordance with the manufacturer’s
instructions. cDNA synthesis using Superscript III (Invitrogen), 2 μg
of total RNA and random hexamer primers (SIGMA-Aldrich) was
performed according to the manufacturer’s protocols as previously
described (Heimerl et al., 2020). Semi-quantitative real-time PCR
using the SYBR green dye method (SYBR Green qPCR
2xMastermix-Kit, Thermo Fisher Scientific) was performed with
the AriaMX Real-Time PCR System (Agilent Technologies).
Sequences of qRT-PCR primers used in this study are provided
below. mRNA expression levels were normalised using the 2−ΔΔCT

method relative to 18S.

Protein isolation, SDS-PAGE and
Western blot

Protein expression levels were determined by Western blotting,
using SDS-PAGE as described (Heimerl et al., 2020). In brief, total
protein was isolated by lysing frozen LV tissue in RIPA buffer
supplemented with 10 μM 1,4-dithiothreitol (SIGMA-Aldrich) and
protease/phosphatase inhibitor cocktail (Roche Diagnostics) on ice.
For SDS-PAGE, 50 μg protein was loaded and blotted to a
nitrocellulose membrane after separation. The following primary
and secondary antibodies were used: ATPase Sarcoplasmic/
Endoplasmic Reticulum Ca2+ Transporting 2 (ATP2A2/SERCA2,
dilution 1:1000; Cell Signaling Technology #4388), CD80 (dilution
1:1000; Cell Signaling Technology #54521), Programmed Cell Death
1 (PD-1, dilution 1:1000; Cell Signaling Technology #84651),
phospho-Phospholamban (Ser16/Thr17) (PLN, dilution 1:1000;
Cell Signaling Technology #8496), PLN (dilution 1:1000; Cell
Signaling Technology #14562), cardiac Troponin T (TnT,
dilution 1:2000; proteintech 15513-1-AP), CD206 (dilution 1:200;
R&D Systems AF2535) and donkey anti-rabbit IgG, peroxidase-
linked species-specific whole antibody NA934V (dilution 1:3000; GE
Healthcare). Chemiluminescence detection was carried out after
incubation with enhanced chemiluminescence reagents
(PerkinElmer) using the ChemiDoc™ MP system (Bio-Rad).
Image LabV5.0 software (Bio-Rad) was used for quantification.

Statistical analyses

Statistical analysis was performed using GraphPad Prism
version 7.0 or 8.0 for Mac OS X (GraphPad Software, San Diego
California United States). The Shapiro-Wilk test was used to test the
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data against the hypothesis of normal distribution. Continuous
parametric data were expressed as mean ± SD, and in the case of
non-parametric data, the median and interquartile range (IQR) were
reported. Differences between groups were analysed by unpaired
two-tailed Student’s t-test or Mann-Whitney U test dependent on
data distribution. A p-value of <0.05 was considered statistically
significant.

Results

PD-L1 inhibition showed no effect on
cardiac function and morphology but was
associated with increased survival of
B16F10-GCV mice after tumor elimination
and recovery

Male C57BL6/N mice were inoculated with the
B16F10HSVtk-c melanoma cell line (B16F10 mice) as
previously described (Pietzsch et al., 2021). Therefore,
B16F10 mice were injected i.p. with 1 × 106 cells to induce
tumor growth (Figure 1A). At day 7 after tumor cell injection,
mice (N = 80) were randomized to groups (N = 40) receiving anti-
PD-L1 or isotype control (Ctrl) treatment. At day 14, GCV

treatment was started until complete tumor eliminiation on
day 34–36 (named as B16F10-GCV mice; Figure 1A). After
14 days of recovery (day 48–53), mice were subjected to
echocardiography or PET-CT measurement followed by organ
harvesting for further analysis (Figure 1A). Tumor progression
and elimination was visualized by non-invasive BLI
measurements, which demonstrated that PD-L1 targeting itself
had no effect on tumor burden in surviving mice (Figures 1B, C).
However, B16F10-GCV mice with anti-PD-L1 treatment showed
an improved survival rate compared to isotype Ctrl treated mice
50 days after tumor inoculation and 43 days after starting anti-
PDL1 or isotype Ctrl treatment (Figure 2A). In surviving mice
50 days after tumor inoculation, echocardiographic analyses
demonstrated comparable cardiac function and LV dimensions
in anti-PD-L1- and isotype Ctrl-treated B16F10-GCV mice
(Table 1). In addition, LV tissue morphology, collagen content
(as determined by Sirius Red staining), cardiac weights and
cardiomyocyte cross-sectional area (CSA) revealed no
alterations between both groups (Table 1, Figures 2B–D, G–I).
Moreover, the cardiac mRNA expression of the hypertrophy and
heart failure markers Anp and Bnp and the fibrosis marker Col1a1
were not affected by PD-L1 inhibition (Figures 2D–F). Age-
matched GCV control mice without cancer (GCV mice) were
treated according to the same protocol with anti-PD-L1 or

Sequences of qRT-PCR primers

mRNA Sense primers (5′ to 3′) Antisense primers (5′ to 3′)

mmu 18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

mmu Adcy5 GAACTGCCAGCTTCGGAGAG CAGCCCCGAGGTGAGAAGTA

mmu Adcy6 TGGGGTTTGACGACACTGAG GCAGAGCGGAACTGCTTAGA

mmu Adrge1 GAGACATCCACTCTGGGCAC GGGGCCCCTGTAGATACTGA

mmu Anp GCCGGTAGAAGATGAGGTCA GGGCTCCAATCCTGTCAATC

mmu Atp2a2 CAAACCAGATGTCCGTGTGC TGATGGCACTTCACTGGCTT

mmu Bnp ATCCGATCCGGTCTATCTTG CCAGTCTCCAGAGCAATTCA

mmu Cd4 GCAAAGTCTCGAGCCCTCAT GCACATGGTGGTCTCCTTGA

mmu Cd8a GGATTGGACTTCGCCTGTGA TGGGACATTTGCAAACACGC

mmu Cd19 TCATTGCAAGGTCAGCAGTGTG GGGTCAGTCATTCGCTTCCTT

mmu Cd38 ACTGGAGAGCCTACCACGAA AGTGGGGCGTAGTCTTCTCT

mmu Cd80 TTTCAGACCGGGGCACATAC AGAAGCGAGGCTTTGGGAAA

mmu Cd206 GATGACCTGTGCTCGAGAGG TCGCTTCCCTCAAAGTGCAA

mmu Col1a1 ACAGACGAACAACCCAAACT GGTTTTTGGTCACGTTCAGT

mmu Il-1β GCCCATCCTCTGTGACTCAT AGGCCACAGGTATTTTGTCG

mmu αMHC GGAAGAGCGAGCGGCGCATCAAGG GTCTGCTGGAGAGGTTATTCCTCG

mmu βMHC CAAGTTCCGCAAGGTGC AAATTGCTTTATTCTGCTTCCAC

mmu MnSOD ACCTGCCTTACGACTATGGC AGCCTGAACCTTGGACTCC

mmu Pd-l1 GGCAGGAGAGGAGGACCTTA TGCAGCTTGACGTCTGTGAT

mmu Ryr2 CATGACCAACCCTGTCCCTGTC CTTCCGGCTCCCCATAGCG

mmu Tnfα GGTGCCTATGTCTCAGCCTCTT GCCATAGAACTGATGAGAGGGAG
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FIGURE 2
Cardiac phenotype of anti-PD-L1 treatment in B16F10-GCVmice after tumor eliminiation and recovery. (A) Kaplan-Meier survival curve for B16F10-
GCV mice treated with anti-PD-L1 (N = 40) or isoptype Ctrl (Ctrl) (N = 40). Log-rank test was used for statistical survival analysis, **p < 0.01. (B)
Representative sections with hematoxylin and eosin (HE) staining visualising cardiac morphology of LV cryosections from anti-PD-L1 or isotype Ctrl
treated B16F10-GCV mice after tumor elimination and recovery; scale bars indicate 50 μm. (C) Representative images of Sirius red staining
visualizing fibrosis and collagen deposits in LV cryosections from anti-PD-L1 or isotype Ctrl treated B16F10-GCV mice after tumor elimination and
recovery; scale bars indicate 50 μm. (D) Quantification of fibrosis from anti-PD-L1 (N = 6) or isotype Ctrl (N = 6) treated B16F10-GCV LVs after tumor
elimination and recovery in arbitrary units (a.u.). Dot plots summarizing (E) Anp, (F) Bnp and (G) Col1a1mRNA levels normalized to 18S RNA analysed by
qRT-PCR in B16F10-GCV LVs treated with anti-PD-L1 (N = 13) or isotype Ctrl (N = 13). (H) Representative images of Fluorescein-labelled wheat germ
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isotype Ctrl and showed the same cardiac function, dimensions,
cardiac and body weights and gene expression as B16F10-GCV
mice after tumor elimination and recovery (Supplementary
Figures S1A–D, Table 1). Cardiac Pd-l1 mRNA and PD-1
protein expression was not altered after tumor elimination
and recovery in B16F10-GCV mice (Figures 2J–L;
Supplementary Figures S5A, B).

Anti-PD-L1 treatment increased circulating
TNNI3 levels and induced cardiac expression
of αMHC and TnT after tumor elimination
and recovery

To investigate whether anti-PD-L1 treatment during tumor
disease is inducing cardiac damage and remodeling processes
after tumor elimination and recovery, cardiac transcripts and
proteins in the LV and circulating plasma proteins of B16F10-
GCV and GCV mice were measured. Indeed, anti-PD-
L1 treatment in B16F10-GCV mice was associated with a
significant increase in cardiac αMHC mRNA and TnT
protein expression, and elevated plasma troponin I type 3
(cardiac, TNNI3) levels compared to isotype Ctrl treated

B16F10-GCV mice, while βMHC mRNA expression or the
ratio of βMHC/αMHC was not affected (Figures 3A–F;
Supplementary Figures S6A, B). In addition, the cardiac
mRNA expression of several myocardial genes involved in
the contractile/calcium handling machinery including
ryanodine receptor 2 (Ryr2) and adenylate cyclase (Adcy)
5 and 6 was increased in anti-PD-L1-treated compared to
isotype Ctrl-treated B16F10-GCV mice, while ATPase
sarcoplasmic/endoplasmic reticulum Ca2+ transporting 2
(Atp2a2, also known as Serca2) mRNA expression was not
affected. (Figures 3G–J). Moreover, cardiac ATP2A2 and
phospholamban (PLN) protein expression or activation was
not changed in anti-PD-L1-treated B16F10-GCV mice
compared to isotype Ctrl-treated B16F10-GCV mice (Figures
3K, L; Supplementary Figures S2A–D, 5B, 7A, B, 8A–C). In
contrast, anti-PD-L1 treatment in GCV mice without former
cancer disease showed no alterations in the expression of these
cardiac transcripts or proteins except for Ryr2 mRNA
expression (Supplementary Figures 1E-M, Supplementary
Figures 6C, D). The Ryr2 mRNA expression was also
increased in the anti-PD-L1-treated GCV mice compared to
isotype Ctrl GCV mice suggesting that anti-PD-L1 per se
increases cardiac expression indepently of cancer disease.

FIGURE 2 (Continued)

agglutinin (WGA, green) and Hoechst 33528 (blue) staining of LV cryosections from anti-PD-L1 or isotype Ctrl treated B16F10-GCVmice after tumor
elimination and recovery; scale bars indicate 50 μm. (I)Quantification of CSA from anti-PD-L1 (N = 6) or isotype Ctrl (N = 6) treated B16F10-GCV LVs after
tumor elimination and recovery. (J) Dot plot summarizing Pd-l1 mRNA levels normalized to 18S RNA analysed by qRT-PCR in B16F10-GCV LVs treated
with anti-PD-L1 (N = 14) or isotype Ctrl (N = 13). (K) Representative cardiac PD-1 western blot and (L) dot plot summarizing quantification of cardiac
PD-1 protein expression normalised to Ponceau S staining in cardiac tissue of B16F10-GCV LVs treated with anti-PD-L1 (N = 8) or isotype Ctrl (N = 7).
Uncropped full length images are presented in SFig. 5A + B. (D, F, G, I, J, L) Gaussian distributed data were presented as mean ± SD and (E) not normally
distributed data were presented as median and IQR, **p < 0.01 vs. B16F10-GCV isoptype Ctrl, unpaired two-tailed Student’s t-test or Mann-Whitney
U test.

TABLE 1 Cardiac function and dimensions, body weight and tibia length in B16F10-GCV and GCV mice treated anti-PD-L1 or isotype Ctrl after tumor
elimination and recovery.

Parameters GCV
Isotype

Ctrl (N = 12)

GCV
Anti-PD-L1
(N = 9)

B16F10-GCV
Isotype

Ctrl (N = 9)

B16F10-GCV
Anti-PD-L1
(N = 13)

FS (%) 35.1 ± 4.2 36.7 ± 3.7 32.2 ± 4.8 33.6 ± 5.7

LVEDD (mm) 4.2 ± 0.2 4.2 ± 0.2 4.3 ± 0.3 4.2 ± 0.3

LVESD (mm) 2.7 ± 0.2 2.7 ± 0.3 2.9 ± 0.3 2.8 ± 0.3

Heart rate (bpm), median (IQR) 606 (576–620) 595 (580–610) 602 (591–624) 590 (544–609)

Cardiac output (mL/min), median (IQR) 20.1 (17.3–21.2) 19.8 (18.5–22.2) 19.9 (17.2–21.6) 18.3 (17.2–20.6)

HW (mg) 110.5 ± 8.0 110.1 ± 5.9 108.8 ± 13.9 105.4 ± 11.3

BW (g) 26.8 ± 1.7 27.0 ± 1.6 26.3 ± 1.3 24.8 ± 2.1*

HW/BW ratio, median (IQR) 4.1 (4.1–4.2) 4.1 (3.9–4.2) 4.1 (3.9–4.2) 4.2 (4.2–4.4)

Tibia length (TL, mm), median (IQR) 16.8 (16.8–16.9) 16.8 (16.7–16.9) 16.8 (16.7–16.9) 16.8 (16.8–16.8)

HW/TL ratio, median (IQR) 6.5 (6.1–7.0) 6.6 (6.3–6.8) 6.4 (5.9–6.8) 6.1 (6.0–7.1)

Fractional shortening (FS), left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), heart rate (beats per minute, bpm) determined in B-mode; cardiac

output determined inM-mode from echocardiographic analyses and heart weight (HW), body weight (BW), HW/BW ratio, tibia length (TL) and HW/TL ratio determined in B16F10-GCV and

GCV mice treated with anti-PD-L1 or isotype Ctrl (Ctrl) after tumor elimination and recovery. Data are shown as mean ± SD, or median (IQR), *p < 0.05 vs. GCV anti-PD-L1, using unpaired

two-tailed Student’s t-test.
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FIGURE 3
Cardiac effects of anti-PD-L1 treatment in B16F10-GCV mice. Dot plots summarizing (A) αMHC and (B) βMHCmRNA levels normalized to 18S RNA
analysed by qRT-PCR in B16F10-GCV LVs treated with anti-PD-L1 (N = 13) or isotype Ctrl (N = 13). (C) Ratio of βMHC/αMHCmRNA expression of B16F10-
GCV LVs treated with anti-PD-L1 (N = 13) or isotype Ctrl (N = 13). (D) Representative cardiac TnT western blot and (E) dot plot summarizing quantification
of cardiac TnT protein expression normalised to Ponceau S staining in cardiac tissue of B16F10-GCV LVs treated with anti-PD-L1 (N = 8) or isotype
Ctrl (N = 6). Uncropped full length images are presented in SFig. 6A + B. (F) The dot plots summarize circulating plasma troponin I type 3 (cardiac, TNNI3)
levels fromB16F10-GCVmice treated with anti-PD-L1 (N = 19) or isotype Ctrl (N = 11). Dot plots summarizing (G) Atp2a2, (H) Adcy5, (I) Adcy6 and (J) Ryr2
mRNA levels normalized to 18S RNA analysed by qRT-PCR in B16F10-GCV LVs treated with anti-PD-L1 (N = 13) or isotype Ctrl (N = 13). (K) Representative
cardiac ATP2A2 western blot and (L) dot plot summarizing quantification of cardiac ATP2A2 protein expression normalized to Ponceau S staining in

(Continued )
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In addition, to investigate putative myocardial oxidative stress,
we determined the mRNA expression of mangan superoxide
dismutase (MnSOD) levels and lipid peroxidation as a lipid
marker for oxidative stress in LVs from B16F10-GCV mice
treated with anti-PD-L1 or isotype Ctrl. No alterations were
found in the cardiac MnSOD mRNA expression or in the
detection of MDA as the end product of lipid peroxidation in
B16F10-GCV LVs treated with anti-PD-L1 or isotype Ctrl
(Supplementary Figures 2E, F).

Anti-PD-L1 treatment increased cardiac
mRNA expression of macrophage
inflammatory markers and induced the
production and secretion of cardiac
cytokines and chemokines

To investigate the effect of anti-PD-L1 treatment on
inflammatory cyto- and chemokine production after melanoma
cancer disease, a multiplex assay was performed to compare the
concentration of 23 different inflammatory cytokines and
chemokines in LV tissue of anti-PD-L1 and isotype Ctrl treated
B16F10-GCV mice after tumor elimination and recovery (50 days
after tumor induction and 43 days after starting anti-PD-L1 or
isotype Ctrl treatment). Indeed, PD-L1 inhibition was associated
with a significant induction of 11 cytokines/chemokines including
interleukin (IL) 9, IL-12 (p40), IL-13, Eotaxin, granulocyte-colony
stimulating factor (G-CSF), granulocyte-macrophage colony
stimulating factor (GM-CSF), interferon γ (IFNγ), regulated on
activation in normal T-Cell expressed and secreted (RANTES) and
tumor necrosis factor α (TNFα) in LVs of B16F10-GCV mice
(Figure 4A, Supplementary Figures 3A–V). In addition, mRNA
expression of the macrophage markers Cd206, Cd80 and Cd38,
and the inflammatory marker Il-1β was increased in the LV of
anti-PD-L1-treated compared to isotype Ctrl-treated B16F10-GCV
mice (Figures 4B–J), while mRNA levels of the B cell marker Cd19
and the T cell markers Cd4 and Cd8a were not affected. Anti-PD-
L1 treatment in GCV mice without former cancer disease revealed
no alterations in the cardiac expression of inflammatory or
macrophage markers, suggesting that the induction of the
inflammatory response observed in B16F10-GCV mice treated
with anti-PDL-1 is cancer dependent (Supplementary
Figures S4A–I).

Anti-PD-L1 treatment did not increase
cardiac inflammation in B16F10-GCV mice
after tumor elimination and recovery

To determine whether the observed increase in cardiac
mRNA expression of inflammatory macrophage markers and
cytokine/chemokine secretion in anti-PD-L1-treated B16F10-

GCV mice is associated with an elevated number of
inflammatory cells in the heart, the inflammatory phenotype/
status was determined by serial PET-CT measurements for the
CXCR4-ligand 68Ga-Pentixafor and fluorescence microsopy for
T cell lymphocytes and macrophage makers (Figure 1A, Figures
5–7). PET-CT measurements of the CXCR4 ligand 68Ga-
Pentixafor in B16F10-GCV mice were performed at the
indicated timepoints (Figure 1A), including before and after
PD-L1 inhibition, as well as after GCV treatment and
following the recovery phase. Serial PET-CT measurements
identified a temporal shift in 68Ga-pentixafor distribution over
the progression from tumor inoculation to tumor elimination
(Figures 1A, 5A). Diffuse CXCR4 signal in the LV was increased
in both groups, anti-PD-L1 and isotype Ctrl treatment, after
GCV-mediated tumor elimination, on day 35, but to a lesser
extent in anti-PD-L1-treated animals (Figure 5B). This signal
returned to baseline levels by 49 days after tumor induction.
Quantitative analysis described no significant difference in the
CXCR4 PET signal between PD-L1 inhibitor and isotype Ctrl
after the treatment phase (day 15) or following the recovery phase
(49 days after tumor induction, 42 days after starting anti-PD-
L1 or isotype Ctrl treatment) (Figure 5C). By contrast, the
increase of the 68Ga-Pentixafor signal after GCV
administration (day 35) was moderately higher in isotype
Ctrl-compared to anti-PD-L1-treated mice.

Global inflammation determined by CD45 staining revealed
a similar number of CD45+ cells in B16F10-GCV hearts treated
with anti-PD-L1 or iso Ctrl at day 50 after tumor induction
(43 days after starting anti-PD-L1 or isotype Ctrl treatment)
(Figures 6A,B). Fluorescence immunostaining of cardiac
sections at day 50 after tumor induction confirmed the lack of
difference between both groups. Mean fluorescence intensities of
CD8a, CD68, CD80 and CD206 were not significantly affected by
anti-PD-L1 compared to isotype Ctrl treatment in B16F10-GCV
mice (Figures 7A,B). In addition, comparable low numbers of
macrophages were identified in the LV tissue of anti-PD-L1 and
isotype Ctrl treated B16F10-GCV mice, as determined by CD68,
CD80 and CD206 fluorescence (Figure 7C). Isotype Ctrl and
anti-PD-L1-treated B16F10-GCV animals showed similar
degrees of medium to high colocalization for both pro-and
anti-inflammatory macrophage markers CD80 and CD206,
respectively (Figures 7D–F). Moreover, cardiac CD68,
CD206 and CD80 protein expression was not regulated in
isotype Ctrl and anti-PD-L1-treated B16F10-GCV mice
(Figures 8A–F; Supplementary Figures 8B, 9A–E).

Discussion

In this study, we used a reversible melanoma mouse model
(B16F10-GCV) to analyze potential ICI-mediated inflammatory
processes in mice, which have been exposed to melanoma disease

FIGURE 3 (Continued)

cardiac tissue of B16F10-GCV LVs treated with anti-PD-L1 (N = 8) or isotype Ctrl (N = 7). Uncropped full length images are presented in SFig. 7A + B.
(A, E, H–J) Gaussian distributed data were presented as mean ± SD and (B, C, F, G, L) not normally distributed data were presented as median and IQR,
*p < 0.05,**p < 0.01 vs. B16F10-GCV isoptype Ctrl, unpaired two-tailed Student’s t-test or Mann-Whitney U test.
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FIGURE 4
Anti-PD-L1 treatment promotes the secretion of inflammatory cytokines/chemokines and the expression of macrophage markers in LV tissue of
B16F10-GCV mice (A) Induction of cytokine/chemokine protein concentration in LV tissue lysates of anti-PD-L1 treated B16F10-GCV mice (N = 13)
compared to isotype Ctrl treated B16F10-GCVmice (N= 12), measured by Bio-RadMultiplex Immunoassay System. Dot plots summarizing (B) Adgre1, (C)
Cd206, (D) Cd80, (E) Cd38, (F) Tnfα, (G) Il1β, (H) Cd4 and (I) Cd8a mRNA levels normalized to 18S RNA analysed by qRT-PCR in B16F10-GCV LVs
treated with anti-PD-L1 (N = 13) or isotype Ctrl (N = 14). (J) Dot plot summarizing Cd19 mRNA levels normalized to 18S RNA analysed by qRT-PCR in
B16F10-GCV LVs treated with anti-PD-L1 (N = 11) or isotype Ctrl (N = 11). (B–G) Gaussian distributed data were presented as mean ± SD and (H–J) not
normally distributed data were presented as median and IQR, *p < 0.05, **p < 0.01, ***p < 0.001 vs. B16F10-GCV isoptype Ctrl, unpaired two-tailed
Student’s t-test or Mann-Whitney U test.
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FIGURE 5
Measurements of inflammation by 68Ga-pentixafor in PET-CT of anti-PD-L1 or isotype Ctrl treated B16F10-GCV mice. (A, B) Inflammation was
visualized before and after anti-PD-L1 treatment by 68Ga-pentixafor PET-CT and representative (A) whole body and (B) heart images are shown
compared to isotype Ctrl B16F10-GCV mice. Regions of interest for data quantification are indicated by squares with dashed lines. (C) Quantitative
analysis of percent injected dose per gram tissue in the heart (%ID/g) of 68Ga-pentixafor PET-CT, day 7 anti-PD-L1 (N = 20) vs. isotype Ctrl (N = 20),
day 15 anti-PD-L1 (N = 18) vs. isotype Ctrl (N = 17), day 35 anti-PD-L1 (N = 14) vs. isotype Ctrl (N = 9) and day 49 anti-PD-L1 (N = 18) vs. isotype Ctrl (N = 12).
Data were presented as median and IQR, statistical analysis was performed using Mann-Whitney U test, *p < 0.05 vs. B16F10-GCV isoptype Ctrl.
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and are fully recovered without the use of cardiotoxic chemotherapy.
In contrast to unchallenged mice, this model might be more
representative for ICI administration in cancer patients. The
suitability as a model for testing therapy-induced cardiac side
effects has already been demonstrated for the known cardiotoxic
agent doxorubicin (Pietzsch et al., 2021).

Several studies have suggested that the induction and
pathogenesis of autoimmune myocarditis depends on
environmental factors and immune-stimulated conditions
(Moslehi et al., 2021; Nishimura et al., 2001; Tarrio et al.,
2012; Gil-Cruz et al., 2019). For example, a combined
knockout of PD-L1/PD-L2 in C57BL/6 mice, which present a
rather autoimmune-resistant model, revealed no cardiac
phenotype (Keir et al., 2006), whereas Grabie et al. have
shown that a transient inflammation of the heart in C57BL/
6 mice (Grabie et al., 2007), induced by transgenic cytotoxic T
lymphocytes (CTLs) directed against cardiac myocytes, can be
transformed to lethal myocarditis by PD-L1 blockade. Also, the
deletion of PD-L1 or PD-1 in autoimmune-prone MRL-mice
resulted in fatal myocarditis characterized by cardiac infiltration
of CD8+ and CD4+ T cells and macrophages (Lucas et al., 2008;
Wang et al., 2010).

Here, we analyzed the potential of PD-L1 inhibition for the
development of ICI-induced cardiac inflammation in mice with
melanoma cancer disease (B16F10-GCV mice). In our
experiments, anti-PD-L1 treatment was associated with an
increased survival of B16F10-mice during GCV-mediated
tumor elimination, although BLI measurements revealed no
difference in tumor burden of surviving anti-PD-L1-treated and
control mice (Figures 1B, C). However, differences in size and
distribution of tumors at the time of death in the deceased mice
cannot be excluded and might have an impact on the survival
rate. Indeed, the difference in survival is related to the time
frame between 15 and 25 days after tumor induction, a periode
after anti-PD-L1 or isotype Ctrl treatment and during the tumor
elimination phase with GCV therapy. The effect of PD-L1
blockade on B16F10 tumor growth has been adressed by
several reports with different outcomes. While Clark et al.

(2016) and Ji et al. (2021) demonstrated a reduction of
B16 tumors in NSG and C57BL/6 mice in response to PD-L1
inhibition, (Choi et al., 2018) and (Pilon-Thomas et al., 2010)
showed no effect of anti-PD-L1 monotherapy on the size of
B16F10 tumors in C57BL/6 mice. Thus, improved survival of
anti-PD-L1-treated mice might represent a systemic effect of
PD-L1 inhibition, rather than a direct effect on the tumor.

PD-L1 inhibition itself was not accompanied by cardiotoxic
effects in terms of cardiac function and tissue morphology,
confirming the observations of the above-mentioned studies,
which have shown that blockade of the PD-1/PD-L1 axis itself is
not sufficient to induce distinct myocarditis (Keir et al., 2006; Tarrio
et al., 2012). In our former studies, we were able to demonstrate that
the B16F10-GCV mouse model developed impaired cardiac
function in the advanced cancer disease stage, which is reversible
after tumor elimination and recovery (Pietzsch et al., 2021). Here, we
could confirm the restored cardiac function of the B16F10-GCV
model with anti-PD-L1 or isotype Ctrl treatment after recovery from
tumor disease (50 days after tumor inoculation). In fact, we observed
increased expression of αMHC and TnT, and elevated circulating
TNNI3 levels in response to PD-L1 inhibition, but only in B16F10-
GCV- and not in GCV-control mice. As mRNA expression of other
markers for cardiac pathologic alterations, such as βMHC, and also
Anp, Bnp and Col1a1 in the LV tissue of B16F10-GCV mice was not
affected by PD-L1 inhibition, this rather suggests beneficial
remodeling in the heart of mice, which are recovered from tumor
disease, than a pathologic effect of PD-L1 inhibition. It cannot be
excluded that the combination of anti-PD-L1 treatment and
melanoma cancer in the early stages of the disease induced
cardiac damage, which was compensated after tumor elimination
and recovery and did not result in functional cardiac impairment.
Moreover, cardiac ATP2A2 and PLN protein expression and
activation was not altered in anti-PD-L1-treated B16F10-GCV
mice compared to isotype Ctrl-treated B16F10-GCV mice. The
mRNA expression of Adcy5 and Adcy6, which are crucial for β-
adrenergic receptor (β-AR) signaling in the heart, is also specifically
upregulated by anti-PD-L1 treatment in B16F10-GCVmice, but not
in GCV-control mice. While ADCY5 has been reported to be

FIGURE 6
Inflammation by CD45 staining of anti-PD-L1 or isotype Ctrl treated B16F10-GCV mice. (A) Staining with the pan-inflammatory marker CD45
(brown, co-stained with eosin) showing inflammation in LV sections from anti-PD-L1-treated B16F10-GCV mice compared to isotype Ctrl-treated
B16F10-GCV mice (50 days after tumor induction), scale bars indicate 50 μm. (B) Dot plot summarizing global inflammation (CD45+ cells) calculated as
cells/field (in %) in LV sections from anti-PD-L1-treated B16F10-GCV mice (N = 6) compared to isotype Ctrl-treated B16F10-GCV mice (N = 6).
Gaussian distributed data were presented as mean ± SD, n.s. vs. B16F10-GCV isoptype Ctrl, unpaired two-tailed Student’s t-test.
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FIGURE 7
Anti-PD-L1 treatment was not associated with an increase of macrophages in the LV of B16F10-GCVmice. (A) Representative immunofluorescence
images of immune cell markers in LV sections of anti-PD-L1 or isotype ctrl (Ctrl) treated B16F10-GCVmice. (B)Mean intensities of CD8, CD68, CD80 and
CD206 fluorescence signal. One dot represents an average of five regions per animal (N = 8 animals per group). (C) Mean number of macrophages
counted in five individual regions within a cardiac section. One dot represents the mean number of macrophages per area per animal (N = 8 animals
per group). (D) Scheme of image processing. To generate a negative control image for supervision of random pixel colocalization the second channel
(Ch) was rotated and shifted. Both the original image and the negative control image were then analyzed, respectively, for colocalization of fluorescent
pixels in both channels. Colocalization analysis between (E) CD68 and CD80 or (F) CD68 and CD206 shown as Pearson’s correlation coefficient with
respective negative control (Neg.). The colored background indicates the degree of colocalization. Each dot represents the Pearson’s correlation
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involved in the regulation of oxidative stress (Lai et al., 2013), Adcy5
upregulation in this study was not associated with transcriptional
regulation of MnSOD or increased lipid peroxidation as a lipid
marker for oxidative stress in B16F10-GCV mice. These data again
emphasize that the cardiac phenotype described in this study is
specific for PD-L1 inhibition in the context of melanoma disease and
that cancer-free mouse models may not be sufficient to analyze ICI-
mediated cardiotoxicity.

In contrast, the cardiac mRNA expression of Ryr2 was increased
in anti-PD-L1-treated B16F10-GCV and in GCV mice compared to
isotype Ctrl demonstrating that anti PD-L1 per se may mediate the
expression of several genes involved in the calcium handling
independent of melanoma disease.

Numerous studies have demonstrated the induction of T cell-
mediated autoimmune myocarditis by the release of cardiac myosin
as a result of cardiomyocyte damage (Neu et al., 1987; Smith and
Allen, 1991; Neumann et al., 1994; Li et al., 2004; Axelrod et al.,
2022). In this study, induction of αMHC mRNA expression in the
LV tissue of anti-PD-L1-treated mice was not accompanied by
infiltration with T cells or macrophages, as determined by
immunohistology.

However, we observed elevated plasma levels of cardiac
TNNI3 in response to anti-PD-L1 treatment, indicating the
damage of cardiomyocytes. Notably, this was only apparent in
B16F10-GCV mice, while in GCV mice PD-L1 inhibition without
tumor burden had no effect on αMHC, cardiac TnT and plasma

TNNI3 levels. Furthermore, mRNA levels of the macrophage
markers Cd206, Cd38 and Cd80, as well as Il-1β, were increased
in LV tissue of anti-PD-L1- compared to isotype Ctrl-treated
animals, suggesting a mild inflammatory response to PD-L1
inhibition in the heart of B16F10-GCV mice. In GCV control
mice, PD-L1 inhibition had no impact on mRNA levels of
Cd206, Cd38, Cd80 and Il-1β, highlighting the relevance of
tumour biology and systemic impact of cancer on the side effects
of PD-L1 inhibitors.

Multiplex analysis of cytokine production/secretion in the
LV tissue of B16F10-GCV mice confirmed an inflammatory
response upon PD-L1 inhibition, which is shaped by
cytokines/chemokines that are secreted by several types of
immune cells, including macrophages, and are crucial for the
promotion of T cell responses. Although an induction of a mild
inflammatory response has been demonstrated in anti-PD-L1-
treated mice, no accumulation of inflammatory cells was
detected in the LV tissue of anti-PD-L1-treated compared to
isotype-treated control animals by serial PET-CT/68Ga-
Pentixafor measurements or immunohistochemistry. This
observation was confirmed by immunohistology data, which
did not hint at infiltrating macrophages or T cells in the LV
tissue of anti-PD-L1-treated animals, and by Western Blot
analysis, which showed comparable protein expression of
CD68, CD80 and CD206 in the LV tissue of the animals from
both groups. As the cytokine expression profile that was

FIGURE 7 (Continued)

coefficient of one field of view in the heart section (n = 40, N = 8 animals per group). Box plots show median and interquartile range with whiskers
from minimum to maximum values. Data were tested for Gaussian distribution and compared using unpaired two-tailed t-test.

FIGURE 8
Anti-PD-L1 treatment was not associated with an increase in CD68, CD206 and CD80 protein expression in the LV of B16F10-GCV mice.
Representative cardiac (A)CD68, (B)CD206 and (C)CD80western blots and dot plots summarizing quantification of cardiac (D)CD68, (E)CD206 and (F)
CD80 protein expression normalized to Ponceau S staining in cardiac tissue of B16F10-GCV LVs treated with anti-PD-L1 (N = 8) or isotype Ctrl (N = 7).
Uncropped full length images are presented in SFig. 9A-E ans SFig. 8B. (D–F)Gaussian distributed data were presented asmean ± SD, n.s vs. B16F10-
GCV isoptype Ctrl, unpaired two-tailed Student’s t-test.
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determined for PD-L1 inhibition is dominated by cytokines and
chemokines of an early immune response, with IL-1 and TNFα
belonging to the first cytokines released as part of the innate
immune response (Bazzoni and Beutler, 1996; Dinarello, 1997),
we cannot exclude a later T-cell reaction. PET-CT imaging was
performed at time points, covering a period of time (8–42 days
following the first ICI application) that represents the median
time of onset for ICI-induced myocarditis in clinical studies
(30–34 days after starting ICI) (Mahmood et al., 2018; Salem
et al., 2018).

Notably, the reported fatality rates were much higher when anti-
PD-L1 treatment was combined with anti-CTLA4 treatment
compared to anti-PD-L1 monotherapy (Moslehi et al., 2018).
Also germline genetic variation of ICI receiving patients is
discussed as a potential determinant for occurrence of ICI-
induced IRAE (Chin et al., 2022). Therefore, it might be possible
that another mouse strain might be more suitable for the display of
cardiotoxic effects in this experimental setting.

Surprisingly, in both treatment groups, PET-CT measurements
revealed an accumulation of 68Ga-Pentixafor-labeled inflammatory
cells following GCV-mediated tumor elimination, which was almost
reduced to baseline in recovered animals. This effect was much more
pronounced in isotype Ctrl- compared to anti-PD-L1-treated
animals and possibly reflects an inflammatory response induced
by the tumor or massive GCV-induced lysis of tumor cells (Balkwill
and Mantovani, 2001; Mantovani et al., 2008; Vakkila and Lotze,
2004; Lupusoru et al., 2022). Inhibition of PD-L1might be protective
in this context, which is also supported by the reduced mortality of
anti-PD-L1-treated B16F10-GCV mice during the tumor
elimination phase.

Conclusion

The use of antibody therapies directed against PD-L1 during
melanoma cancer disease may mediate longlasting molecular
changes in the heart, such as the generation of circulating
TNNI3 as a result of moderate cardiac damage and the
induction of inflammatory macrophage genes. These alterations
did not affect cardiac functions of the animals in our study after
tumor elimination and recovery, but may make the heart more
susceptible to additional stress over the course of life and thus may
partly contribute to late cardiotoxicity. Without a second hit, like
an infection that triggers the inflammatory response, anti-PD-
L1 treatment appears to be tolerated in the heart in the preclinical
melanoma mouse model. Moreover, PD-L1 inhibition in the
absence of tumor is unlikely to reflect the systemic immune and
physiological response that occurs in combination with cancer, ICI
therapy and tumor eliminiation. Thus, the reversible melanoma
mouse model B16F10-GCV provides a useful tool to study cardiac
side effects of anti-cancer treatments.
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