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Abstract

Cancer immunotherapy has become a well-established treatment option for some cancers; however, its use is
hampered by its cardiovascular adverse effects. Immune checkpoint inhibitors (ICls)-related cardiac toxicity took place
in kinds of different forms, such as myocarditis, acute coronary syndrome, and pericardial disease, with high mortality
rates. This study aimed to investigate the roles of programmed death-1 (PD-1) inhibitor, one of widespread used ICls,
in the development of murine cardiac injury. PD-1 inhibitor is known to transduce immunoregulatory signals that
modulate macrophages polarization to attack tumor cells. Hence, this study explored whether the cardiovascular
adverse effects of PD-1 inhibitor were related to macrophage polarization. MicroRNA-34a (miR-34a), which appears to
regulate the polarization of cultured macrophages to induce inflammation, is examined in cardiac injury and
macrophage polarization induced by the PD-1 inhibitor. As a target of miR-34a, Krippel-like factor 4 (KLF4) acted as an
anti-inflammation effector to take cardiac protective effect. Further, it investigated whether modulating the miR-34a/
KLF4-signaling pathway could influence macrophage polarization. The PD-1 inhibitor markedly induced M1
phenotype macrophage polarization with impaired cardiac function, whereas miR-34a inhibitor transfection treatment
reversed M1 polarization and cardiac injury in vivo. In vitro, PD-1 inhibitor-induced M1 polarization was accompanied
by an increase in the expression of miR-34a but a decrease in the expression of KLF4. TargetScan and luciferase assay
showed that miR-34a targeted the KLF4 3’-untranslated region. Either miR-34a inhibition or KLF4 overexpression could
abolish M1 polarization induced by the PD-1 inhibitor. The findings strongly suggested that the PD-1 inhibitor exerted
its effect in promoting M1 polarization and cardiac injury by modulating the miR-34a/KLF4-signaling pathway and
inducing myocardial inflammation. These findings might help us to understand the pathogenesis of cardiac injury
during immunotherapy, and provide new targets in ameliorating cardiac injury in patients with cancer receiving PD-1
inhibitor treatment.

Introduction
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number of systems have been confirmed to be potential
targets of immune-related toxicity induced by immune
checkpoint-blocking antibodies®, including colitis, hepa-
titis, rash, and endocrinopathies7. Cardiac injury has been
implicated as a severe outcome in a subset of patients®.
Therefore, a more detailed understanding of immune-
related  cardiotoxicity  associated with immune
checkpoint-blocking antibodies may be helpful when
patients with cardiac injury receive immune therapy.

Treatment with ICIs not only enhances immune reac-
tions to tumor cells but is also frequently associated with
inflammatory reactions to nontumor cells’. Pathologi-
cally, immune-related adverse events in the setting of ICIs
treatment are largely characterized by the infiltration of
macrophages into the tissue, causing injury'’. Recent data
suggest the involvement of macrophage polarization in
cardiovascular diseases, such as chemotherapy-related
cardiac injury''. Under some condition, monocytes travel
to the site of injury and undergo differentiation into either
proinflammatory M1 macrophages or antiinflammatory
M2 macrophages'®. In the chemotherapy-related cardio-
toxicity, modulating macrophage polarization could par-
tially alleviate cardiac injury'>. However, whether ICIs-
related cardiotoxicity involves macrophage polarization is
unknown.

MicroRNAs (miRs) are endogenous, small, noncoding
RNAs that modulate gene expression post-
transcriptionally by binding to the 3’-untranslated
region (3'-UTR) of target genes'*. MiRs play important
roles in the pathogenesis of various heart diseases,
including coronary heart diseases, heart failure, and
immune myocarditisls’m. In particular, numerous miR-
NAs take part in cardiotoxicity by modulating macro-
phage polarization'’. Therefore, miRNAs hold great
promise as diagnostic biomarkers and therapeutic targets
for ICIs-related cardiac complications.

MiR-34a is abundant in mammalian cardiac tissues,
especially senescent heart tissue'®. It regulates cardiac
ischemia injury by modulating macrophages'®. Generally,
it exerts cardiotoxicity by modulating immune reaction”’.
However, whether this cardiac damage-related miR also
has an adverse effect in the ICIs-related cardiotoxicity
remains elusive.

Kriippel-like factor 4 (KLF4), a DNA-binding tran-
scriptional regulator, which is highly expressed in
monocytes, modulates a wide range of biologic activ-
ities>’. Noticeably, it has an important role in cardiac
protection, such as inhibiting KLF4 leading to cardiac
hypertrophy”>. Smooth muscle cell-specific KLF4 knock-
out at baseline resulted in cardiac dilation**. Moreover,
KLF4-deficient macrophages demonstrated increased
proinflammatory gene expression, indicating that KLF4 is
essential for polarization®®, Interestingly, KLF4 is an
essential regulator of macrophage polarization in heart
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tissues, suppressing M1 polarization and thus relieving
cardiac inflammation and atherosclerosis®>. However,
whether the interplay occurs between ICls-related cardiac
injury and KLF4 remains unknown. Therefore, it was
presumed that KLF4 might take part in mitigating ICIs-
induced cardiotoxicity, as a target of miR-34a.

The purpose of this study was to evaluate whether PD-1
inhibitor, as a common ICIs, could induce cardiotoxicity
by eliciting proinflammatory M1 macrophages. It also
examined whether this process was mediated through the
miR-34a/KLF4 pathway. Furthermore, it aimed to
understand whether modulating miR-34a could improve
cardiac function after PD-1 treatment.

Materials and methods
Animals

Male C57/Bl6 mice were maintained in accordance with
guidelines published by the US National Institutes of
Health. All study procedures were approved by the
Institutional Animal Care and Use Committee of Wenz-
hou Medical University. This study was conducted in
compliance with the Guide for the Care and Use of
Laboratory Animals published by the National Academy
Press (NIH, revised in 1996).

Treatment of PD-1 inhibitor in vivo

Male eight-week-old C57/Bl6 mice were treated with an
In Vivo Plus anti-mouse PD-1 inhibitor (Bioxcell, West
Lebanon, USA), intraperitoneally, at a concentration of
5 mg/kg, on days 1 and 14 of the treatment cycle (28 days
a cycle). We finished the intraperitoneal injection in 15s.

Echocardiographic evaluation

Twenty-eight days after first treatment, mice inhaled
anesthetic isoflurane and vevo 2100 was applied to
observe the echocardiographic parameters of mice to
assess the cardiac functions (Vevo TM 2100, Visual
Sonics, Canada). Short axis was used to measure left
ventricular internal diameter; diastole (LVID;d), left ven-
tricular internal diameter; systole (LVID;s), left ventricular
end-diastolic volume (LVEDV), left ventricular end-
systolic volume (LVESV). The values of ejection fraction
(EF) and fractional shortening (FS) were calculated
according to the following equation: EF% = [(LVEDV —
LVESV)/LVEDV] x 100%; FS% = [(LVID;d — LVID;s)/
LVID;d] x 100%.

Immunofluorescence staining

Deparaffinized tissue sections were stained with anti-
bodies for Sarcomeric-a-actin (1:50, Abcam, ab9465).
Thereafter, the inducible nitric oxide synthase (iNOS)
were used to detect M1 macrophages (1:50; Abcam,
ab15323). Following primary incubation, slides were
washed with 1x phosphate-buffered saline and incubated
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Table 1 Primer sequences.
Genes Sequences
iNOS F: 5-GCATCCCAAGTACGAGTGGT-3’

R: 5'-CCATGATGGTCACATTCTGC-3"
IL-18 F: 5"-GGAGAAGCTGTGGCAGCTA -3’

R: 5-GCTGATGTACCAGTTGGGGA-3'
IL-6 F: 5-CCGGAGAGGAGACTTCACAG -3'

R: 5-TGGTCTTGGTCCTTAGCCAC -3
TNF-a F: 5-GACCCTCACACTCAGATCAT-3/

R: 5-TTGAAGAGAACCTGGGAGTA-3!
Argl F: 5"-AGCACTGAGGAAAGCTGGTC -3’

R: 5-CAGACCGTGGGTTCTTCACA -3’
TGF-B1 F: 5-GCGTATCAGTGGGGGTCA -3’

R: 5-GTCAGACATTCGGGAAGCAG-3!
IL-10 F: 5"-ACAGCCGGGAAGACAATAAC-3!

R: 5-CAGCTGGTCCTTTGTTTGAAAG-3/
miR-34a F: 5-GGCCAGCTGTGAGTGTTTCTTTGG-3’

R: 5/-CTCGCTTCATCTTCCCTCTTGGG-3'
KLF4 F: 5"-CTGAACAGCAGGGACTGT-3/

R: 5-GTGTGGGTGGCTGTTCTTTT-3
GAPDH F: 5-GGA GCC AAA AGG GTC ATC AT-3/

R: 5-GTG ATG GCA TGG ACT GTG GT-3/
U6 F: 5/-CTCGCTTCGGCAGCACA-3’

D

5'-AACGCTTCACGAATTTGCGT-3"

with Alexa Fluor 594 (1:50; Invitrogen, A32744) or Alexa
Fluor 488 (1:50; Invitrogen, A32731) secondary for 1 hour
at room temperature. Sections were counterstained with
4/,6-diamidino-2-phenylindole mounting medium and
analyzed. Fluorescence was detected under a microscope.

Quantitative reverse transcription-polymerase chain
reaction (qRT-PCR)

QRT-PCR was performed as described previously*.
The primers are listed in Table 1. In brief, total tissue and
cellular RNA was extracted by TRIzol reagent and reverse
transcribed to cDNA and then amplified using the SYBR-
Green master mix kit. All procedures were performed in
triplicate. The mRNA levels were calculated relative to the
control Gapdh or U6 using the 2“4 method.

Microarray analysis

Heart tissue from mice treated with or without PD-1
inhibitor were lysed immediately in 500 uL TRIzol
(ThermoFisher Scientific, Waltham, MA, USA) and
stored at —80°C before purification using a standard
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phenol—chloroform extraction protocol with an RNAqu-
eous Micro Kit (ThermoFisher Scientific). The tran-
scriptome was subjected to microarray analysis using an
Affymetrix human array (ThermoFisher Scientific) and
normalized based upon quantiles.

Antagomir studies

Chemically modified antisense oligonucleotides
designed to target miR-34a. Eight-week-old male C57/Bl6
mice were subjected to sham or PD-1 inhibitor treatment.
After the same, mice were injected (intraperitoneally) with
antagomir-34a (80 mg/kg) or control antagomir (80 mg/
kg) for 3 consecutive days as previously reported”’.

Local in vivo transfection

Adeno-associated virus serotype 9 (AAV9) vectors were
used for overexpression of KLF4 in vivo (JiKai Gene,
Jiangsu, China). The recombinant AAV9 virus carrying
KLF4 cDNA was used. In brief, 8-week-old mice were
used for the AAV virus injection through jugular vein at a
dose of 1x10" vg per kg body weight, as previously
reported”®,

Cell culture and cell treatment

HL-1 murine cardiomyocytes were a kind gift of Dr.
William C. Claycomb. Cells were maintained in
fibronectin-coated flasks, supplemented with 10% FBS,
100 U/mL penicillin, 100 mg/mL streptomycin, and 2 mm
L-glutamine and kept semi-confluent at all times. The PD-
1 inhibitor treatment was carried out by exposing the cell
culture to concentration of 5pug/ml PD-1 inhibitor for
short periods of time, lasting 1 hour®.

Cell proliferation assay

The rate of cell proliferation was estimated using the
cell counting kit-8 (CCK-8) assay, which was performed
according to the manufacturer’s protocol. In brief, cells
grown in a 96-well plate were incubated with the CCK-8
solutions for 1 h at 37 °C, following which the absorbance
of each well at 450 nm was recorded.

MTT assay

The MTT assay was used to determine cell viability. In
brief, 300 uL of MTT reagent was added to each well 2h
prior to harvesting. The supernatant was then removed
and incubated with 400 uL of dimethyl sulfoxide for
10 min. Absorbance at 540 nm was recorded using an
enzyme-linked immunosorbent assay plate reader. Three
repeats were performed.

Cell cycle assay

The cells, fixed with 70% cold anhydrous ethanol, were
treated with propidium iodide (Sigma, St. Louis, MO,
USA) with RNase A. Flow cytometer equipped with Cell
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Quest software was utilized to detect the cell cycle
distribution.

Flow cytometric analysis of cell apoptosis

Apoptosis was determined by detecting phosphati-
dylserine exposure on cell plasma membranes using an
Annexin V-FITC Apoptosis Detection Kit, according to
manufacturer’s protocol, as previously reported>’.

Isolation of cardiac macrophages

Cardiac macrophages were isolated as previously
described®’. In brief, hearts were excised, washed in
warmed Hanks Balanced Salt Solution (HBSS), placed in
warm digestion buffer containing Liberase TH (5 mg/ml,
Roche 05,401,135,001) and DNasel (2000 units, Sigma
D4263) for 5min, triturated with a pipet and passed
through a 40 um filter into stopping buffer containing
10% fetal bovine serum (FBS) in 5 ml HBSS. Cells were
centrifuged, supernatant discarded and red blood cells
lysed with ACK lysing buffer (Gibco, A10492-01). To
isolate macrophages, cells were incubated with 50 pl of
anti-CD45 (mouse) or anti-CD14 (human) magnetic
beads for 30 min. Cells were then allowed to flow through
the magnetic-activated cell sorting magnetic column with
magnet in place.

Flow cytometry

To analyze the macrophage polarization, harvested cells
were washed with PBS, and incubated at 4 °C for 30 min in
PBS/bovine serum albumin with anti-F4/80 and anti-
iNOS, anti-CD206, anti-CD38, or isotype controls.
Finally, cells were washed and fixed in 4% paraformalde-
hyde. Fluorescence was measured by flow cytometry and
analyzed using FACSDiva Pro Software (Becton-Dick-
inson, San Jose, CA).

Mir-34a inhibition in vitro

The macrophages were seeded into six-well plates at a
density of 1 x 10 cells per well and incubated for 12 h. To
induce the inhibition of miR-34a, the cells were trans-
fected with miR-34a inhibitor or negative control (NC)
inhibitor (Pre-miR miRNA Precursors, Life Technologies,
Karlsruhe, Germany) using X-treme transfection reagent
(Roche Applied Science, Penzberg, Germany), according
to the manufacturer’s protocol. The cells were harvested
for further analysis 48h after transfection, and the
transfection efficiency was analyzed using qRT-PCR.

Luciferase reporter assay

The 3/-UTRs of KLF4 were synthesized to induce the
mutagenesis of KLF4. The macrophages were seeded into
a 24-well plate. After overnight culture, the cells were co-
transfected with equal amounts of a wild-type (WT) or
mutated plasmid and miR-34a mimic or miR-NC mimic.
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Luciferase assays were performed using a dual-luciferase
reporter assay system (Promega) 24 h after transfection.

Western blot analysis

The cells were harvested, and total protein was extrac-
ted using radioimmunoprecipitation assay buffer solution.
The protein samples were denatured, separated by 10%
sodium dodecyl sulfate—polyacrylamide gel electrophor-
esis, and transferred to polyvinylidene difluoride mem-
branes. The membranes were incubated with KLF4
(ab214666, 1:1000) and B-actin (ab179467, 1:1000) pri-
mary antibodies overnight at 4 °C. The membranes were
further incubated with IgG-horseradish peroxidase goat
anti-rabbit secondary antibody (ab7090: 1:2000) for 2 h at
room temperature. The signals were developed by
enhanced chemiluminescence (CST, #6883). The stained
protein bands were visualized using a Bio-Rad ChemiDoc
XRS imaging system and analyzed using Quantity One
software.

Transient transfection

For overexpression of KLF4 in macrophages, they were
transduced with adenoviral KLF4 (Ad-KLF4) or adeno-
viral control (Ad-Ctrl) as described previously®>. The
transfection efficiency was confirmed by qRT-PCR and
western blot.

Statistical analysis

Data were expressed as the mean + standard deviation
(SD). Differences between groups were tested by one-way
analysis of variance, and comparisons between two groups
were evaluated using the Student ¢ test. Analyses were
performed using SPSS package v19.0 (SPSS Inc., IL, USA).
A P value <0.05 was considered statistically significant.

Results
PD-1 inhibitor impaired heart function accompanied by
the inducement of differentiation of M1 macrophages
Whether PD-1 inhibitor impaired heart function by
modulating macrophage polarization was investigated in a
murine model. Echocardiography showed that left ven-
tricular ejection fraction and FS significantly decreased in
the PD-1 inhibitor group compared with the sham group
(Fig. 1la—e). However, there was no difference in ratio of
heart weight to body weight and lung weight to body
weight (Fig. 1f, g). Immunofluorescence staining was
performed for iNOS to evaluate whether PD-1 inhibitor
treatment influenced M1 macrophage populations
(Fig. 1h). The number of iNOS-positive cells (M1 mac-
rophages) significantly increased in the PD-1 inhibitor-
treated animals compared with the controls (Fig. 1I). M1
macrophages have been shown to be upregulated in
murine hearts undergoing cardiac proinflammation.
Therefore, qRT-PCR was performed to determine
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Fig. 1 PD-1 inhibitor impaired the heart function accompanied by the inducement of differentiation of M1 macrophages. a Representative
images of echocardiography exhibiting changes in cardiac function in each group. Echocardiographic analysis of left ventricular end-diastolic

diameter (LVIDd) b, left ventricular end-systolic diameter (LVIDs) ¢, ejection fraction (EF) d, and fractional shortening (FS) e in week 4 after the first
cycle of PD-1 inhibitor treatment or sham operation, n = 6 per group. f Ratio of heart weight to body weight. g Ratio of lung weight to body weight;
n =6 per group. h Representative photomicrographs of iNOS. i Quantitative analysis of iINOS-positive M1 proinflammatory macrophages, n =3 per
group; Scale bar: 50 um. Proinflammatory cytokine iNOS j, IL-1B k, IL-6 I, and TNF-a m mRNA expression levels were examined using gRT-PCR, n =6

whether PD-1 inhibitor treatment increased the levels of
proinflammatory cytokines. As shown in Fig. 1j—1m, the
levels of proinflammatory cytokines iNOS (Fig. 1j), IL-1p
(Fig. 1k), IL-6 (Fig. 11), and TNF-a (Fig. 1m) were induced
by the PD-1 inhibitor in the heart.

MiR-34a took effect in cardiac injury and macrophage M1
phenotype polarization elicited by the PD-1 inhibitor
in vivo

Studies suggested that miRs had an intriguing role in
macrophage polarization®?, Therefore, this study aimed to
investigate whether miRs contributed to the immuno-
modulatory effect of PD-1 inhibitor in cardiac injury.

Official journal of the Cell Death Differentiation Association

Microarray analysis was performed between the sham
group and PD-1 inhibitor group to understand how a PD-
1 inhibitor influenced macrophage polarization (Fig. 2a).
As shown in Fig. 2a, miR-34a was abundant in hearts
treated with a PD-1 inhibitor and might have a correlation
with cardiac injury and macrophage polarization. QRT-
PCR further confirmed that miR-34a was more abundant
in hearts treated with a PD-1 inhibitor in a time-
dependent manner (Fig. 2b). At meanwhile, miR-34a
expression in the macrophages isolated from mice treated
with PD-1 inhibitor was increased, when compared with
control (Fig. 2c). KLF4 is a critical regulator of macro-
phage M1/M2 polarization and also acts as an important
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inhibitor + miR-34a inhibitor group.

Fig. 2 MiR-34a was elicited when mice were treated with a PD-1 inhibitor. a Heat map of miRs differentially expressed between mice treated
with a PD-1 inhibitor and control mice, n = 3 per group. b MiR-34a expression was validated using gRT-PCR in mice treated with a PD-1 inhibitor and
control mice. n =6 per group P < 0.05 versus the control group. ¢ MiR-34a expression was validated using qRT-PCR in macrophages isolated from
mice treated with a PD-1 inhibitor and control mice. n = 3 per group ‘P < 0.05 versus the control group. Mouse hearts were locally transfected with
an inhibitor control (miR-NC inhibitor) or an miR-34a inhibitor. Untreated mice were used as a control. d Transfection efficiency was analyzed using
gRT-PCR. n = 3 per group. P < 0.05 versus miR-34a inhibitor. e, f Expression of KLF4 from hearts locally transfected with an inhibitor control (miR-NC
inhibitor) or an miR-34a inhibitor in mice treated with a PD-1 inhibitor, only PD-1 inhibitor-treated mice, or untreated mouse heart tissue was

examined by western blot analysis.compared with control mice n =3 per group. P < 0.05 versus the control group; Ap <005 versus the PD-1

target of miR-34a>*. We found that the PD-1 inhibitor
impaired the expression of KLF4 in the heart tissue,
whereas the inhibition of miR-34a in vivo (Fig. 2d)
recovered the KLF4 expression in the heart (Fig. 2e, f).
Monocytes have been well documented as cells with the
ability to differentiate into M1 proinflammatory or M2
antiinflammatory macrophage subpopulations®®. MiR-34a
inhibitor transfection was performed in vivo to evaluate
whether miR-34a inhibition treatment influenced M1
macrophage populations and cardiac function modulation
by PD-1 inhibitor. Echocardiography data revealed that
PD-1 inhibitor-treated mice had significant impairment in
cardiac function compared with control mice. However,
mice treated with PD-1 inhibitor + miR-34a inhibitor
showed recovery in cardiac function. At meanwhile,
AAV9-KLF4 vectors were employed to induce KLF4
overexpression in vivo. Mice treated with PD-1
inhibitor + AAV9-KLF4 showed recovery in cardiac
function (Fig. 3a—e). The number of iNOS-positive cells
(M1 macrophages) significantly increased in PD-1 inhi-
bitor-treated animals, compared with controls. Moreover,
iNOS levels were significantly reduced in the hearts of
animals in the PD-1 inhibitor 4+ miR-34a inhibitor-treated
group compared with the PD-1 inhibitor group, but no
change is observed in the hearts of animals in the PD-1
inhibitor + miR-NC inhibitor group (Fig. 3f, g). Ml
macrophages have shown to be upregulated in murine
hearts undergoing cardiac proinflammation. Therefore,
qRT-PCR was performed to determine whether miR-34a
inhibitor treatment reduced the expression levels of
proinflammatory cytokines. As shown in Fig. 3h-k, the
expression levels of proinflammatory cytokine iNOS
(Fig. 3h), IL-1p (Fig. 3i), IL-6 (Fig. 3j), and TNF-a (Fig. 3k)
induced by the PD-1 inhibitor decreased when the
expression of miR-34a was inhibited in the heart.

PD-1 inhibitor does not cause cardiomyocyte injury

The proliferation under PD-1 treatment was examined
first to investigate the potentially harmful effects of PD-1
inhibitor on cardiomyocytes. The proliferation was not
hampered when HL-1 cardiomyocytes were exposed to
the PD-1 inhibitor (Fig. S1A). However, the administra-
tion of the PD-1 inhibitor did not alter cellular vitality
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(Fig. S1B) and cell cycle (Fig. S1C, D). Also, the PD-1
inhibitor did not induce cellular apoptosis (Fig. S1E, F).
These results indicated that the PD-1 inhibitor alone did
not affect the biological activity of the cardiomyocytes.
Interestingly, PD-1 inhibitor alone couldn’t increase miR-
34a expression in the cardiomyocytes (Fig. S1G).

PD-1 inhibitor regulated macrophage polarization to an
M1 phenotype

Considering the immune-regulatory effect of PD-1
inhibitor in vivo, it was hypothesized that a PD-1 inhi-
bitor could influence macrophage polarization in vitro.
The macrophage phenotype induced by a PD-1 inhibitor
was analyzed by flow cytometry. The PD-1 inhibitor-
induced M1 polarization with positive F4/80+4/iNOS+
(Fig. 4a, b) and CD38+ expression (Fig. 4c, d), but with
negative CD206+ expression (Fig. S2A, B). The expres-
sion of M1 and M2 markers at the mRNA level was tested
using qRT-PCR. The results showed a significant increase
in the levels of M1 markers (iNOS, TNF-q, and IL-1P)
(Fig. 4e-g), but no influence of M2 markers (Argl, TGE-
B1, and IL-10) (Fig. S2C-E). Taken together, these data
implied that the presence of PD-1 inhibitor regulated
macrophage polarization to the M1 phenotype.

MiR-34a was a candidate effector of PD-1 inhibitor-
mediated macrophage polarization

The in vivo study suggested that miR-34a had an
intriguing role in cardiac injury and macrophage polar-
ization induced by a PD-1 inhibitor. Therefore, the study
investigated whether miR-34a contributed to the immu-
nomodulatory effect of PD-1 inhibitor in vitro. QRT-PCR
confirmed that miR-34a was more abundant in macro-
phages treated with PD-1 inhibitor (Fig. 5a).

The function of miR-34a was inhibited by transfecting
macrophages with an miR-34a inhibitor to confirm the
role of miR-34a in PD-1 inhibitor-induced macrophage
polarization, which was subsequently confirmed by qRT-
PCR. The qRT-PCR analysis demonstrated that the level
of miR-34a was significantly reduced in miR-34a inhi-
bitor-treated macrophages compared with NC inhibitor-
treated macrophages (Fig. 5b). Then, PD-1 inhibitor-sti-
mulated macrophages were treated with an NC inhibitor
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or an miR-34a inhibitor, and the cells were collected for
flow cytometry. The results showed that the PD-1 inhi-
bitor-induced macrophage polarization to the M1 phe-
notype, whereas the inhibition of miR-34a blunted the
inducement; however, the miR-NC inhibitor had no effect
(Fig. 5¢c—f). Also, the levels of M1 markers (iNOS, TNF-q,
and IL-1P) decreased in the PD-1 inhibitor + miR-34a
inhibitor group (Fig. 5g—i) compared with the PD-1
inhibitor group.

MiR-34a elicited by a PD-1 inhibitor modulated the
macrophage phenotype through targeting KLF4

The study investigated the target genes of miR-34a
regulation using a bioinformatics database to better
understand how miR-34a modulated macrophage
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phenotypes. A putative binding site was identified
between miR-34a and KLF4 (Fig. 6a), which was con-
firmed by dual-luciferase gene reporter assay. The relative
luciferase activity was significantly weakened in the KLF4-
WT + miR-34a mimic group (Fig. 6b). The protein levels
of KLF4 were significantly reduced in macrophages trea-
ted with a PD-1 inhibitor, but recovered by an miR-34a
inhibitor; however, no difference was detected in macro-
phages treated with an miR-NC inhibitor (Fig. 6c, d).
Subsequently, the study investigated the effects of KLF4
on a PD-1 inhibitor-modulated macrophage phenotype.
The in vitro study showed Ad-KLF4 transfection enforced
KL4 overexpression in macrophages (Fig. 6e—g). The
results suggested that the PD-1 inhibitor increased M1
polarization, whereas the overexpression of KLF4
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inhibitor group.

Fig. 5 MiR-34a was a candidate effector of PD-1 inhibitor-mediated macrophage polarization. a gRT-PCR validation of differentially regulated
miR-34a in macrophages, with or without PD-1 inhibitor treatment. n = 3 per group. P < 0.05 versus control. b Macrophages were transfected with
an miR-NC inhibitor or an miR-34a inhibitor. Untreated macrophages were used as a control. Transfection efficiency was analyzed using gRT-PCR.
n=3 per group. P <005 versus the miR-34a inhibitor group. ¢ The typical results of F4/80++/iNOS+ type using flow cytometry in macrophages.
d Quantitative analysis of F4/80+/iNOS+ cells were analyzed using flow cytometry. e The typical results of CD38+ type using flow cytometry.

f Quantitative analysis of CD38+ cells were analyzed using flow cytometry. n = 3 per group. The expression levels of M1 markers iNOS g, IL-13 h, and
TNF-a i mRNAs were examined using qRT-PCR. n =6 per group. P < 0.05 versus the control group; Ap 005 versus the PD-1 inhibitor+miR-34a

diminished polarization, which was confirmed by flow
cytometry (Fig. 7a—-d) and validated by qRT-PCR
(Fig. 7e—g). These data suggested that miR-34a was
involved in PD-1 inhibitor-mediated macrophage polar-
ization by targeting KLF4-signaling cascades.

Discussion

ICIs direct the immune system to recognize and target
cancer cells. As a novel category of drugs, to some extent,
they showed therapeutic effects against cancer*®. ICIs
include programmed cell death-protein 1 inhibitors (anti-
PD-1 antibodies: nivolumab, and pembrolizumab); pro-
grammed cell death-ligand 1 inhibitors (anti-PD-L1
antibodies: atezolizumab, avelumab, and durvalumab);
and cytotoxic T-lymphocyte-associated antigen 4 inhibi-
tors (anti-CTLA-4 antibodies: ipilimumab and tremeli-
mumab)®’. At present, many patients may be eligible for
ICIs therapy®®, and the use of ICIs is predicted to increase
significantly in the coming years®. Recently, cardiotoxi-
city, including myocarditis, heart failure, and cardiac
fibrosis, was identified as a side effect of ICIs*, but the
mechanism of ICIs-related cardiotoxicity remains
unclear*"*?, The key observation in this study was that the
PD-1 inhibitor impaired the cardiac function; both sys-
tolic and diastolic functions were impaired to some
extent.

Myocardial cell injuries are a hallmark of chemotherapy
or targeted therapy-induced decompensated heart fail-
ure*®**, However, cellular proliferation or vitality of car-
diomyocytes was not hampered on exposure to a PD-1
inhibitor in vitro. No cardiomyocyte injury has brought
the mechanism of such an inflammatory response indu-
cement into question. Consequence of systemic inflam-
mation may account for the inflammatory response. For
previous study found that immune-related cardiac injury
activated the recruitment of large numbers of inflamma-
tory monocytes, leading to M1 macrophages responsible
for the removal of cell debris and necrotic cell clearance®.
Also, ICIs were found to induce macrophage infiltration
in the myocardium, thus leading to myocarditis’. Impor-
tantly, previous studies found that inappropriate adjust-
ment of macrophage phenotypes and extended
inflammation could impair proper tissue remodeling after
cardiac injury'”*®. At present, the modulation of
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macrophage polarization is a potential therapeutic target
for the treatment of cardiac injury®”’. Our data showed
that PD-1 inhibitor treatment induced cardiac function
injury accompanied by apparent macrophage polarization
to a proinflammation M1 phenotype in vivo and in vitro,
in accordance with a previous study suggesting that
immune-related cardiotoxicity was involved in macro-
phage polarization®®, Proinflammatory macrophage
expansion (both locally sourced and infiltrating cells)
promotes long-term pathological remodeling*®. As iNOS
represents an integral component of the M1 macrophage
proinflammatory gene profile®’, the in vivo results also
showed that a PD-1 inhibitor apparently provoked iNOS+
macrophages. M1 macrophages are a significant source of
inflammatory cytokines®'. Thus, an increase in the level of
inflammatory cytokines was observed in the setting of a
therapeutic PD-1 inhibitor in vivo, indicating a shift in the
inflammatory cell composition to one that promoted
cardiac inflammation, leading to cardiac injury.

MiRNA biosynthesis is known to be involved in monocyte
differentiation and efficient phagocytosis®. In the present
study, microarray profiling analyses identified differentially
expressed miRs in PD-1 inhibitor treated and normal mice
hearts, most of which were cardiac pathology related miRs.
Among them, cardiac hypotrophy-related miR, microRNA-
145°%, heart failure associated miR, microRNA-221/222
cluster™, and cardiac apoptotic relevant miR, microRNA-
125b, were upregulated. At meanwhile, miR-34a was cho-
sen, for the reason that it is the miR most apparently upre-
gulated in heart tissues treated with a PD-1 inhibitor, also
acted as an important adverse effector in the heart tissue®. In
vivo and in vitro experiments showed that increased miR-34a
expression was closely associated with M1 polarization and
metabolic inflammation. A positive correlation between miR-
34a expression and macrophage polarization has also been
reported in a previous study”’. The modulation of miR-34a-
induced macrophage polarization had an effect on cardio-
metabolic diseases™. In the case of PD-1 inhibitor treatment,
the expression of miR-34a elevated in a time-dependent
manner, coincident with a previous finding that dead cells
were removed by M1 macrophages in a time-dependent
manner”. The precise mechanism by which a PD-1 inhibitor
induced the upregulation of miR-34a expression remains
unknown. However, the in vivo results suggested that the
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inhibition of miR-34a not only recovered the cardiac function  in vitro inhibition of miR-34a effectively suppressed M1
impaired by a PD-1 inhibitor but also effectively suppressed  polarization. The present study indicated that miR-34a
proinflammatory polarization of macrophages. Moreover, the  inhibition might have therapeutic potential by modulating
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Fig. 7 MiR-34a elicited by a PD-1 inhibitor modulated the macrophage phenotype through targeting KLF4. Macrophages transfected with
Ad-KLF4 or Ad-Ctrl and treated with a PD-1 inhibitor. Macrophages were treated with a PD-1 inhibitor. Untreated macrophages were used as a
control. a The typical results of F4/80+/iNOS+ type using flow cytometry in macrophages. b Quantitative analysis of F4/80+/iNOS+ cells were
analyzed using flow cytometry. ¢ The typical results of CD38+ type using flow cytometry. d Quantitative analysis of CD38+ cells were analyzed using
flow cytometry. n = 3 per group. e-g The expression levels of M1 markers iNOS e, IL-13 f, and TNF-a g mRNAs were examined using gRT-PCR.n =6
per group. P < 0.05 versus the control group; Ap <005 versus the PD-1 inhibitor 4+ Ad-KLF4 group.

macrophage phenotypes, thus resolving inflammation and
restoring cardiac function impaired by a PD-1 inhibitor.

Macrophages exhibit remarkable plasticity that allows
them to reversibly adapt themselves to changing envir-
onmental signals®®. KLF4 not only serves as a cellular
stress sensor but also has an important role in the
suppression of inflammatory responses®’. KLF4 can
attenuate inflammatory responses by modulating mac-
rophage polarization®?, as the activation of KLF4 exerts
some potential protective functions in an inflammation-
related cardiac injury by modulating macrophage
polarization®®. The present study found that the PD-1
inhibitor decreased the expression level of KLF4,
accompanied by the promotion of M1 polarization,
enforced increase in the expression level of KLF4
in vitro, diminished the pro-M1 polarization effect of
the PD-1 inhibitor. This study further found that the
inhibition of miR-34a in macrophages recovered the
impaired expression of KLF4 induced by the PD-1
inhibitor in vitro. The effects were similar to those in a
previous study showing that KLF4, downstream of miR-
34a, took part in macrophage polarization to decrease
the proinflammation effect®®.

Conclusions

This study provided compelling evidence for the role of
a PD-1 inhibitor in polarizing macrophages to a proin-
flammation phenotype that accounted for cardiac func-
tion injury. Specifically, it demonstrated that miR-34a was
a key factor conferring cardiac injury by targeting KLF4 to
induce a proinflammation polarization state. These data
helped understand the pathogenesis of cardiac injury
during immunotherapy. The findings might provide new
targets in ameliorating cardiac injury in patients who
received immunotherapy.

Acknowledgements

We thank Professor Fengming Kong for her expert assistance with
experimental design and excellent technical assistance. The present study was
supported by the National Natural Science Foundation of China (grant nos.
81600278 to WZX), and the Medical Science and Technology Project of
Zhejiang Province (grant no. 2018KY517 to MH).

Author details

1Departmem of Neurosurgery, First Affiliated Hospital, Wenzhou Medical
University, Wenzhou, China. “Department of Neurosurgery, Xinhua Hospital
Affiliated to Shanghai Jiaotong University School of Medicine, Shanghai, China.

Official journal of the Cell Death Differentiation Association

3Department of Radiation Oncology, First Affiliated Hospital, Wenzhou Medical
University, Wenzhou, China

Conflict of interest
The authors declare that they have no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-02778-2).

Received: 29 March 2020 Revised: 10 July 2020 Accepted: 13 July 2020
Published online: 24 July 2020

References

1. Robert, C. et al. Ipilimumab plus dacarbazine for previously untreated meta-
static melanoma. N. £ngl. J. Med. 364, 2517-2526 (2011).

2. Robert, C. et al. Pembrolizumab versus Ipilimumab in advanced melanoma. N.
Engl. J. Med. 372, 2521-2532 (2015).

3. Topalian, S. L et al. Survival, durable tumor remission, and long-term safety in
patients with advanced melanoma receiving nivolumab. J. Clin. Oncol. 32,
1020-1030 (2014).

4. Abu-Sbeih, H. et al. Resumption of immune checkpoint inhibitor therapy after
immune-mediated colitis. J. Clin. Oncol. 37, 2738-2745 (2019).

5. Bockstahler M. et al. Heart-specific immune responses in an animal model of
autoimmunerelated myocarditis mitigated by an immunoproteasome inhi-
bitor and genetic ablation. Circulation 141, 23 (2020).

6. Robert, C. et al. Anti-programmed-death-receptor-1 treatment with pem-
brolizumab in ipilimumab-refractory advanced melanoma: a randomised
dose-comparison cohort of a phase 1 trial. Lancet (Lond, Engl) 384,
1109-1117 (2014).

7. Heinzerling, L. et al. Cardiotoxicity associated with CTLA4 and PD1 blocking
immunotherapy. J. Immunother. Cancer 4, 50 (2016).

8. Murtha, L. A et al. The role of pathological aging in cardiac and pulmonary
fibrosis. Aging Dis. 10, 419-428 (2019).

9. Newman, J. L. & Stone, J. R. Immune checkpoint inhibition alters the inflam-
matory cell composition of human coronary artery atherosclerosis. Cardiovasc.
Pathol. 43, 107148 (2019).

10.  Touat, M. et al. Immune checkpoint inhibitor-related myositis and myocarditis
in patients with cancer. Neurology 91, €985-e994 (2018).

11. Johnson, T. A. & Singla, D. K. PTEN inhibitor VO-OHpic attenuates
inflammatory M1 macrophages and cardiac remodeling in
doxorubicin-induced cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol.
315, H1236-h1249 (2018).

12. Fan, Q. et al. Dectin-1 contributes to myocardial ischemia/reperfusion injury by
regulating macrophage polarization and neutrophil infiltration. Circulation
139, 663-678 (2019).

13. Singla D. K, Johnson T. A, Tavakoli Dargani Z. Exosome treatment
enhances  anti-inflammatory M2 macrophages and  reduces
inflammation-induced pyroptosis in doxorubicin-induced cardiomyo-
pathy. Cells 8, 1224 (2019).

14.  Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell
116, 281-297 (2004).


https://doi.org/10.1038/s41419-020-02778-2
https://doi.org/10.1038/s41419-020-02778-2

Xia et al. Cell Death and Disease (2020)11:575

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Yan, L. et al. Inhibition of microRNA-155 ameliorates experimental auto-
immune myocarditis by modulating Th17/Treg immune response. J. Mol. Med.
(Berl, Ger,) 94, 1063-1079 (2016).

Ji, X. et al. MicroRNA-31-5p attenuates doxorubicin-induced cardiotoxicity via
quaking and circular RNA Pan3. J. Mol. Cell Cardiol. 140, 56-67 (2020).

Zhao, J. et al. Mesenchymal stromal cell-derived exosomes attenuate myo-
cardial ischaemia-reperfusion injury through miR-182-regulated macrophage
polarization. Cardiovasc. Res. 115, 1205-1216 (2019).

Verjans, R, van Bilsen, M. & Schroen, B. MiRNA deregulation in cardiac aging
and associated disorders. Int. Rev. Cell Mol. Biol. 334, 207-263 (2017).

Feng, Y. et al. Extracellular microRNAs induce potent innate immune
responses via TLR7/MyD88-dependent mechanisms. J. Immunol. (Baltim.,, Md:
1950) 199, 2106-2117 (2017).

Ooj, J. Y. Y. et al. Identification of miR-34 regulatory networks in settings of
disease and antimiR-therapy: Implications for treating cardiac pathology and
other diseases. RNA Biol. 14, 500-513 (2017).

Alder, J. K et al. Kruppel-like factor 4 is essential for inflammatory monocyte
differentiation in vivo. J. Immunol. (Baltim, Md: 1950) 180, 5645-5652 (2008).
Xu, Y, Luo, Y, Liang, C. & Zhang, T. LncRNA-Mhrt regulates cardiac hyper-
trophy by modulating the miR-145a-5p/KLF4/myocardin axis. J. Mol. Cell
Cardiol. 139, 47-61 (2020).

Haskins, R. M. et al. KIf4 has an unexpected protective role in perivascular cells
within the microvasculature. Am. J. Physiol. Heart Circ. Physiol. 315, H402-h414
(2018).

Liao, X. et al. Kruppel-like factor 4 regulates macrophage polarization. J. Clin.
Investig. 121, 2736-2749 (2011).

Tang, R Z et al. DNA methyltransferase 1 and Kruppel-like factor 4 axis
regulates macrophage inflammation and atherosclerosis. J. Mol. Cell Cardiol.
128, 11-24 (2019).

Shan, G, Tang, T, Xia, Y. & Qian, H. J. Long non-coding RNA NEAT1 promotes
bladder progression through regulating miR-410 mediated HMGB1. Biomed.
Pharmacother. 121, 109248 (2020).

Raso, A. et al. Therapeutic delivery of miR-148a suppresses ventricular dilation
in heart failure. Mol. Ther. 27, 584-599 (2019).

Li, C. et al. Elevated myocardial SORBS2 and the underlying implications in left
ventricular noncompaction cardiomyopathy. EBioMedicine 53, 102695 (2020).
Woods, D. M. et al. Decreased suppression and increased phosphorylated
STAT3 in regulatory T cells are asociated with benefit from adjuvant PD-1
blockade in resected metastatic melanoma. Clin. Cancer Res. 24, 6236-6247
(2018).

Xia, W, Zhuang, L. & Hou, M. Role of lincRNAp21 in the protective effect of
macrophage inhibition factor against hypoxia/serum deprivationinduced
apoptosis in mesenchymal stem cells. Int. J. Mol. Med. 42, 2175-2184 (2018).
Carlson, S. et al. Cardiac macrophages adopt profibrotic/M2 phenotype in
infarcted hearts: role of urokinase plasminogen activator. J. Mol. Cell Cardiol.
108, 42-49 (2017).

Wei, D. et al. Drastic down-regulation of Kruppel-like factor 4 expression is
critical in human gastric cancer development and progression. Cancer Res. 65,
2746-2754 (2005).

Liu X. L, et al. Lipotoxic hepatocyte-derived exosomal miR-192-5p activates
macrophages via rictor/Akt/FoxO1 signaling in NAFLD. Hepatology https://doi.
0rg/10.1002/hep.31050 2019.

Sweet, D. R, Fan, L, Hsieh, P. N. & Jain, M. K. Kruppel-like factors in vascular
inflammation: mechanistic insights and therapeutic potential. Front. Cardio-
vasc. Med. 5, 6 (2018).

Brown, B. N. et al. Macrophage polarization: an opportunity for improved
outcomes in biomaterials and regenerative medicine. Biomaterials 33,
3792-3802 (2012).

Hodi, F. S. et al. Improved survival with ipilimumab in patients with metastatic
melanoma. N. Engl. J. Med. 363, 711-723 (2010).

Topalian S. L, Taube J. M, & Pardoll D. M. Neoadjuvant checkpoint blockade
for cancer immunotherapy. Science 367, eaax0182 (2020).

Andrews, A. Treating with checkpoint inhibitors-figure $1 million per patient.
Am. Health Drug Benefits 8, 9 (2015).

Official journal of the Cell Death Differentiation Association

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 15 of 15

Webster, R. M. The immune checkpoint inhibitors: where are we now? Nat.
Rev. Drug Discov. 13, 883-884 (2014).

Johnson, D. B. et al. Fulminant myocarditis with combination immune
checkpoint blockade. N. Engl. J. Med. 375, 1749-1755 (2016).

Laubli, H. et al. Acute heart failure due to autoimmune myocarditis under
pembrolizumab treatment for metastatic melanoma. J. Immunother. Cancer 3,
11 (2015).

Tadokoro T. et al. Acute lymphocytic myocarditis with anti-PD-1 antibody
nivolumab. Circ. Heart Fail. 9, €003514 (2016).

Singla, D. K. Akt-mTOR pathway inhibits apoptosis and fibrosis in doxorubicin-
induced cardiotoxicity following embryonic stem cell transplantation. Cell
Transplant. 24, 1031-1042 (2015).

Kabore, E. G. et al. Association of body mass index and cardiotoxicity related to
anthracyclines and trastuzumab in early breast cancer: French CANTO cohort
study. PLoS Med. 16, €1002989 (2019).

Hulsmans, M., Sam, F. & Nahrendorf, M. Monocyte and macrophage
contributions to cardiac remodeling. J. Mol. Cell Cardiol. 93, 149-155
(2016).

Liu, M. et al. C1g/TNF-related protein-9 promotes macrophage polarization
and improves cardiac dysfunction after myocardial infarction. J. Cell Physiol.
234, 18731-18747 (2019).

Heinen, A. et al. IGF1 treatment improves cardiac remodeling after infarction
by targeting myeloid cells. Mol. Ther. 27, 46-58 (2019).

Li, Y. et al. B cells increase myocardial inflammation by suppressing m2
macrophage polarization in coxsackie virus B3-induced acute myocarditis.
Inflammation 42, 953-960 (2019).

Sager, H. B. et al. Proliferation and recruitment contribute to myocardial
macrophage expansion in chronic heart failure. Circulation Res. 119, 853-864
(2016).

Sica, A. & Mantovani, A. Macrophage plasticity and polarization: in vivo veritas.
J. Clin. Investig. 122, 787-795 (2012).

Troidl, C. et al. Classically and alternatively activated macrophages contribute
to tissue remodelling after myocardial infarction. J. Cell Mol. Med. 13(9b),
3485-3496 (2009).

Self-Fordham, J. B. et al. MicroRNA: dynamic regulators of macrophage
polarization and plasticity. Front. Immunol. 8, 1062 (2017).

Toro, R. et al. Plasma microRNAs as biomarkers for Lamin A/C-related dilated
cardiomyopathy. J. Mol. Med. 96, 845-856 (2018).

Verjans, R. et al. MicroRNA-221/222 family counteracts myocardial fibrosis in
pressure overload-induced heart failure. Hypertension 71, 280-288 (2018).
Wang, X. et al. MicroRNA-125b protects against myocardial ischaemia/reper-
fusion injury via targeting p53-mediated apoptotic signalling and TRAF6.
Cardiovasc. Res. 102, 385-395 (2014).

lekushi K, et al. Regulation of cardiac microRNAs by bone marrow mono-
nuclear cell therapy in myocardial infarction. Circulation 125, 1765-1773
(2012).

Weng, Y. S. et al. MCT-1/miR-34a/IL-6/IL-6R signaling axis promotes EMT
progression, cancer stemness and M2 macrophage polarization in triple-
negative breast cancer. Mol. Cancer 18, 42 (2019).

Xu, Y. et al. Macrophage miR-34a is a key regulator of cholesterol efflux and
atherosclerosis. Mol. Ther. 28, 202-216 (2020).

Haka, A. S. et al. Exocytosis of macrophage lysosomes leads to digestion
of apoptotic adipocytes and foam cell formation. J. Lipid Res. 57, 980-992
(2016).

Adamson, S. & Leitinger, N. Phenotypic modulation of macrophages in
response to plaque lipids. Curr. Opin. Lipidol. 22, 335-342 (2011).

Wen, Y. et al. KLF4 in macrophages attenuates tnfalpha-mediated kidney injury
and fibrosis. J. Am. Soc. Nephrol. 30, 1925-1938 (2019).

Petty, A. J. et al. Hedgehog signaling promotes tumor-associated macrophage
polarization to suppress intratumoral CD8+ T cell recruitment. J. Clin. Investig.
129, 5151-5162 (2019).

Pan, Y. et al. Adipocyte-secreted exosomal microRNA-34a inhibits M2 mac-
rophage polarization to promote obesity-induced adipose inflammation. J.
Clin. Investig. 129, 834-849 (2019).


https://doi.org/10.1002/hep.31050
https://doi.org/10.1002/hep.31050

	Immune checkpoint inhibitor induces cardiac injury through polarizing macrophages via modulating microRNA-34a/Kruppel-like factor 4�signaling
	Introduction
	Materials and methods
	Animals
	Treatment of PD-1 inhibitor in�vivo
	Echocardiographic evaluation
	Immunofluorescence staining
	Quantitative reverse transcription-polymerase chain reaction (qRT-PCR)
	Microarray analysis
	Antagomir studies
	Local in�vivo transfection
	Cell culture and cell treatment
	Cell proliferation assay
	MTT assay
	Cell cycle assay
	Flow cytometric analysis of cell apoptosis
	Isolation of cardiac macrophages
	Flow cytometry
	Mir-34a inhibition in�vitro
	Luciferase reporter assay
	Western blot analysis
	Transient transfection
	Statistical analysis

	Results
	PD-1 inhibitor impaired heart function accompanied by the inducement of differentiation of M1 macrophages
	MiR-34a took effect in cardiac injury and macrophage M1 phenotype polarization elicited by the PD-1 inhibitor in�vivo
	PD-1 inhibitor does not cause cardiomyocyte injury
	PD-1 inhibitor regulated macrophage polarization to an M1 phenotype
	MiR-34a was a candidate effector of PD-1 inhibitor-mediated macrophage polarization
	MiR-34a elicited by a PD-1 inhibitor modulated the macrophage phenotype through targeting KLF4

	Discussion
	Conclusions
	Acknowledgements




