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Abstract: Programmed death ligand 2 (PD-L2) is the second ligand of programmed death 1 (PD-1)
protein. In autoimmune myocarditis, the protective roles of PD-1 and its first ligand programmed
death ligand 1 (PD-L1) have been well documented; however, the role of PD-L2 remains unknown.
In this study, we report that PD-L2 deficiency exacerbates myocardial inflammation in mice with
experimental autoimmune myocarditis (EAM). EAM was established in wild-type (WT) and PD-L2-
deficient mice by immunization with murine cardiac myosin peptide. We found that PD-L2-deficient
mice had more serious inflammatory infiltration in the heart and a significantly higher myocarditis
severity score than WT mice. PD-L2-deficient dendritic cells (DCs) enhanced CD4* T cell proliferation
in the presence of T cell receptor and CD28 signaling. These data suggest that PD-L2 on DCs protects
against autoreactive CD4" T cell expansion and severe inflammation in mice with EAM.
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1. Introduction

The programmed cell death protein 1 (PD-1) pathway has been shown to be an
attractive target for cancer immunotherapy. Inmune checkpoint inhibitors targeting PD-
1 or one of its ligands such as the programmed cell death ligand 1 (PD-L1) improves
the prognosis of various malignancies [1,2]. However, the clinical benefit provided by
these treatments can be accompanied by a unique and distinct spectrum of immune-
related adverse events. Among them, myocarditis is a relatively rare, but potentially life-
threatening cardiovascular side effect; therefore, it has become an emergent problem for
clinicians in their daily routines [2,3]. Given these clinical aspects, a better understanding
of how disruption of this pathway influences the immune system in the heart is needed.

The protective roles of PD-1 and PD-L1 in cardiac immune homeostasis have been
well established [4-8]. PD-1~/~ mice on a BALB/c background developed autoimmune
dilated cardiomyopathy, with the production of autoantibodies against cardiac troponin
1[4,5]. PD-1 or PD-L1 deficiency in the autoimmune-prone MRL mice induced lymphocytic
myocarditis with massive infiltration of CD4* and CD8* T cells [6,7]. Moreover, adminis-
tration of anti-PD-1 antibodies exacerbated cardiac myosin peptide-induced experimental
autoimmune myocarditis (EAM) [9]. However, the role of PD-L2, the second ligand of
PD-1, in cardiac autoimmunity remains unknown.

In this study, we investigated the effect of PD-L2 deficiency on the development of
myocarditis in the EAM model. We found that PD-L2 deficiency caused severe inflamma-
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tory infiltration in the heart. PD-L2-deficient dendritic cells (DCs) enhanced CD4" T cell
proliferation in the presence of the T cell receptor (TCR) and CD28 signaling, suggesting
that PD-L2 on DCs protects against cardiac antigen-reactive CD4" T cell expansion and
severe inflammation in mice with EAM.

2. Results
2.1. Expression Levels of PD-1 and PD-Ls in the EAM Hearts

We first examined the dynamics of inflammatory cells in EAM hearts. The heart
inflammation peaked at 14 days after the first immunization with cardiac myosin peptide
as evidenced by an increase in the number of infiltrating CD45* leukocytes, CD11c*
dendritic cells (DCs), CD4" T cells, CD11b*Ly6G ™~ monocytes/macrophages, and CD11b*
Ly6G* neutrophils (Figure 1). The number of infiltrating CD8" T cells peaked on day 21
(Figure 1).
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Figure 1. Dynamics of inflammatory cells in cardiac myosin peptide-induced autoimmune myocarditis. Quantification of

inflammatory cells in the hearts obtained from mice with experimental autoimmune myocarditis, represented as a percentage
of live cells at the indicated time points (n = 10 at each time point). The values are expressed as the mean + standard error

of the mean. * p < 0.05 vs. day 0.

Next, we examined the expression levels of PD-1, PD-L1, and PD-L2 in the hearts of
mice with EAM. The mRNA expression levels of PD-1, PD-L1, and PD-L2 were markedly
upregulated on day 14 in the EAM hearts (Figure 2A). Particularly, PD-L2 gene expression
increased approximately 4000-fold compared to the control (Figure 2A). Flow cytometric
analyses revealed that the expression of PD-1, PD-L1, and PD-L2 on CD4" T cells, CD8* T
cells, and CD11c* DCs peaked around 14-21 days after the first immunization (Figure 2B).
Thus, the expression levels of PD-L2, as well as PD-1 and PD-L1, were upregulated in the
heart during cardiac inflammation.
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Figure 2. Expression levels of programmed cell death protein 1 (PD-1) and programmed cell death ligands (PD-Ls) in the
experimental autoimmune myocarditis (EAM) hearts. (A) mRNA expression of PD-1, PD-L1, and PD-L2 in the hearts
obtained from mice with EAM (days 14 and 28) and control mice (n = 6-7). (B) Flow cytometric analysis of the expression of
PD-1, PD-L1, or PD-L2 on infiltrating CD4* T cells, CD8" T cells, and CD11¢c*MHC II* dendritic cells in the hearts obtained
from mice with EAM on days 0, 7, 14, 21, and 35 after first immunization with cardiac myosin peptide (n = 6 at each time

point). Results are presented as the mean =+ standard error of the mean. * p < 0.05 vs. day 0.

2.2. PD-L2 Deficiency Exacerbates Cardiac Inflammation in EAM

We then examined the functional significance of PD-L2 in EAM. BALB/c mice are
highly susceptible to myocarditis [10], and PD-1-deficient BALB/c mice spontaneously de-
velop autoimmune dilated cardiomyopathy with the production of autoantibodies against
cardiac troponin I [4,5]. On the other hand, C57BL/6] mice are resistant to myocarditis [11],
and PD-1-/~, PD-L17/~, or PD-L2~/~ mice on the C57BL/6] background do not develop
spontaneous myocarditis and dilated cardiomyopathy [12]. Therefore, to investigate the ef-
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fect of PD-L2 on the development of cardiac myosin peptide-induced myocarditis, we used
F1 hybrids of PD-L2~/~C57BL/6] mice and BALB/c mice (PD-L2*/~).

As shown in Figure 3A, PD-L2*/~ mice, as well as PD-1*/~ mice, developed se-
vere myocarditis with intense inflammatory infiltrates. In contrast, wild-type (WT) mice
(F1 hybrids of WT C57BL/6] mice and BALB/c mice) developed weak myocarditis with
lower myocarditis severity scores (Figure 3A,B). Heart-to-body weight ratios (HW /BW)
in the PD-1*/~and PD-L2*/~ mice were significantly increased compared to WT mice
(Figure 3C).
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Figure 3. PD-L2 deficiency exacerbates myocardial inflammation in experimental autoimmune my-
ocarditis. F1 hybrids of PD-1-/—,PD-L2~/~, and wild-type (WT) mice on the C57BL/6] background
and BALB/c mice (PD-1+/ =, PD-L2*/~, and WT, respectively) were immunized twice, on days 0 and
7, with cardiac myosin epitope peptide. (A) Representative H&E-stained sections of the hearts on
day 14. Scale bars, 1 mm or 50 um. (B) Myocarditis severity in heart sections (n = 6-7 per group).
(C) Heart-to-body weight ratios (HW/BW) of the mice (n = 10 per group). Results are presented as
the mean =+ standard error of the mean. * p < 0.05 vs. WT.

To analyze the impact of PD-L2 deficiency on inflammatory cellular infiltrate in the
EAM hearts, flow cytometric analyses were performed on day 14 following immunization.
The hearts of PD-L2*/~ mice with EAM showed significantly more inflammatory cell
infiltration, such as an increased number of CD45* leukocytes, CD3" T cells, CD4* T cells,
CD8* T cells, CD11b*Ly6G* neutrophils, and CD11b*CD11c* DCs, than in the hearts of
WT mice with EAM (Figure 4A,B). PD-1*/~ mice with EAM also had a significantly greater
number of infiltrating cells in the heart than WT mice with EAM (Figure 4A,B).
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Figure 4. PD-L2 deficiency increases inflammatory cell infiltration in the experimental autoimmune myocarditis (EAM)
heart. (A) Representative flow cytometric plots showing CD45" leukocytes, CD3e* lymphocytes, CD8" T cells, CD4* T
cells, CD11b*Ly6G* neutrophils, and CD11b*CD11c* DCs from WT, PD-1*/~, and PD-L2*/~ hearts on day 14 after EAM
induction. The orange squares indicate CD3e*CD45* lymphocytes and the green squares indicate CD11b*Ly6G! cells.
(B) Quantification of inflammatory cells in the hearts obtained from WT mice as well as PD-1*/~ and PD-L2*/~ mice with
EAM. Results are presented as the mean &= SEM, n = 7-9 per group. * p < 0.05 vs. WT.

2.3. PD-L2 Deficiency Promotes Proinflammatory Cytokine Expression in the EAM Heart

To further evaluate the effects of PD-L2 deficiency on EAM, we examined cytokine and
chemokine milieu in the heart. The heart homogenates from PD-L2 mice showed increased
gene expression levels of cytokines such as interleukin (IL)-13, IL-6, interferon (IFN)-vy,
transforming growth factor (TGF)-f1, tumor necrosis factor (TNF)-«, chemokine (C-C
motif) ligand (CCL)1-3, chemokine (C-X-C motif) ligand (CXCL) 1, 2, and 10, and atrial
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natriuretic peptide (ANP) (Figure 5). PD-1*/~ mice with EAM showed similar trends as
PD-L2*/~ mice, but the expression levels were relatively weak (Figure 5).
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Figure 5. PD-L2 deficiency promotes proinflammatory cytokine expression in the experimental autoimmune myocarditis
heart. mRNA expression of inflammatory markers in the hearts of wild-type (WT), PD-1*/~, and PD-L2*/~ mice at 14 days
after immunization. Results are presented as the mean =+ standard error of the mean. n = 3-6, * p < 0.05 vs. control, # p < 0.05
vs. WT, and t p < 0.05 vs. PD-1*/~.

2.4. PD-L2 Deficiency in Dendritic Cells Promotes CD4* T Cell Proliferation

EAM is a CD4" T cell-mediated disease, and DCs are the major antigen-presenting
cells and key players in the priming of appropriate CD4* T cell responses [3]. To assess the
effect of PD-L2 deficiency on CD4" T cell function, we performed a co-culture experiment
in vitro. First, we assessed whether PD-L2 deficiency in DCs affects CD4* T cell proliferation.
As shown in Figure 6A, WT CD4* T cells co-cultured with bone marrow-derived DCs
(BMDCs) from PD-L2~/~ mice showed significantly more proliferation than those co-
cultured with WT BMDCs. In addition, CD4* T cells co-cultured with PD-L2~/~ BMDCs
produced significantly more IL-2 than WT BMDCs (Figure 6B). On the other hand, PD-1.2~/~
CD4* T cells co-cultured with WT BMDCs did not affect CD4* T cell proliferation and IL-2
production (Figure 6C,D). These results suggest that PD-L2 expressed in DCs may inhibit T
cell proliferation, thereby suppressing the development of autoimmune myocarditis.
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Figure 6. PD-L2 deficiency in dendritic cells (DCs) promoted CD4* T cell proliferation. (A,B) Carboxyfluorescein succin-
imidyl ester (CFSE)-labeled WT CD4™" T cells were co-cultured with bone marrow-derived dendritic cells (BMDCs) generated
from wild-type (WT) or PD-L2~/~ mice and stimulated with anti-CD3 and anti-CD28 for 72 h. Proliferation of CD4* T cells
was visualized by observing the incremental loss of CFSE fluorescence. Representative histograms (gated on CD4* T cells)

and the frequency of the proliferated CD4" T cells among all CD4" cells are shown. n = 3 per group. IL-2 concentrations in

the culture supernatants were assessed by ELISA. n = 6 per group. Results are presented as the mean £ SEM. * p < 0.05 vs.
WT. (C,D) CD4" T cells were isolated from WT or PD-L2~/~ mice and labeled with CFSE. Then, they were co-cultured
with WT BMDCs and stimulated with anti-CD3 and anti-CD28 for 72 h. Proliferation of CD4* T cells was visualized by
observing the incremental loss of CFSE fluorescence. Representative histograms and the frequency of the proliferated CD4*

T cells among all CD4" cells are shown. n = 3 per group. IL-2 concentrations in the culture supernatants were assessed by

enzyme-linked immunosorbent assay. n = 6 per group. Results are presented as the mean =+ standard error of the mean.

3. Discussion

This is the first study to show that PD-L2 suppresses cardiac autoimmunity. Our study
revealed a critical role of PD-L2 in controlling autoimmune heart disease. PD-L2 was
sparsely detected in normal hearts but was upregulated under inflammatory conditions. PD-
L2 deficiency accelerated myocardial inflammation in cardiac myosin peptide-induced EAM.
PD-L2-deficient DCs enhanced CD4" T cell proliferation in the presence of TCR and CD28
signaling. These findings suggest that PD-L2 in DCs may protect against cardiac antigen-
reactive CD4" T cell expansion and severe inflammation in autoimmune myocarditis.

PD-L1 and PD-L2 are the two known ligands of PD-1 and they exhibit different ex-
pression patterns. Unlike the widely expressed PD-L1 on the surface of many cell types,
PD-L2 expression was originally reported to be restricted to activated DCs, macrophages,
and bone marrow-derived mast cells [13]. In the present study, we found that PD-L2 was ex-
pressed on heart-infiltrating DCs and its expression increased with inflammation (Figure 2).
More recently, PD-L2 expression has been detected in various cancers [14-16], resting peri-
toneal B1 cells [17], and activated T cells [18]. In our study, PD-L2 was transiently detected
on the surface of heart-infiltrating CD4* and CD8" T cells during myocardial inflammation
(Figure 2). The peak of PD-L2 expression on inflammatory cells was delayed compared
to the peak of myocardial inflammation (Figure 1,2). PD-1/PD-Ls as immune checkpoint
molecules downregulate T cell activity during immune responses [19]. Due to the nature of
immune checkpoints, PD-L2 may play an important role in regulating immune responses
to prevent autoimmune heart damage.
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In the co-culture experiments, PD-L2 deficiency in DCs increased TCR- and CD28-
mediated CD4" T cell proliferation (Figure 6A), which was consistent with a published
report that showed PD-L2-deficient splenic antigen-presenting cells (APCs) enhanced
CD4" T cell activation [20]. In the presence of anti-PD-1 antibody, CD4" T cells exhib-
ited similar proliferation when activated by WT or PD-L2-deficient APCs [20]. Together,
these results indicate that PD-L2 may negatively regulate CD4* T cell proliferation in a
PD-1-dependent manner.

We observed that PD-L2 expression on CD4* T cells was markedly upregulated on
day 21 after EAM induction (Figure 2). However, PD-L2 deficiency in CD4" T cells did
not affect T cell proliferation (Figure 6B). In this study, we could not elucidate the role of
PD-L2, expressed on CD4* T cells, in the pathophysiology of EAM. Further investigation is
needed to determine whether PD-L2 in CD4" T cells is involved in the development and
progression of autoimmune myocarditis.

Myocarditis is an inflammatory disease of the myocardium that is generally self-
limited. However, in several cases, prolonged inflammation eventually results in cardiomy-
opathy, which is a potentially lethal disorder characterized by progressively impaired
cardiac function [21,22]. Myocarditis can be triggered by many different environmental
agents, including viral and bacterial infections, toxins, and drugs [23,24], and subsequent
autoimmune response is thought to contribute to the disease progression to cardiomy-
opathy [25,26]. In this study, we clearly showed the protective roles of PD-L2 in cardiac
autoimmune responses. Our findings suggest that the PD-L2 pathway might serve as a
novel therapeutic target in the treatment of myocarditis.

4. Materials and Methods
4.1. Mice

PD-1~/~ mice were kindly provided by Dr. Honjo [4], and PD-L2~/~ mice were
generated at the Laboratory Animal Resource Center, University of Tsukuba. BALB/c
mice were purchased from CLEA, Japan. F1 hybrids of PD-1~/~or PD-L2~/~ mice on
the C57BL/6] background and BALB/c mice were generated (PD-1*/~ and PD-L2*/~
mice, respectively). Male PD-1*/~ and PD-L2*/~ mice and WT littermates (6-8 weeks
of age) were used in the in vivo experiments. All animal experiments were approved by
the Institutional Animal Experiment Committee of the University of Tsukuba (approved
number: 20037, approved date: 1 June 2020) and conformed to the NIH Guide for the Care
and Use of Laboratory Animals.

4.2. EAM Induction

Mice were subcutaneously immunized with 100 pug of myosin heavy chain-oc (MyHC-
o) (MyHC-a414-629 [Ac-RSLKLMATLESTYASADR-OH]; Toray Research Center) emulsified
1:1 in PBS/complete Freund’s adjuvant (1 mg/mL; H37Ra; Sigma—Aldrich) on days 0 and
7, as described previously [27-29]. On day 14, mice were euthanized, and their hearts were
removed for further analysis.

4.3. Histopathological Examination

The hearts were fixed in 4% paraformaldehyde in PBS, embedded in paraffin wax,
sectioned into 3-um thick sections, and stained with hematoxylin and eosin for histological
analysis. Myocarditis severity was scored in hematoxylin and eosin-stained sections using
grades from 0—4: 0, no inflammation; 1, >25% of the heart section involved; 2, 25-50%;
3, >50-75%; and 4, >75%, as described previously [27]. The analysis was performed in a
blinded manner.

4.4. Flow Cytometric Analyses

Heart inflammatory cells were isolated and processed as previously described [30,31].
For the flow cytometric analysis of the surface markers and cytoplasmic cytokines, the cells
were stained directly using fluorochrome-conjugated mouse-specific antibodies and ana-
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lyzed using the FACSVerse instrument (BD Biosciences, San Jose, CA, USA). The following
monoclonal antibodies were used for flow cytometric analysis: Anti-CD279 (PD-1, TONBO
Biosciences, San Diego, CA, USA), anti-CD274 (PD-L1, TONBO Biosciences, San Diego,
CA, USA), anti-CD273 (PD-L2, Invitrogen, Waltham, MA, USA), anti-CD45 (TONBO
Biosciences, San Diego, CA, USA), anti-CD4 (TONBO Biosciences, San Diego, CA, USA),
anti-CD8 (eBioscience, San Diego, CA, USA), anti-CD11b (BioLegend, San Diego, CA, USA),
anti-CD11c (TONBO Biosciences, San Diego, CA, USA), and anti-Ly6G (BD Pharmingen,
San Jose, CA, USA).

4.5. RNA Extraction and Quantitative Real-Time Reverse Transcription Polymerase
Chain Reaction

All hearts of mice, removed for performing reverse transcription polymerase chain
reaction, were snap frozen and stored at —80 °C. Subsequently, the tissue was homoge-
nized using the bead kit (MagNA Lyser Green Beads; Roche Diagnostics, Indianapolis,
IN, USA) in accordance with the manufacturer’s instructions. Total RNA was extracted
using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) in accordance with
the manufacturer’s instructions. cDNA was synthesized from 1 ug of total RNA per
sample using the Omniscript RT kit (Qiagen, Hilden, Germany). A quantitative reverse
transcription polymerase chain reaction was performed on the LightCycler 480 system
(Roche Applied Science, Indianapolis, IN, USA) using a Universal Probe Library (Roche Ap-
plied Science, Indianapolis, IN, USA). Hypoxanthine-guanine phosphoribosyltransferase
(HPRT) RNA was used as an internal control. Gene expression values were calculated
using the 272 method.

4.6. T Cell Proliferation Assay

Naive CD4* T cells were isolated from splenocytes of mice using mouse CD4 (L3T4)
MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany). BMDCs were generated as
previously described [32]. CD4* T cells were labeled with 32 uL of 5 mM carboxyfluorescein
succinimidyl ester (CFSE, Dojindo, Kumamoto, Japan) in 8 mL of PBS with 0.1% BSA for
10 min at 37 °C. The staining reaction was stopped with 1 mL of FCS (Lonza, Basel,
Switzerland). CFSE-labeled 5 x 10° CD4* T cells were co-cultured with 10° BMDCs and
stimulated with 5 pg/mL of anti-CD3 and 3 ug/mL of anti-CD28 antibodies in 96-well
round-bottom plates for 72 h. Proliferation of CD4* T cells was visualized by observing the
incremental loss of CFSE fluorescence using the FACSCalibur instrument (BD Biosciences,
San Jose, CA, USA) and analyzed using FlowJo software (Tree Star, San Carlos, CA, USA).

4.7. ELISA

The concentrations of IL-2 in cell culture supernatants were measured using the
DuoSet ELISA kits (R&D Systems, Minneapolis, MN, USA) in accordance with the manu-
facturer’s instructions.

4.8. Statistics

All data are expressed as the mean =+ standard error of the mean (SEM). Normality
was verified using the Shapiro-Wilk test. Statistical analyses were performed using the
unpaired two-tailed t-test or Mann—Whitney U test for comparison between two groups.
For multiple comparisons, one-way analysis of variance with the Newman-Keuls post hoc
test or Kruskal-Wallis analysis with the post hoc Steel-Dwass or Steel test was performed.
Results with P < 0.05 were considered as statistically significant. All statistical analyses
were performed using JMP software (SAS Institute, Cary, NC, USA).

5. Conclusions

PD-L2 plays a pivotal role in suppressing cardiac autoimmunity. PD-L2 on DCs
protects against autoreactive CD4+ T cell expansion and severe inflammation in mice
with EAM.



Int. . Mol. Sci. 2021, 22, 1426

10 of 12

References

Author Contributions: Each author made substantial contributions to the conception and design
of this work, or the acquisition, analysis, and interpretation of the data. All authors have aided in
drafting the manuscript, approved to submit this version, and agree to be personally accountable
for their contributions to this study. Conceptualization, S.L. and K.T.; methodology, S.L. and K.T.;
validation, S.Y.,, Z.Y,, D.F, Y.O, K., KA., YS, ZS., HM,, and H.H.; investigation, S.L. and K.T;
writing—original draft preparation, S.L. and K.T.; writing—review and editing, S.Y. and M.L; vi-
sualization, S.L. and K.T.; supervision, D.X., N.M., and K.A_; project administration, K.T. and M.I.;
funding acquisition, K.T. and M.I. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by JSPS KAKENHI, grant number 20K08396, KANAE Foundation
for the Promotion of Medical Science, the Bayer Scholarship for Cardiovascular Research, and the
Takeda Science Foundation.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of University of Tsukuba
(protocol code 20037 and date of approval 1 June 2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author (K.T.), upon reasonable request.

Acknowledgments: The authors would like to thank Yumi Isaka and Akiko Miyamoto for their
technical assistance.

Conflicts of Interest: The authors declare no conflict of interests.

Abbreviations

APC antigen-presenting cell

BMDC bone marrow-derived dendritic cell
CCL chemokine (C-C motif) ligand

CFSE carboxyfluorescein succinimidyl ester
CXCL chemokine (C-X-C motif) ligand

DC dendritic cell

EAM experimental autoimmune myocarditis
H&E hematoxylin and eosin

IFN-y interferon-y

IL interleukin

MyHC-o«  myosin heavy chain-o

PD-1 programmed death 1

PD-L1 programmed death ligand 1
PD-L2 programmed death ligand 2

TCR T cell receptor

TGF-p transforming growth factor beta
TNF tumor necrosis factor

WT wild-type

1. Li, S,; Tajiri, K. A Lack of Biomarkers for Cardiac Complications of Immune Checkpoint Inhibitor Therapy. Intern. Med. 2021,
19-20. [CrossRef] [PubMed]
2. Tajiri, K,; Ieda, M. Cardiac Complications in Immune Checkpoint Inhibition Therapy. Front. Cardiovasc. Med. 2019, 6, 3. [CrossRef]

[PubMed]

3.  Tajiri, K;; Aonuma, K,; Sekine, I. Inmune checkpoint inhibitor-related myocarditis. Jpn. J. Clin. Oncol. 2018, 48, 7-12. [CrossRef]

[PubMed]

4. Nishimura, H.; Okazaki, T.; Tanaka, Y.; Nakatani, K.; Hara, M.; Matsumori, A.; Sasayama, S.; Mizoguchi, A.; Hiai, H;
Minato, N.; et al. Autoimmune dilated cardiomyopathy in PD-1 receptor-deficient mice. Science 2001, 291, 319-322. [Cross-

Ref] [PubMed]


http://doi.org/10.2169/internalmedicine.5962-20
http://www.ncbi.nlm.nih.gov/pubmed/32963172
http://doi.org/10.3389/fcvm.2019.00003
http://www.ncbi.nlm.nih.gov/pubmed/30729114
http://doi.org/10.1093/jjco/hyx154
http://www.ncbi.nlm.nih.gov/pubmed/29045749
http://doi.org/10.1126/science.291.5502.319
http://doi.org/10.1126/science.291.5502.319
http://www.ncbi.nlm.nih.gov/pubmed/11209085

Int. . Mol. Sci. 2021, 22, 1426 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

Okazaki, T.; Tanaka, Y.; Nishio, R.; Mitsuiye, T.; Mizoguchi, A.; Wang, ].; Ishida, M.; Hiai, H.; Matsumori, A.; Minato, N.; et al.
Autoantibodies against cardiac troponin I are responsible for dilated cardiomyopathy in PD-1-deficient mice. Nat. Med. 2003, 9,
1477-1483. [CrossRef] [PubMed]

Wang, J.; Okazaki, I.-M.; Yoshida, T.; Chikuma, S.; Kato, Y.; Nakaki, F.; Hiai, H.; Honjo, T.; Okazaki, T. PD-1 deficiency results in
the development of fatal myocarditis in MRL mice. Int. Immunol. 2010, 22, 443-452. [CrossRef]

Lucas, J.A.; Menke, J.; Rabacal, W.A.; Schoen, EJ.; Sharpe, A.H.; Kelley, V.R. Programmed death ligand 1 regulates a critical
checkpoint for autoimmune myocarditis and pneumonitis in MRL mice. J. Immunol. 2008, 181, 2513-2521. [CrossRef] [PubMed]
Tarrio, M.L.; Grabie, N.; Bu, D.; Sharpe, A.H.; Lichtman, A.H. PD-1 protects against inflammation and myocyte damage in T
cell-mediated myocarditis. . Immunol. 2012, 188, 4876-4884. [CrossRef]

Tsuruoka, K.; Wakabayashi, S.; Morihara, H.; Matsunaga, N.; Fujisaka, Y.; Goto, I.; Imagawa, A.; Asahi, M. Exacerbation of
autoimmune myocarditis by an immune checkpoint inhibitor is dependent on its time of administration in mice. Int. J. Cardiol.
2020, 313, 67-75. [CrossRef]

Pummerer, C.L.; Luze, K.; Gréssl, G.; Bachmaier, K.; Offner, E; Burrell, S.K.; Lenz, D.M.; Zamborelli, T.J.; Penninger, ].M.; Neu, N.
Identification of cardiac myosin peptides capable of inducing autoimmune myocarditis in BALB/c mice. ]. Clin. Investig. 1996, 97,
2057-2062. [CrossRef]

Neu, N.; Rose, N.R.; Beisel, K.W.; Herskowitz, A.; Gurri-Glass, G.; Craig, S.W. Cardiac myosin induces myocarditis in genetically
predisposed mice. J. Immunol. 1987, 139, 3630-3636. [PubMed]

Keir, M.E,; Liang, S.C.; Guleria, I.; Latchman, Y.E.; Qipo, A.; Albacker, L.A.; Koulmanda, M.; Freeman, G.J.; Sayegh, M.H.;
Sharpe, A.H. Tissue expression of PD-L1 mediates peripheral T cell tolerance. |. Exp. Med. 2006, 203, 883-895. [CrossRef]
[PubMed]

Brown, J.A.; Dorfman, D.M.; Ma, E-R.; Sullivan, E.L.; Munoz, O.; Wood, C.R.; Greenfield, E.A.; Freeman, G.]. Blockade of
Programmed Death-1 Ligands on Dendritic Cells Enhances T Cell Activation and Cytokine Production. J. Immunol. 2003, 170,
1257-1266. [CrossRef] [PubMed]

Arrieta, O.; Montes-Servin, E.; Hernandez-Martinez, ].M.; Cardona, A.F; Casas-Ruiz, E.; Crispin, J.C.; Motola, D.;
Flores-Estrada, D.; Barrera, L. Expression of PD-1/PD-L1 and PD-L2 in peripheral T-cells from non-small cell lung can-
cer patients. Oncotarget 2017, 8, 101994-102005. [CrossRef] [PubMed]

Hsieh, C.C.; Hsu, H.S,; Li, A.EY,; Chen, Y]. Clinical relevance of PD-L1 and PD-L2 overexpression in patients with esophageal
squamous cell carcinoma. J. Thorac. Dis. 2018, 10, 4433-4444. [CrossRef] [PubMed]

Basu, A.; Yearley, ].H.; Annamalai, L.; Pryzbycin, C.; Rini, B. Association of PD-L1, PD-L2, and immune response markers in
matched renal clear cell carcinoma primary and metastatic tissue specimens. Am. J. Clin. Pathol. 2019, 151, 217-225. [CrossRef]
[PubMed]

Zhong, X.; Tumang, J.R,; Gao, W.; Bai, C.; Rothstein, T.L.; Rothstein, T.L. PD-L2 expression extends beyond dendritic
cells/macrophages to B1 cells enriched for VH11/VH12 and phosphatidylcholine binding. Eur. J. Immunol. 2007, 37, 2405-2410.
[CrossRef]

Messal, N.; Serriari, N.E.; Pastor, S.; Nunes, ].A.; Olive, D. PD-L2 is expressed on activated human T cells and regulates their
function. Mol. Immunol. 2011, 48, 2214-2219. [CrossRef]

Jubel, ] M.; Barbati, Z.R.; Burger, C.; Wirtz, D.C.; Schildberg, F.A. The Role of PD-1 in Acute and Chronic Infection. Front. Immunol.
2020, 11. [CrossRef]

Zhang, Y.; Chung, Y.; Bishop, C.; Daugherty, B.; Chute, H.; Holst, P.; Kurahara, C.; Lott, F.; Sun, N.; Welcher, A.A ; et al. Regulation
of T cell activation and tolerance by PDL2. Proc. Natl. Acad. Sci. USA 2006, 103, 11695-11700. [CrossRef]

Cuppari, C.; Amatruda, M.; Ceravolo, G.; Ceravolo, M.D.; Oreto, L.; Colavita, L.; Barbalace, A.; Calabro, M.P.; Salpietro, C.
Myocarditis in children—From infection to autoimmunity. J. Biol. Regul. Homeost. Agents 2020, 34, 37-41. [PubMed]

Kania, G.; Blyszczuk, P.; Miiller-Edenborn, B.; Eriksson, U. Novel therapeutic options in inflammatory cardiomyopathy.
Swiss Med. Wkly. 2013, 143, w13841. [CrossRef] [PubMed]

Elamm, C.; Fairweather, D.; Cooper, L.T. Pathogenesis and diagnosis of myocarditis. Heart 2012, 98, 835-840. [CrossRef] [PubMed]
Kindermann, I; Barth, C.; Mahfoud, F; Ukena, C.; Lenski, M.; Yilmaz, A.; Klingel, K.; Kandolf, R.; Sechtem, U.; Cooper, L.T.; et al.
Update on myocarditis. J. Am. Coll. Cardiol. 2012, 59, 779-792. [CrossRef]

Abenavoli, EM.; Inchingolo, A.D.; Inchingolo, A.M.; Dipalma, G.; Inchingolo, F. Periodontal neoformations and myocarditis
onset: Is it more than a simple coincidence? J. Biol. Regul. Homeost. Agents 2019, 33, 987-989.

An, H.; Wang, Z.; Zheng, ]. Inhibitory effects of apolipoprotein m on expressions of nf-«b, il-6, il-1 and other related factors in
mice with myocarditis. J. Biol. Requl. Homeost. Agents 2019, 33, 1155-1160.

Tajiri, K.; Imanaka-Yoshida, K.; Matsubara, A.; Tsujimura, Y.; Hiroe, M.; Naka, T.; Shimojo, N.; Sakai, S.; Aonuma, K.; Yasutomi, Y.
Suppressor of Cytokine Signaling 1 DNA Administration Inhibits Inflammatory and Pathogenic Responses in Autoimmune
Myocarditis. J. Immunol. 2012, 189, 2043-2053. [CrossRef]

Tajiri, K.; Shimojo, N.; Sakai, S.; Machino-Ohtsuka, T.; Imanaka-Yoshida, K.; Hiroe, M.; Tsujimura, Y.; Kimura, T.; Sato, A.;
Yasutomi, Y.; et al. Pitavastatin regulates helper T-Cell differentiation and ameliorates autoimmune myocarditis in mice.
Cardiovasc. Drugs Ther. 2013, 27, 413-424. [CrossRef]

Tajiri, K.; Sakai, S.; Kimura, T.; Machino-Ohtsuka, T.; Murakoshi, N.; Xu, D.; Wang, Z.; Sato, A.; Miyauchi, T.; Aonuma, K.
Endothelin receptor antagonist exacerbates autoimmune myocarditis in mice. Life Sci. 2014, 118, 288-296. [CrossRef]


http://doi.org/10.1038/nm955
http://www.ncbi.nlm.nih.gov/pubmed/14595408
http://doi.org/10.1093/intimm/dxq026
http://doi.org/10.4049/jimmunol.181.4.2513
http://www.ncbi.nlm.nih.gov/pubmed/18684942
http://doi.org/10.4049/jimmunol.1200389
http://doi.org/10.1016/j.ijcard.2020.04.033
http://doi.org/10.1172/JCI118642
http://www.ncbi.nlm.nih.gov/pubmed/3680946
http://doi.org/10.1084/jem.20051776
http://www.ncbi.nlm.nih.gov/pubmed/16606670
http://doi.org/10.4049/jimmunol.170.3.1257
http://www.ncbi.nlm.nih.gov/pubmed/12538684
http://doi.org/10.18632/oncotarget.22025
http://www.ncbi.nlm.nih.gov/pubmed/29254220
http://doi.org/10.21037/jtd.2018.06.167
http://www.ncbi.nlm.nih.gov/pubmed/30174892
http://doi.org/10.1093/ajcp/aqy141
http://www.ncbi.nlm.nih.gov/pubmed/30346474
http://doi.org/10.1002/eji.200737461
http://doi.org/10.1016/j.molimm.2011.06.436
http://doi.org/10.3389/fimmu.2020.00487
http://doi.org/10.1073/pnas.0601347103
http://www.ncbi.nlm.nih.gov/pubmed/33000598
http://doi.org/10.4414/smw.2013.13841
http://www.ncbi.nlm.nih.gov/pubmed/23986269
http://doi.org/10.1136/heartjnl-2012-301686
http://www.ncbi.nlm.nih.gov/pubmed/22442199
http://doi.org/10.1016/j.jacc.2011.09.074
http://doi.org/10.4049/jimmunol.1103610
http://doi.org/10.1007/s10557-013-6464-y
http://doi.org/10.1016/j.lfs.2014.01.007

Int. . Mol. Sci. 2021, 22, 1426 12 of 12

30. Eriksson, U.; Ricci, R.; Hunziker, L.; Kurrer, M.O.; Oudit, G.Y.; Watts, T.H.; Sonderegger, I.; Bachmaier, K.; Kopf, M.; Penninger, ].M.
Denderitic cell-induced autoimmune heart failure requires cooperation between adaptive and innate immunity. Nat. Med. 2003, 9,
1484-1490. [CrossRef]

31. Valaperti, A.; Marty, R.R.; Kania, G.; Germano, D.; Mauermann, N.; Dirnhofer, S.; Leimenstoll, B.; Blyszczuk, P.; Dong, C.;
Mueller, C.; et al. CD11b+ monocytes abrogate Th17 CD4+ T cell-mediated experimental autoimmune myocarditis. . Immunol.
2008, 180, 2686—2695. [CrossRef] [PubMed]

32. Lutz, M.B,; Kukutsch, N.; Ogilvie, A.L.; Réssner, S.; Koch, F.; Romani, N.; Schuler, G. An advanced culture method for generating
large quantities of highly pure dendritic cells from mouse bone marrow. J. Immunol. Methods 1999, 223, 77-92. [CrossRef]


http://doi.org/10.1038/nm960
http://doi.org/10.4049/jimmunol.180.4.2686
http://www.ncbi.nlm.nih.gov/pubmed/18250481
http://doi.org/10.1016/S0022-1759(98)00204-X

	Introduction 
	Results 
	Expression Levels of PD-1 and PD-Ls in the EAM Hearts 
	PD-L2 Deficiency Exacerbates Cardiac Inflammation in EAM 
	PD-L2 Deficiency Promotes Proinflammatory Cytokine Expression in the EAM Heart 
	PD-L2 Deficiency in Dendritic Cells Promotes CD4+ T Cell Proliferation 

	Discussion 
	Materials and Methods 
	Mice 
	EAM Induction 
	Histopathological Examination 
	Flow Cytometric Analyses 
	RNA Extraction and Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction 
	T Cell Proliferation Assay 
	ELISA 
	Statistics 

	Conclusions 
	References

