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HIGHLIGHTS

� A single intraperitoneal dose of ISO provokes

an acute inflammatory response in the heart

that is accompanied by reversible changes in

LV structure and function.

� Single-cell RNA sequencing reveals that ISO

injury elicits a transient increase in expression

of multiple inhibitory immune checkpoints

genes, including Pdcd1 (PD-1) and Cd274

(PD-L1), predominantly in the cardiac resident

innate immune cells, including LYVE1L

macrophages and dendritic cells.

� Treatment with an anti-PD-L1 antibody

results in increased myocardial inflam-

mation after ISO injection, whereas ISO

injection in PD-1L/L mice results in

increased duration of the inflammatory

response, prolonged LV dilation, and LV

dysfunction relative to wild-type mice.

� In vitro stimulation of peritoneal derived

inflammatory cells with necrotic cardiac

myocytes increases the percentage of cells

expressing PD-1 in macrophages and T cells in

a TLR2/TLR4/NF-kB–dependent manner.
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SUMMARY
AB B
AND ACRONYM S

ICI = immune checkpoint

inhibitor

ISO = isoproterenol

LV = left ventricle/ventricular

PD-1 = programmed death-1

PD-L1 = PD-ligand 1

PD-L2 = PD-ligand 2

TLR = Toll-like receptor
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The role of immune checkpoints in the setting of tissue injury remains unknown. Using an experimental model

of isoproterenol (ISO)-induced stress cardiomyopathy, we show that ISO-induced myocardial injury provokes

tissue-autonomous up-regulation of the programmed death-1 (PD-1):programmed death ligand (PD-L) axis in

cardiac resident innate immune cells and T cells. PD-1 signaling was responsible for modulating the acute in-

flammatory response, as well as normalization of impaired left ventricular structure and function after ISO

injection. Necrotic cardiac extracts were sufficient to increase the expression of PD-1 in macrophages and T cells

in vitro. Viewed together these studies suggest that the PD-1:PD-L signaling axis regulates immune responses

to cardiac tissue injury and is important for restoring myocardial homeostasis.

(J Am Coll Cardiol Basic Trans Science 2022;7:1120–1139) Published by Elsevier on behalf of the American

College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
M yocardial injury resulting from invading
pathogens or environmental stress (such
as ischemia or hemodynamic overloading)

leads to activation of the innate and adaptive immune
systems to engender tissue repair and restore
myocardial homeostasis. This short-term adaptation
to stress has been termed “physiological inflamma-
tion.”1 The resolution of physiological inflammation
has traditionally been viewed as a highly coordinated
active process that involves the down-regulation of
pro-inflammatory cytokine responses, termination
of chemokine signaling, clearance of apoptotic neu-
trophils and cardiac myocytes, recruitment of regula-
tory T cells, and functional repolarization of resident
macrophage populations (reviewed by Frangogian-
nis2). Additionally, an accumulating body of evidence
suggests that the resolution of inflammation requires
up-regulation of pro-resolving molecular pathways
that are initiated shortly after the onset of the inflam-
mation, including the up-regulation of a suite of anti-
inflammatory molecules (eg, interleukin-10 and
members of the transforming growth factor family),
as well as up-regulation of pro-resolving lipid media-
tors, such as lipoxins, resolvins, and protectins
that suppress pro-inflammatory signaling.2-4 If the
inflammatory response becomes excessive and/or
prolonged, it can lead to collateral tissue damage
that results in adverse cardiac remodeling and pro-
gressive cardiac dysfunction.5

Immune checkpoints are phylogenetically
conserved molecules6 that act as gate keepers of the
immune response by providing critically timed
inhibitory and stimulatory signals to immune cells
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that determine the strength and duration of the im-
mune response, thereby optimizing the immune
response and preserving tissue integrity.7 Our current
understanding of the role of immune checkpoint
pathways is largely derived from seminal research in
the field of cancer immunotherapy. By studying how
the immune system interfaces with solid and hema-
tologic malignancies and understanding how cancer
cells exploit the use of immune checkpoints to sup-
press immune responses and avoid immune detec-
tion, investigators have developed therapeutic
antibodies (Abs) that block inhibitory immune
checkpoint pathways, thereby restoring the ability of
T cells to mount effective antitumor responses. The
clinical observation that treatment with immune
checkpoint inhibitors (ICIs) is associated with the loss
of self-tolerance and the development of autoim-
mune phenomena that impact multiple organ sys-
tems, including the heart, highlights the critical role
of immune checkpoints in terms of modulating im-
mune responses. Indeed, programmed death-1 (PD-1)
(CD279) deficient BALB/c mice spontaneously
develop autoimmune dilated cardiomyopathy.8,9

However, the broader teleological question of
whether immune checkpoints maintain organ ho-
meostasis by modulating the immune response to
tissue injury has not been explored. Here, we use an
experimental model of reversible stress-induced car-
diomyopathy to investigate the role of immune
checkpoints during acute injury and repair (ie, phys-
iological inflammation). We show that transient
myocardial tissue injury up-regulates the canonical
PD-1 signaling axis not only in T cells, but also in
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resident innate immune cells. Remarkably, disrupting
the PD-1/PD-ligand 1 (PD-L1) (B7-H1, CD274)/PD-
ligand 2 (PD-L2) (B7-DC, CD273) signaling axis in-
creases and prolongs the myocardial inflammatory
response to tissue injury, leading to increased
collateral tissue damage and delayed normalization
of left ventricular (LV) structure and function.
Viewed together, these studies highlight a previously
unprecedented role for the PD-1:PD-L signaling axis
in regulating intrinsic physiological inflammatory
responses and restoring organ homeostasis after tis-
sue injury.

METHODS

MICE. C57BL/6J (stock number 000664) and PD-1�/�

(C57BL/6J; B6.Cg-Pdcd1tm1.1Shr/J; stock number
028276) mice were purchased from The Jackson
Laboratory. The mouse colonies were maintained in a
pathogen-free environment at the Washington Uni-
versity School of Medicine and were fed pellet food
and water at libitum. Because stress-induced cardio-
myopathy predominantly occurs in women,10 we
focused the majority of our studies on the response of
10-week-old female C57BL/6J mice and 10-week-old
female PD-1�/� deficient mice. To determine whether
there were sex-related differences, we repeated core
experiments with 10-week-old male C57BL/6J mice.

STUDY APPROVAL. All experimental procedures
were performed in accordance with approved animal
protocols from the Institutional Animal Care and Use
Committee at Washington University School of Med-
icine. These investigations conform to the National
Institutes of Health Guide for the Care and Use of
Laboratory Animals.

INDUCTION OF STRESS-INDUCED CARDIOMYOPATHY.

Mice were injected intraperitoneally (IP) with a single
dose of 300 mg/kg of isoproterenol hydrochloride
(ISO) (Sigma-Aldrich). ISO was dissolved in
endotoxin-free phosphate buffer saline (PBS) (Milli-
pore; 0.05 mg/ml) and prepared on ice for immediate
use. Control mice were injected IP with PBS at an
equivalent volume. The heart, blood, and spleen were
harvested at baseline (before ISO injection); at 1 hour
following ISO or PBS injection; and at 1 (24 hours), 2,
3, 4, and 7 days following ISO or PBS injection.

PD-1–, PD-L1–, AND PD-L2–BLOCKING ANTIBODIES.To
explore the role of PD-1 and PD-1 ligands in ISO-
induced stress-induced cardiomyopathy, anti-PD-1,
anti-PD-L1, anti-PD-L2, or isotype control Abs were
administered IP at a dose of 300 mg per mouse.11,12

The following Abs (Bio X Cell) were employed: rat
anti-PD-1 (clone RMP1-14); rat anti-PD-L1 (clone
10F.9G2); rat IgG2b (clone LTF-2), isotype control
for anti-PD-L1; rat anti-PD-L2 (clone TY25); and rat
IgG2a (clone 2A3), isotype control for anti-PD-1 and
anti-PD-L2.11 All Abs were diluted in InVivoPure
dilution buffers (Bio X Cell) to a concentration of
1 mg/mL just prior to use, according to the
manufacturer’s instructions. Mice received Ab in-
jections 2 days before, and 1 and 4 days after
ISO administration.

CYTOTOXIC T LYMPHOCYTE-ASSOCIATED ANTIGEN-4 IG.

To prevent T cell activation in ISO-induced stress-
induced cardiomyopathy, recombinant cytotoxic T
lymphocyte-associated antigen-4 (CTLA4) Ig or re-
combinant human isotype control IgG1 Ab were
administered IP, at a dose of 200 mg per mouse.13,14

The Abs were obtained from Bio X Cell and diluted
in InVivoPure dilution buffers (Bio X Cell) to a con-
centration of 1 mg/mL just prior to use, according to
the manufacturer’s instructions. Mice received in-
jections 2 days before and 1 and 4 days after
ISO administration.

SERUM TROPONIN I LEVELS. Serum troponin I was
measured using the ARCHITECT i2000 analyzer
(Abbot Laboratories). Blood was collected by
mandibular bleeding in BD Microtainer tubes at the
time of terminal sacrifice. The serum was diluted 1:4
in PBS (80 mL serum þ 240 mL PBS).

GRAVIMETRIC AND HISTOLOGICAL ANALYSIS. Mice
were sacrificed at baseline; at 1 hour after ISO injec-
tion; and at 1, 2, 3, and 7 days after ISO injection, and
the hearts were removed and weighed to determine
the heart weight/tibia length ratio. Hearts were pro-
cessed, paraffin-embedded, and stained with hema-
toxylin and eosin and Masson’s trichrome, as
described previously. Myocardial inflammation was
assessed in sections stained with hematoxylin and
eosin. The degree of myocardial inflammation was
scored semiquantitatively in the following manner
using an inflammatory score index: 0 ¼ no infiltrate;
1þ ¼ infiltrates involving <25% of the ventricular
myocardium; 2þ ¼ infiltrates involving 25%-50% of
the myocardium; 3þ ¼ infiltrates involving 50%-75%
of the myocardium; and 4þ ¼ infiltrates involving
75%-100% of the myocardium, as described.15

ECHOCARDIOGRAPHIC STUDIES. Image acqui s i t ion .
Ultrasound examination of the heart was performed
using the Vevo 2100 ultrasound system (VisualSonics)
equipped with a 30-MHz linear array transducer as
described.16,17 Avertin (2,2,2-tribromoethanol, 2.5%
solution, 0.005 mL/g body weight IP) was used for
sedation for all imaging studies.
Imaging protocol . Mice were imaged by echocardi-
ography at baseline and at 1 hour, 6 hours, and 7 days
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after ISO injection to evaluate LV regional and global
structure and function, as described.17 Global LV size
and function was evaluated by subjecting the para-
sternal long-axis movie loops of the LV to the speckle-
tracking based strain analysis software implemented
in the Vevo 2100 system (VevoStrain).17

Assessment of LV reg iona l wal l mot ion. LV
regional wall motion was assessed from the base to
apex of the LV. Briefly, 7 2-dimensional (2D) short-
axis movie loops of the LV were acquired from the
base to apex by manually advancing the transducer in
1-mm increments. Each of the 7 short-axis images was
divided into 12 radial segments. LV wall motion
within each segment was assessed visually and
determined as normal (score ¼ 1), hypokinetic
(score ¼ 2), or akinetic (score ¼ 3), adopted from
guidelines by the American Society of Echocardiog-
raphy and validated in mouse studies as
described.18,19 Ultrasound studies were performed by
an experienced operator blinded to the experimental
protocol. The results were displayed as a bull’s eye
plot configured to display 7 myocardial cross sections
so that the inner ring represents the apex of the LV,
the middle ring represents the segments of the mid-
LV, and the outer ring represents the basal segments
of the LV, with each cross section subdivided into 12
radial sections (total of 84 segments). Segmental wall
motion score index (SWMSI) was calculated as the
ratio of the sum of the wall motion scores over all of
the segments scored (values >1 indicate abnormal
segmental wall motion).

FLOW CYTOMETRY. I so lat ion of leukocytes f rom
the heart . Mice were sacrificed in a CO2 chamber.
Hearts were perfused and finely minced, as
described.20 Hearts were digested with collagenase
type I (Sigma-Aldrich; 450 U/mL), DNAse I type II
(Sigma-Aldrich; 60 U/mL), and hyaluronidase type
I-S (Sigma-Aldrich; 60 U/mL) in a final volume of
3 mL of Hank’s balanced salt solution (HBSS) for
45 minutes at 37 �C with agitation. The digested
sample was supplemented with 6 mL of 2% fetal
bovine serum (FBS) plus 0.2% bovine serum albumin
in HBSS to block the enzymatic activity, and then
filtered using 40-mm cell strainers and pelleted by
centrifugation (350 g for 7 minutes at 4 �C). Red
blood cells were lysed using ACK lysing buffer
(Gibco) for 15 minutes on ice, and the remaining cells
were resuspended in 200 mL of FACS buffer (PBS
with 2% FBS and 2 mmol/L EDTA), stained with
conjugated antibodies (see Supplemental Table S1)
for 30 minutes at 4 �C, and washed with FACS buffer
before analysis. Data were acquired using Becton
Dickinson analyzers (BD X20 or LSRFortessa) at the
Washington University Department of Pathology
Flow Cytometry and Sorting Core facility. Compen-
sation controls were generated using UltraComp
eBeads (Invitrogen) and verified on single-color
control samples obtained by staining primary sple-
nocytes. The gating strategies are summarized in
Supplemental Figure S1. Cell cytometric data were
analyzed by FlowJo software (Tree Star).
I so lat ion of leukocytes f rom the blood and
spleen . The lysis of red blood cells, staining, and
acquisition were as described in the previous text.
Blood obtained by mandibular bleeding was collected
into tubes containing EDTA (Sarstedt). Data are
shown as the number of cells/20 mL of blood. Spleens
were removed and finely minced using 40-mm filters
in HBSS with 2% FBS and 0.2% bovine serum albu-
min. Data are shown as the percentage of CD45þ cells
isolated from the spleen (n ¼ 400,000 cells). The
gating strategies are summarized in Supplemental
Figures S2 (blood) and S3 (spleen).

CELL SORTING AND SINGLE-CELL TRANSCRIPTIONAL

PROFILING. We used the Chromium Single Cell 3’ v3
or 5’ Library Kit and Chromium Instrument (both
from 10x Genomics) to perform single-cell transcrip-
tional analyses.
Myocard ia l CD45D leukocytes . We performed 5’
sequencing and performed transcriptional profiling of
cardiac CD45þ leukocytes isolated from the whole
hearts of wild-type (WT) mice (10 weeks of age) at 3
time points: baseline and days 2 and 7 post-ISO in-
jection. Myocardial cells were isolated as described in
the “Flow cytometry” section. After digestion and
removing red blood cells, myocardial cells isolated
from 3 mice at each time point were pooled together
in 1 tube, respectively (3 tubes containing 3 hearts/
tube). The remaining cells were resuspended in 200
mL of FACS buffer containing 1 mL of TruStain FcX Plus
(Fc blocker; BioLegend). A total of 1 mL of Zombie
Aqua Fixable Viability Kit (BioLegend) and 1 mL of
CD45/PerCP-Cy5.5 Ab were added to each tube. They
were also labelled with Hashtag-C Abs. The sample at
the baseline was labelled with Hashtag-C #1, day 2
with Hashtag-C #2, and day 7 with Hashtag-C #3 (see
Supplemental Table S2 for details). Cells were incu-
bated for 30 minutes at 4 �C, protected from light, and
then washed twice with FACS buffer. Approximately
20,000 CD45þAqua� cells (doublets excluded) were
sorted from the tube of each time point using an FACS
Aria-II Cell Sorter. Sorted CD45þAqua� cells were
collected in DMEM containing 5% FBS. All heart cells
were mixed in 1 tube and centrifuged at 350 g, 4 �C for
10 minutes (acceleration 7 and brake 0). CD45þAqua�

cells were resuspended in DMEM containing 5% FBS

https://doi.org/10.1016/j.jacbts.2022.05.006
https://doi.org/10.1016/j.jacbts.2022.05.006
https://doi.org/10.1016/j.jacbts.2022.05.006
https://doi.org/10.1016/j.jacbts.2022.05.006
https://doi.org/10.1016/j.jacbts.2022.05.006
https://doi.org/10.1016/j.jacbts.2022.05.006
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(35 mL in total) and submitted to the McDonnell
Genome Institute at Washington University for
further analysis.20,21

SINGLE-CELL RNA SEQUENCING AND MAPPING. The
Seurat package in R (R Foundation for Statistical
Computing) was used for all subsequent analyses.22

Cells that expressed fewer than 500 genes or that
were unlabeled or doublets per Hashtag Ab labeling
were removed. For normalization, scaling, and vari-
ance stabilization of count data, the SCTransform
package was used with concomitant regression of
cells with high mitochondrial DNA counts.23 Inte-
gration was performed instead of standard RNA pro-
cessing and cluster identification because of concern
for cells switching identity classes across time points.
Cells were integrated using anchors identified across
time points from the top 3,000 most variable genes
and 29 dimensions from the anchor data set using the
IntegrateData function of Seurat.24 Cell clustering
was performed on the integrated data set using
principal-components analysis. The top 15 principal
components were selected based on JackStraw and
Elbow plots of the principal-components analysis.
The FindClusters function was then used to perform
k-nearest neighbor clustering with a resolution of
0.25 on the integrated assay. For cluster identifica-
tion, the FindAllMarkers function was used to
determine the top 20 differentially expressed
markers by cluster that were expressed in at least
25% of cells and had a differential log2 fold change of
at least 0.25. These markers were then passed to the
“My Geneset” tool provided by the Immunological
Genome Project for cell-type identification.25 For
differential gene expression analysis, a standard
nonintegrated processing workflow was used, as
previously described.21 Briefly, cells with mitochon-
drial DNA content >7%, fewer than 200 unique
feature counts, or >5,000 unique feature counts were
removed. Data were then normalized using a scale
factor of 10,000 and log transformed. The FindVar-
iableFeatures function was used to select highly
variable genes with mean >0.0125 or <3, and
dispersion >0.5. The MAST algorithm in the Seurat
FindMarkers function was used to determine differ-
ential gene expression between time points for indi-
vidual clusters with a minimum cell expression
percentage of 10%, a minimum log2 fold change of
0.25, and an adjusted P value of at least 0.05. Pseu-
dobulk data set analysis was performed by summing
normalized gene counts across all cells at each time
point. Log2 fold changes of each ratio of gene counts
at a time point relative to counts at baseline were
then determined for each gene.
CELL CULTURE. Peritoneal-derived inflammatory
cells (PDICs) were isolated from 10-week-old WT mice
4 days after IP injection of 1 mL of thioglycolate me-
dium (Millipore), as described.26 PDICs were plated at
1.5 � 106 cells/mL in 12-well plates and cultured in
DMEM with 10% FBS, 1 mmol/L sodium pyruvate, 100
U/mL penicillin/streptomycin, 2 mmol/L L-glutamine,
10 mmol/L HEPES, and 55 mmol/L 2-mercaptoethanol.
Necrotic myocardial cell extracts (NCEs) were pre-
pared from 10-week-old WT mouse hearts as
described previously.27 Cells were treated with 10 mg/
mL NCEs, 200 ng/mL Toll-like receptor 2 (TLR2)
agonist Pam3CSK4 (InvivoGen),28 100 ng/mL TLR4
agonist lipopolysaccharide (LPS) (LPS-EB Ultrapure,
InvivoGen),26 ISO (1, 10, or 100 mmol/L),29 4 mg/mL rat
IgG2a (clone eBR2a, eBioscience), 4 mg/mL anti-
mTLR2 Ab (clone C9A12, InvivoGen),30 10 mg/mL
anti-mTLR4 Ab (clone MTS510, GeneTex),27 and
1 mmol/L IMD-0354 (IKKb/NF-kB inhibitor) (Tocris).31

PDICs were cultured with Pam3CSK4, LPS, or NCEs
for 72 hours. The cells were preincubated with IgG2a,
anti-TLR2 ab, anti-TLR4 ab, or IMD-0354 for 30 mi-
nutes before stimulation with NCEs. For FACS anal-
ysis, both adherent and nonadherent cultured cells
were collected. To collect the adherent fraction,
cells were incubated for 30 minutes at 37 �C with
Cellstripper (Corning). The adherent cells were mixed
with the nonadherent cells, spun down at 250 g for
3 minutes at 4 �C, and resuspended in 200 mL of FACS
buffer for further analysis by FACS. Dead cells were
excluded using Zombie Aqua staining (BioLegend).
Macrophages were gated as CD45þAqua� CD64þ,
CD4 T cells: CD45þAqua� CD4þ, and CD8 T cells:
CD45þAqua� CD8þ, respectively. Ab specifications,
staining, acquisition, and data analysis are described
in the “Flow Cytometry” section.

STATISTICAL ANALYSIS. All data are presented as
mean � SEM. The Shapiro-Wilk test was used to
determine whether the data were normally distrib-
uted. The Kaplan-Meier survival curves were
analyzed using the log-rank (Mantel-Cox) test. Sta-
tistical comparisons between 2 experimental groups
were performed using the 2-tailed Student’s t-test.
One-way analysis of variance (ANOVA) with Dun-
nett’s (multiple comparisons to a control) or Tukey’s
(all pairwise comparisons) correction for multiple
post hoc comparisons were performed where appro-
priate. For 2-way ANOVA, a Sidak’s correction was
used for post hoc comparisons. To analyze the time-
dependent changes in data, repeated measures
ANOVA were used to adjust for within-group corre-
lations. Otherwise, the data were analyzed using
standard ANOVA for multiple comparisons. All data



FIGURE 1 Characterization of Stress Induced Cardiomyopathy Model

(A) Kaplan-Meier survival curves of isoproterenol (ISO)-injected (n¼ 42) and diluent injected (phosphate buffer saline [PBS]) control mice (n ¼ 33). (B) Serum troponin I

levels at baseline, 1 hour, and days 1-4 in ISO-treated mice (n ¼ 7-12 mice/time). (C) Gravimetric analysis of hearts harvested from ISO-treated mice at baseline (n ¼ 12),

1 hour, and days 1-3 and 7 (n ¼ 9-13 hearts/time). (D) Representative photographs of hematoxylin and eosin–stained hearts at baseline and days 2 and 7 after ISO or

diluent injection (scale bar ¼ 50 mm). (E) Representative photographs of Masson’s trichrome-stained hearts at baseline and days 2 and 7 after ISO or diluent injection

(scale bar ¼ 50 mm). (F) Inflammatory score index at baseline and days 2 and 7 after ISO or diluent injection (n ¼ 24 fields obtained from 4 hearts/time). (G) Flow

cytometry analysis of the number of CD45þ cells/mg of heart tissue at baseline (n ¼ 11 hearts), 1 hour, and days 1-3 and 7 (n ¼ 9-13 hearts/time) after ISO injection.

Data were analyzed by repeated measures 1-way analysis of variance with Dunnett’s multiple comparisons relative to baseline (B, C, and G) or by repeated measures

2-way analysis of variance with Sidak’s multiple comparisons (F). *P < 0.05; **P < 0.01; ***P < 0.001.
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were analyzed using GraphPad Prism version 8. A
P value <0.05 was considered statistically significant.

RESULTS

CHARACTERIZATION OF MURINE MODEL OF

STRESS-INDUCED CARDIOMYOPATHY. To select the
optimal dose of ISO, dose titration studies were per-
formed in WT C57BL/6J female mice (10 weeks of age)
injected with a single dose of 100, 200, or 300 mg/kg
(IP) of ISO. As shown in Supplemental Figure S4, the
degree of inflammation was proportional to the de-
gree of cardiac injury, as assessed by troponin I
release. We found that 300 mg/kg (IP) of ISO pro-
duced the greatest injury with the greatest inflam-
matory response. Therefore, 300 mg/kg of ISO was
used for all experiments in this study. Control WT
C57BL/6J were injected IP with an equal volume of
diluent (PBS). ISO-injected mice displayed decreased
locomotor activity within 5 to 10 minutes, with a
partial resumption of locomotor activity within 2 to 4
hours. The grooming behavior of the mice returned to
normal 3 days after injection. There was no change in
locomotor activity or grooming behavior in the mice
injected IP with diluent. As shown by the Kaplan-
Meier analysis in Figure 1A, there was a statistically
significant (P ¼ 0.025) 14.3% decrease in survival in
the ISO-treated mice, whereas there were no deaths
in the diluent-treated mice. Treatment with ISO
resulted in a significant increase in circulating levels
of Troponin I at 1 hour (P < 0.001) and on day 1
(P ¼ 0.018), but the levels were not different from
baseline by day 2 (Figure 1B), Consistent with the in-
crease in ISO-induced myocyte injury, there was a

https://doi.org/10.1016/j.jacbts.2022.05.006


FIGURE 2 LV Structure, Function, and Regional Wall Motion in a Model of Stress-Induced Cardiomyopathy

(A) Representative long-axis (top) and short-axis (bottom) 2-dimensional echocardiographic images from isoproterenol (ISO)-injected mice at baseline, 1 hour, and

7 days (see Videos S1 and S2). Superimposed green lines represent speckle-tracking analysis of endocardial and epicardial contours; radially oriented vectors represent

the direction and amplitude of segmental endocardial velocities. (B) Left ventricular (LV) end-diastolic volume (EDV), (C) left ventricular ejection fraction (LVEF %),

(D) regional segmental wall motion from LV base to apex, and (E) global segmental wall motion score index (SWMSI) at baseline, 1 and 6 hours, and 7 days after ISO

injection (n ¼ 5-12 mice/time). The global SWMSI was determined as the average of 84 regional LV segments, where 1 ¼ normal wall thickening, 2 ¼ hypokinesis, and

3 ¼ akinesis. Data were analyzed by repeated measures 1-way analysis of variance with Dunnett’s multiple comparisons relative to baseline. *P < 0.05; **P < 0.01.
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significant increase in heart weight-to-tibia length on
day 1 (P ¼ 0.040) after ISO injection, which peaked
on day 2 (P ¼ 0.013) and returned to baseline levels by
day 7 (Figure 1C).

To characterize the myocardial inflammatory
response to ISO, we performed immunohistochem-
istry and FACS on diluent and ISO-treated hearts at 1
hour and on days 1, 2, 3, and 7. Figure 1D shows
representative hematoxylin and eosin staining of
leukocyte infiltrates on days 2 and 7 after ISO treat-
ment; the results of group data are summarized in
Figure 1F. The inflammatory score index was signifi-
cantly greater on days 2 and 7 (P < 0.001 for both) in
the ISO-treated mice when compared with baseline
values. Masson’s trichrome staining revealed that
there was increased patchy fibrosis in the heart at
7 days after ISO injection (Figure 1E). Consistent with
these findings, FACS analysis (Figure 1G) revealed that
the number of CD45þ leukocytes in the hearts
increased significantly on days 2 (P ¼ 0.036) and 3
(P ¼ 0.002), and returned to baseline values
incompletely by day 7 after ISO injection (P < 0.001
relative to baseline).

To determine whether the ISO-induced tissue
injury resulted in changes in LV structure and func-
tion, we performed 2D echocardiography at baseline
and at 3 sequential time points after ISO injection.
Figure 2A shows representative 2D echocardiographic
images of LV long- and short-axis structure at base-
line, 1 hour, and 7 days after ISO injection (see also
Videos S1 and S2), whereas group data are summa-
rized in Figures 2B and 2C. ISO injection resulted in a
significant increase in left ventricular end-diastolic
volume (LVEDV) at 1 and 6 hours (P ¼ 0.004 and
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P ¼ 0.012, respectively), with a return to baseline
values by day 7. Left ventricular ejection fraction
(LVEF) decreased significantly (P ¼ 0.005) at 1 hour
post-ISO injection, but normalized by 6 hours. To
resolve whether ISO injection resulted in abnormal-
ities in regional myocardial function, we performed a
semiquantitative analysis of segmental wall motion
after ISO injection. As shown in Figure 2D, treatment
with ISO provoked segmental wall motion abnor-
malities in the mid to apical inferior wall of LV that
were detectable as early as 1 hour after ISO injection.
Although segmental wall motion abnormalities were
still detectable in the mid to apical inferior wall of LV
segments 6 hours after injection, the extent of
segmental wall motion abnormalities was decreased
relative to 1 hour. By 7 days, segmental wall motion
abnormalities had normalized in most segments. As
shown in Figure 2E, the SWMSI, which reflects the
sum of all segmental wall motion abnormalities,
was significantly worse (P ¼ 0.005) at 1 hour after
ISO injection, but was not significantly different
from baseline values on day 7. Viewed together,
these findings suggest that a single dose of ISO in-
duces tissue injury and a brisk inflammatory
response, which is accompanied by transient
changes in LV structure and function that normalize
within 7 days.
CHARACTERIZATION OF ISO-INDUCED INFLAMMATORY

RESPONSE IN THE HEART, BLOOD, AND SPLEEN.Recog-
nizing the reciprocal nature of the regulation between
the adrenergic nervous system and the immune sys-
tem,15 we performed a comprehensive survey of the
contemporaneous changes that occurred in subsets of
immune cells residing in the heart, the circulation,
and the spleen at baseline; at 1 hour after ISO injec-
tion; and on days 1, 2, 3, and 7 after ISO injection. The
gating strategy for these separate FACS analyses are
provided in Supplemental Figures 1 to 3.
Changes in the immune ce l l profi le in the
heart . As shown in Figure 3A, the number of Ly6Gþ

neutrophils (P ¼ 0.001) and Ly6ChighCD64low mono-
cytes (P ¼ 0.031) in the heart peaked on day 1 when
compared with baseline values and remained signifi-
cantly above baseline levels on day 7 (P ¼ 0.033 and P
¼ 0.021, respectively). The decline in monocytes in
the heart was accompanied by a significant increase
in the number of CD64þLy6Clow/� macrophages,
which were significantly elevated on day 3 (P <

0.001), partially returning to baseline values by day 7
(P ¼ 0.009 relative to baseline) (Figure 3F). The
number of CD4þ T cells increased significantly in the
heart on days 3 and 7 (P ¼ 0.014 and P ¼ 0.004,
respectively), whereas the number of CD8þ T cells did
not become significantly (P ¼ 0.022) elevated until
day 7. In contrast, the number of CD19þ B lympho-
cytes in the heart decreased significantly on days 1
(P < 0.001), 2 (P ¼ 0.007), and 3 (P ¼ 0.008), and
returned to baseline values by day 7. Further analyses
of profiles of B lymphocyte subsets revealed that the
decrease in myocardial CD19þ lymphocytes was sec-
ondary to a significant decrease in CD19þCD11b� B2
cells (see Supplemental Figure S5). The response to
ISO injury was qualitatively similar but quantitatively
different in male mice. As shown in Supplemental
Figure S6, although lethality was numerically
greater in male mice, it was not significantly different
than in female mice (P ¼ 0.223). However, the extent
of tissue injury and heart weight-to-tibia length was
significantly greater in male mice when compared
with female mice, and the inflammatory response was
also significantly greater in male mice.
Changes in the ce l l profi les of c i rcu lat ing
immune cel l s . The changes in the number of leu-
kocytes in the blood were similar but not identical to
those observed in heart after ISO injection. As shown
in Figure 3, neutrophil number in the blood increased
significantly at 1 hour (P < 0.001) and remained
significantly elevated on day 7 (P ¼ 0.014). The
number of circulating Ly6ChighCD64low monocytes
were not significantly different from baseline values
at any of the other time points examined. Interest-
ingly, ISO injection resulted in a numerical decrease
in the number of circulating CD4þ and CD8þ T cells on
days 1 and 2, with a return toward baseline values on
days 3-7; the overall changes in cell numbers were not
statistically significant for CD4þ cells (P ¼ 0.175 by
ANOVA). Similar to the observations in the heart, the
number of circulating B lymphocytes decreased
significantly on days 1 (P ¼ 0.008) and 2 (P ¼ 0.002),
which was secondary to a decrease in CD19þCD11b� B2
cells (Supplemental Figure S5).
Changes in the ce l l p rofi les of sp len ic immune
cel l s . Changes in the immune profile of splenic cells
were expressed as the percentage of the total CD45þ

cells. The initial increase in the splenic neutrophils
and monocytes on day 1 after ISO injection was
similar but not identical to those observed in the in
the heart. There was a significant increase in the
percentage of Ly6Gþ (P ¼ 0.005) and Ly6ChighCD64low

(P ¼ 0.005) cells on day 1 after ISO injection
(Figures 3A and 3B), similar to what was observed in
the heart. Consistent with our observations in the
heart, the percentage of splenic Ly6Gþ neutrophils
and Ly6ChighCD64low monocytes remained signifi-
cantly elevated above baseline on day 7 (P ¼ 0.030
and P ¼ 0.006, respectively). There was no significant
change in CD4þ or CD8þ T lymphocytes in the spleen
at any time point after ISO injection. The percentage
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FIGURE 3 Immunophenotyping of CD45þ Cells in the Heart, Blood, and Spleen Following ISO Injection

Flow cytometry was performed on CD45þ cells that were isolated from the heart (cells/mg of tissue), blood (cells/20 mL) and spleen (% of CD45þ cells) of identical

mice. (A) Ly6Gþ neutrophils, (B) Ly6ChighCD64low monocytes, (C) CD4þ T cells, (D) CD8þ T cells, and (E) CD19þ B lymphocytes were isolated from the heart, blood,

and spleen at baseline (n ¼ 11-12 mice), 1 hour, and days 1-3 and 7 (n ¼ 8-13 mice/time) after isoproterenol (ISO) injection. (F) CD64þLy6Clow/� macrophages were

isolated from the hearts of ISO-injected mice at baseline (n ¼ 12 mice), 1 hour, and days 1-3 and 7 (n ¼ 9-12 mice/time) after ISO injection. Data were analyzed by

repeated measures 1-way analysis of variance with Dunnett’s multiple comparisons relative to baseline. *P < 0.05; **P < 0.01; ***P < 0.001.
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of CD19þ B cells in the spleen decreased significantly
(P ¼ 0.003) on day 1 after ISO injection, with a return
to baseline values on days 2, 3, and 7. Viewed
together, these data suggest that ISO injection
provokes time-dependent changes in immune-cell
subsets in the heart that coincide temporally with
the onset and resolution of myocardial injury. In
contrast, the changes in immune-cell subsets in the
blood and spleen were less pronounced than in the
heart, and were not as tightly coupled to the time
course of ISO-induced myocardial injury.

SINGLE-CELL RNA SEQUENCING. To further pheno-
type the changes in the immune-cell subsets in the
heart following ISO injury, we performed single-cell
RNA sequencing of CD45þ leukocytes isolated from
the heart at baseline and at days 2 and 7. As shown in
by the Unsupervised Uniform Manifold Approxima-
tion and Projection plots in Figure 4A, we identified 10
distinct clusters of immune cells in the heart (see
Supplemental Figure S7). At baseline, the most
prominent cell clusters were B cells > LYVE1� mac-
rophages (monocyte-derived tissue resident) > CCR2�

LYVE1þ macrophages (embryonic-derived tissue
resident) ¼ T cells ¼ NK cells ¼ dendritic
cells ¼ stromal cells > monocytes > granulocytes.
Following ISO injury there was a striking increase in
the cluster density of LYVE1� macrophages that was
accompanied by increased cluster density for Ly6Cþ

monocytes, granulocytes, dendritic cells, stromal
cells and IFN activated macrophages. There was cor-
responding decrease in cluster density for B cells, T
cells, NK cells, and CCR2�LYVE1þ macrophages.
Following resolution of ISO injury, the cluster density
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of LYVE1� macrophages, dendritic cells, and IFN-
activated macrophages remained elevated above
baseline levels, whereas the relative cluster density of
CCR2�LYVE1þ macrophages, stromal cells, gran-
ulocytes, and monocytes returned to baseline levels
(Figure 4B). The cluster density of T cells, B cells, and
NK cells on day 7 remained below baseline levels. The
violin plot in Figure 4C shows that on day 2, the
LYVE1� macrophages, dendritic cells, and monocytes
were CCR2þ, suggesting that they were bone
marrow derived.

To understand whether there were changes in the
transcription profile of the different cell clusters,
relative to baseline, we examined the differentially
expressed genes (DEGs) profile in clusters 0-9 be-
tween baseline and 2 and between baseline and day 7
after ISO injury. Supplemental Table S3 shows that
the greatest changes in gene expression in immune
cells on day 2 were: LYVE1� macrophages (1,879
DEGs) > monocytes (233 DEGs) > dendritic cells (156
DEGs) > CCR2�/LYVE1þ macrophages (65 DEGs) >

IFN-activated macrophages (26 DEGs) > granulocytes
(10 DEGs) > B cells (0 DEG) ¼ T cells (0 DEG) ¼ NK
cells (0 DEG). The greatest changes in gene expres-
sion on day 7 in immune cells were: LYVE1� macro-
phages (401 DEGs) > dendritic cells (15 DEGs) >

CCR2�/LYVE1þ macrophages (11 DEGs) > IFN-
activated macrophages (2 DEGs) > B cells (1
DEG) ¼ T cells (1 DEG) > monocytes (0
DEG) ¼ granulocytes (0 DEG) ¼ NK cells (0 DEG).

We used a weighted gene network analysis (WGNA)
to identify gene modules for DEGs in the LYVE1�

macrophages on days 2 and 7 relative to baseline
levels (see Supplemental File S1 for gene lists). There
were too few differentially expressed genes in the
CCR2�/LYVE1þ and dendritic cell clusters to perform
WGNA. Among the DEGs in LYVE1� macrophages,
WGNA revealed the emergence of 20 unique differ-
entially expressed eigengene modules on day 2, and 7
differentially expressed eigengene modules on day 7.
Prominent biological themes for eigengene modules
on day 2 included neutrophil activation, increased
glycolysis, antigen presentation, positive and nega-
tive regulation of cytokines and inflammation,
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FIGURE 4 Single-Cell RNA Sequencing of CD45þ Cells Isolated From the Heart Following ISO Injection

Unsupervised Uniform Manifold Approximation and Projection (UMAP) plot of 10� single-cell sequencing data from the total of 3,748 CD45þ cells (baseline: 1,104

cells; day 2: 1,457 cells; day 7: 1,187 cells) after quality control. CD45þ cells were sorted from the hearts of mice at baseline and on days 2 and 7 after isoproterenol

(ISO) injection. (A) A total of 10 unique cell clusters were identified (see Methods) at each time period. (B) The proportion of cell clusters depicted in A. (C) Feature plot

of CCR2þ expression in LYVE1� macrophages, dendritic cells, monocytes, and LYVE1þ macrophages. (D) Heat map of changes in gene expression for immune

checkpoint inhibitors and stimulators in LYVE1� macrophages, LYVE1þ macrophages, dendritic cells, and T cells. Data represent the fold change in expression levels

(following log2 normalization) on days 2 and 7 relative to baseline.
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changes in gene transcription and protein meta-
bolism, and NF-kB signaling (Supplemental
Figure S8A), whereas the prominent biological
themes on day 7 included antigen presentation,
phagocytosis, and T-cell regulation (Supplemental
Figure S8B).

ISO-INDUCED INJURY UP-REGULATES THE

PD-1/PD-L1/PD-L2 IMMUNE CHECKPOINT AXIS. Given
the increasing recognition of the role of immune
checkpoint molecules with respect to modulating
immune responses, we examined the relative
expression levels of inhibitory and stimulatory im-
mune checkpoint genes in the LYVE1� macrophages,
CCR2�/LYVE1þ macrophages, dendritic cells, and
T-cell clusters shown in Figure 4A. As illustrated by
the heat map in Figure 4D, the expression of inhibi-
tory checkpoint genes, including Pdcd1 (PD1), Ada,
Nectin2, Havcr2, Lgals9, Cd200r1, Btnl2, and Cd274
(PD-L1), were increased on day 2 after ISO injection
relative to baseline levels. This was accompanied by a
reciprocal decrease in the expression of immune
checkpoint genes, such as Cd28, Icos, Tnfrsf9, Cd27,
Tigit, Btla, Cd226, and Cd40Ig on day 2. By day 7
following ISO injury, the relative expression levels of
2 immune checkpoint inhibitory genes (Havcr2,
Lgals9) were decreased, whereas several inhibitory
immune checkpoint genes remained above baseline
levels (Pdcd1, Ada Nectin2, Cd200r1, Btnl2, Cd274).
Recognizing the role of the PD-1/PD-L1/PD-L2
signaling axis in the heart,32 we explored the dy-
namics of the PD-1, PD-L1, PD-L2 protein expression
in cardiac resident immune-cell subsets following ISO
injury. As shown in Supplemental Figure S9A, there
was a significant increase in the number of CD64þ,
CD4þ, and CD8þ cells expressing PD-1 and PD-L1 on
day 2 after ISO injection, whereas increased PD-L2
expression was not detected in these cell types until
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day 7. The expression levels of PD-1 returned to
baseline values by day 7 in CD64þ, CD4þ, and CD8þ

cells, whereas the number of CD64þ and CD4þ cells
expressing PD-L1 remained significantly above base-
line levels on day 7 (gating strategy shown in
Supplemental Figure S10).

To determine whether the dynamic regulation of
the PD-1/PD-L1/PD-L2 axis was unique to immune cell
subsets residing in the heart, we also performed a
FACS analysis of immune cells in the blood
(Supplemental Figure S9B) and the spleen
(Supplemental Figure S9C). In contrast to the dy-
namic changes in the number of PD-1/PD-L1/PD-L2
expressing immune cells in the heart, there was no
significant change in the number of Ly6ChighCD64low

monocytes, CD4þ, and CD8þ T cells expressing PD-1,
PD-L1, or PD-L2 in the blood at any time point
examined after ISO injection (gating strategy shown
in Supplemental Figure S11). Surprisingly, there was
no change in the percentage of PD-1þ immune cells in
the spleen at any time point examined, whereas there
was an increase in the percentage of Ly6ChighCD64low

cells expressing PD-L1 on day 2 and an increase in the
percentage of CD4þ, CD8þ, and CD19þ cells expressing
PD-L1 on day 7. There was also an increase in the
percentage of CD19þ cells expressing PD-L2 on day 7
(gating strategy shown in Supplemental Figure S12).
Viewed together, these data suggest that the ISO-
induced cardiac injury increases the number of
PD-1–, PD-L1–, and PD-L2–expressing macrophages
and T cells at the site of tissue injury on days 2 and 7,
with a delayed increase in the % of PD-L1– and PD-L2–
expressing leukocytes in the spleen that occurred
predominantly on day 7.

FUNCTIONAL SIGNIFICANCE OF PD-1/PD-L1/

PD-L2 AXIS FOLLOWING MYOCARDIAL INJURY

The observation that the number of macrophages and
T cells expressing PD-1, PD-L1, and PD-L2 increased in
the heart and not in the circulation or spleen sug-
gested that up-regulation of the PD-1/PD-L1/PD-L2
signaling axis in the heart modulated the inflamma-
tory response following ISO injury. To test this pos-
sibility, we examined the ISO-induced inflammatory
response in PD-1�/� mice and isogenic WT mice, as
well as mice treated with anti-PD-1, anti-PD-L1, or PD-
L2 Abs or isotype control Abs (Figure 5A). As shown by
the Kaplan-Meier analysis in Figure 5B, there was no
significant difference in the survival in the ISO-
treated PD-1�/� mice in comparison to the WT mice,
nor there was a difference in mortality in the mice
treated with the anti-PD-1, anti-PD-L2, or isotype
control Abs. There was, however, a striking 40%
increase in mortality (P ¼ 0.005) in the mice treated
with the anti-PD-L1 Ab when compared with the iso-
type control or WT mice. Figure 5C shows that the
troponin I levels were increased on day 2 in all groups
of mice injected with ISO. However, the salient
finding shown by Figure 5C is that the troponin I
levels were significantly (P ¼ 0.047) elevated in the
mice treated with anti-PD-L1 Ab when compared with
isotype control Ab-treated mice. The serum troponin I
levels in PD-1�/� or anti-PD-1 Ab–treated WT mice
were not significantly different from respective con-
trol WT mice on day 2, whereas serum troponin I
levels were significantly higher on day 7 in the
PD-1�/� mice (P ¼ 0.005), but not in the anti-PD-1 Ab-
treated mice, which may reflect differences in acute
vs chronic attenuation of PD-1 signaling. Consistent
with the increase in ISO-induced myocyte injury in
WT mice treated with an anti-PD-L1 Ab, there was
also a significant trend (P ¼ 0.079) toward increase in
heart weight-to-tibia length on day 2 in these mice
relative to isotype control-treated mice, and a
significantly greater increase in heart weight-to-tibia
length at day 7 in the PD1�/� mice relative to WT
mice (P ¼ 0.028) (Supplemental Figure S13A).

To characterize the myocardial inflammatory
response to ISO injection in PD-1�/� mice and in mice
treated with anti-PD-L1 and anti-PD-L2 Abs, we per-
formed immunohistochemical staining and FACS
analysis. The inflammatory score index was signifi-
cantly greater on day 2 (P < 0.001) after ISO injury in
the mice treated with the anti-PD-L1 Ab when
compared with isotype control Ab-treated mice,
whereas the inflammatory score index was signifi-
cantly greater (P < 0.001) on day 7 after ISO treatment
in PD-1�/� mice relative to WT control mice
(Supplemental Figures 13B and 13C). In accordance
with these findings, relative to isotype-treated con-
trol mice, the number of myocardial CD45þ cells were
significantly increased on day 2 in the anti-PD-L1 Ab-
treated mice (P < 0.001) and significantly increased
on day 7 in the PD-1�/� mice (P ¼ 0.005) relative to WT
mice (Figure 5D).

To further delineate the immune response in sub-
sets of CD45þ leukocytes, we performed FACS anal-
ysis of Ly6Gþ, Ly6ChighCD64low monocytes, CD64þ

macrophages, CD4þ T cells, CD8þ T cells, and CD19þ B
cells in the heart, blood, and spleen in WT and
PD-1�/� mice, and anti-PD-1, anti-PD-L1, anti-PD-L2
Abs, and isotype Ab control-treated WT mice at
baseline and at days 2 and 7 after ISO injury. As
shown in Figures 5E to 5J, relative to the respective
control mice, there was no significant increase in the
number of Ly6Gþ, Ly6ChighCD64low, CD64þ, CD4þ,
and CD19þ cells in the heart on day 2 after ISO
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FIGURE 5 Effects of ISO Injury in PD-1�/� Mice and WT Mice Injected With Anti-PD-1, Anti-PD-L1, and Anti-PD-L2 Monoclonal Abs

(A) Experimental protocol for isoproterenol (ISO)-injected mice treated with anti-PD-1, anti-PD-L1, anti-PD-L2 antibodies (Abs), or isotype control Abs. (B) Kaplan-

Meier survival curves of ISO-injected wild-type (WT), PD-1�/� mice, or ISO-treated WT mice injected with anti-PD-1, anti-PD-L1, anti-PD-L2 Abs, or isotype control Abs.

(C) Serum troponin I levels at baseline, day 2 and day 7 in ISO-injected WT, PD-1�/� mice or ISO-treated WT mice injected with anti-PD-1, anti-PD-L1, anti-PD-L2 Abs or

isotype control Abs (n ¼ 5-13 mice/group/time). (D) Flow cytometry analysis of the number of CD45þ cells/mg of heart tissue. Number (cells/mg of heart tissue) of (E)

Ly6Gþ neutrophils, (F) Ly6ChighCD64low monocytes, (G) CD64þLy6Clow/� macrophages, (H) CD4þ T cells, (I) CD8þ T cells, and (J) CD19þ B lymphocytes in ISO-

injected WT, PD-1�/� mice, or ISO-treated WT mice injected with anti-PD-1, anti-PD-L1, anti-PD-L2 Abs, or isotype control Abs (n ¼ 4-13 mice/group/time). Data were

analyzed by 1-way analysis of variance with Tukey’s multiple comparisons within each time point (C to J). *P < 0.05; **P < 0.01; ***P < 0.001; ††P < 0.01 relative to

isotype control.
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injection in the PD-1�/� mice or mice treated with an
anti-PD-1 Ab, whereas there was a trend (P ¼ 0.065)
toward significance in the number of CD8þ lympho-
cytes in the anti-PD-1 Ab mice. In contrast to the ki-
netics of the immune cell response observed in the
PD-1�/� mice and anti-PD-1 Ab-treated mice, there
was a significant increase in the Ly6Gþ (P < 0.001),
Ly6ChighCD64low (P ¼ 0.029), CD4þ (P ¼ 0.009), and
CD8þ (P ¼ 0.029) cells on day 2 in the anti-PD-L1 Ab-
treated mice relative to isotype control Ab-treated
mice. Intriguingly, on day 7 after ISO injection there
was a significant increase in the number of CD64þ

(P ¼ 0.001), CD4þ (P < 0.001), and CD8þ (P ¼ 0.003)
cells in the hearts of the PD-1�/� mice, consistent with
a delayed inflammatory response in these mice,
whereas the inflammatory response was almost
completely resolved in the WT mice treated with anti-
PD-1 Ab or anti-PD-L1 Ab, save for a small but signifi-
cant increase in Ly6ChighCD64low (P ¼ 0.024) cells in
the anti-PD-L1 Ab-treated mice. Treatment with an
anti-PD-L2 Ab had no effect on the number of immune
cells in the ISO-injured heart on either day 2 or 7.
Viewed together these data indicate that initial
magnitude of the inflammatory response is greater in
mice treated acutely with an anti-PD-L1 Ab, whereas
mice with a germ line deletion of PD-1 have a
prolonged inflammatory response following tissue
injury.

Given the central role of ICIs in regulating T cells,
we asked whether the observed increase in CD4þ and
CD8þ T cells in PD-1�/� mice was responsible for the
delayed resolution of inflammation and increased
tissue injury observed in the PD-1�/� mice on day 7.
As shown in Supplemental Figure S14A, we pre-
treated PD-1�/� mice with CTLA4Ig (to prevent T-cell
activation) 2 days before ISO injection, as well as on
days 1 and 4 after ISO injection. Mice treated at
identical time points with an isotype control Ab
served as the appropriate controls. PD-1�/� mice
injected with CTLA4Ig had a significant reduction in
the number of CD4þ and CD8þ T cells on day 7 after
ISO injury, as well as in the number of
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FIGURE 5 Continued
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CD4þCD62L�CD44� and CD8þCD62L�CD44� effector
T cells, when compared with the isotype control Ab-
treated PD-1�/�mice (Supplemental Figures S14B and
S14C). However, the troponin I levels in the ISO-
injected mice on day 7 were not different in the
CTLA4Ig-treated mice relative to isotype control mice
(Supplemental Figure S14D), nor did blocking T-cell
activation with CTLA4Ig result in a decrease the
number of CD45þ (Supplemental Figure S14E), Ly6Gþ,
Ly6ChighCD64low, CD64þ, and CD19þ cells on day 7
(Supplemental Figure S14F), suggesting that the
delayed resolution of inflammation and increased
tissue injury in the PD-1�/� mice was not dependent
on activation of T cells.

We also immunoprofiled ISO-induced changes in
immune cells in the blood and the spleen of PD-1�/�

mice and mice treated with anti-PDL-1 and anti-PD-L2
Abs (Supplemental Figure S15). Of note, at baseline
there were significant increases in the number of
circulating CD4þ cells (P < 0.001), CD8þ cells
(P < 0.001), and CD19þ cells (P ¼ 0.010) in the PD-1�/�

mice relative to WT mice, whereas there were no dif-
ferences in the percentage of splenic CD4þ, CD8þ, or
CD19þ cells in the PD-1�/� mice at any time point
examined. Following ISO injury, the number of
circulating CD19þ cells was significantly (P < 0.001)
greater on day 2 after ISO injury in the PD-1�/�

mice when compared with WT mice, whereas
Ly6Gþ cells were greater in the circulation (P ¼
0.009) and the spleen (P < 0.001) in the PD-1�/�

mice on day 7. In contrast, treatment with anti-PD-
L1 or PD-L2 Abs had no effect on ISO-induced
changes in circulating or splenic immune cells at
any time point that was examined.

To ascertain whether the delayed resolution of
inflammation in the PD-1�/� mice resulted in changes
in LV structure and function, we performed 2D
echocardiography in the PD-1�/� mice at baseline as
well as 1 hour, 6 hours, and 7 days after ISO injection.
ISO-induced cardiac injury resulted in a significantly
greater increase in LVEDV at 1 hour (P ¼ 0.001) and 6
hours (P ¼ 0.007) in PD-1�/� mice relative to WT
(Figure 6B). Although the initial decline in LVEF was
similar in the WT and PD-1�/� mice 1 hour after ISO
injection, the LVEF normalized in the WT mice 6
hours after ISO injection, whereas the LVEF remained
significantly (P ¼ 0.005) depressed in the PD-1�/�

mice at 6 hours (Figure 6C). Both LVEDV and LVEF
were not significantly different between WT and
PD-1�/� mice at 7 days. The number of ISO-induced
segmental wall motion abnormalities in the mid to
apical inferior segments of the LV were similar in WT
and PD-1�/� mice at 1 hour, but numerically greater in
the PD-1�/� mice at 6 hours (P ¼ 0.015) and on day 7
(P ¼ 0.318), when compared with ISO-injected WT
control mice (Figures 6A and 6D).
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FIGURE 6 LV Structure, Function, and Regional Wall Motion in PD-1�/� Mice After ISO Injection

(A) Regional segmental wall motion from left ventricular (LV) base to apex in wild-type (WT) mice (data from Figure 2D were reproduced here for ease of comparison)

and PD-1�/� mice at baseline, 1 and 6 hours, and 7 days after isoproterenol (ISO) injection (n ¼ 5-12 mice/group/time). (B) LV end-diastolic volume (EDV), (C) left

ventricular ejection fraction (LVEF %), and (D) global segmental wall motion score index (SWMSI) at baseline, 1 and 6 hours, and 7 days after ISO injection (n ¼ 5-12

mice/group/time). The global SWMSI was determined as the average of 84 regional LV segments, where 1 ¼ normal wall thickening, 2 ¼ hypokinesis, and 3 ¼ akinesis.

Data were analyzed by repeated measures 2-way analysis of variance With Sidak’s multiple comparisons (B to D). *P < 0.05; **P < 0.01.
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NECROTIC MYOCARDIAL CELL EXTRACTS INCREASE

THE PERCENTAGE OF PD-1D INFLAMMATORY CELLS

THROUGH TLR SIGNALING. To gain insights into the
mechanism(s) responsible for the up-regulation of
PD-1 in immune cells in the heart following ISO
injury, we stimulated peritoneal derived immune
cells (PDICs) with NCEs in vitro to mimic the im-
mune cell activation provoked by the release of
damage-associated molecular patterns by necrotic
cells. We have shown previously that NCEs initiate
a brisk inflammatory response in the heart through
engagement of TLR4.27 As shown in Figures 7A to
7C, stimulation of PDICs with NCEs provoked a
significant increase in the percentage of PD-1–
expressing CD64þ macrophages (P < 0.001), CD4þ

(P < 0.001), and CD8þ (P < 0.001) T lymphocytes.
The percentage of CD64þ, CD4þ, and CD8þ cells
expressing PD-1 was similar in cells treated with
NCEs or Pam3CSK4, a TLR2 agonist. In contrast,
LPS, a (TLR4 agonist) significantly increased the
percentage of CD64þ cells expressing PD-1, but did
not increase the percentage of PD-1þCD4þ and PD-
1þCD8þ cells. Importantly, ISO had no effect on PD-
1 expression in isolated CD64þ macrophages, CD4þ,
and CD8þ T lymphocytes (Figures 7D to 7F). To
further investigate the role of TLR-mediated
signaling and the relevant downstream signaling
pathway triggered by NCEs, we pretreated NCE-
stimulated PDIC cultures with anti-TLR2/4 block-
ing Abs or IMD-0354 (IKKb/NF-kB inhibitor)
(Figures 7G to 7I). Treatment with an anti-TLR2 Ab
abolished the NCE-induced increase in the per-
centage of CD64þ, CD4þ, and CD8þ cells expressing
PD-1, whereas treatment with an anti-TLR4 Ab
abolished the NCE-induced increase in the per-
centage of CD64þ and CD4þ T cells expressing PD-1,
but had no effect in CD8þ T lymphocytes. Impor-
tantly, pretreating the PDIC cultures with IMD-0354
to inhibit NF-kB signaling abrogated the NCE-
induced increase in the percentage of CD64þ,
CD4þ, and CD8þ T cells expressing PD-1. Viewed
together, these findings suggest that NCEs are



FIGURE 7 Damage-Associated Molecular Patterns Provoke PD-1 Up-Regulation Through the NF-kB-Dependent TLR Signaling Pathway in Peritoneum-Derived

Macrophages and T Lymphocytes

Unfractionated peritoneum-derived inflammatory cells (PDICs) were collected following 72-hour culture and the percentage of PD-1þCD64þ macrophages, PD-1þCD4þ,

and PD-1þCD8þ T lymphocytes was evaluated by flow cytometry analysis. (A to F) PDICs were cultured in media alone (control) or necrotic cardiac myocyte cell

extracts (NCEs) (10 mg/mL), a Toll-like receptor 2 (TLR2) agonist (Pam3CSK4; 200 ng/mL), a TLR4 agonist (lipopolysaccharide [LPS]; 100 ng/mL), or isoproterenol (ISO)

(1, 10, or 100 mmol/L). PD-1 expression in (A) CD45þAqua�CD64þ macrophages (n ¼ 9-11 biological replicates/group), (B) CD45þAqua�CD4þ T lymphocytes (n ¼ 9-11

biological replicates/group), (C) CD45þAqua�CD8þ T lymphocytes (n ¼ 9-10 biological replicates/group), (D) CD45þAqua�CD64þ macrophages (n ¼ 8 biological

replicates/group), (E) CD45þAqua�CD4þ T lymphocytes (n ¼ 8 biological replicates/group), and (F) CD45þAqua�CD8þ T lymphocytes (n ¼ 8 biological replicates/

group). (G to I) PDICs were cultured in media alone (control) or in the presence or absence of NCEs (10 mg/mL), IgG (4 mg/mL), anti-TLR2 antibody (Ab) (4 mg/mL),

anti-TLR4 Ab (10 mg/mL), or NF-kB inhibitor (IMD-0354; 1 mmol/L). The percentage of cells expressing PD-1 was determined for (G) CD45þAqua�CD64þ macrophages

(n ¼ 9 biological replicates/group), (H) CD45þAqua�CD4þ T lymphocytes (n ¼ 9 biological replicates/group), and (I) CD45þAqua�CD8þ T lymphocytes (n ¼ 9

biological replicates/group). Data are expressed as fold changes relative to control values and presented as mean � SEM, and were analyzed by 1-way analysis of

variance with Tukey’s multiple comparisons. ***P < 0.001.

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 7 , N O . 1 1 , 2 0 2 2 Hayashi et al
N O V E M B E R 2 0 2 2 : 1 1 2 0 – 1 1 3 9 PD-1 Signaling in Myocardial Homeostasis

1135
sufficient to increase the percentage of CD64þ and
CD4þ cells expressing PD-1 through a TLR2/TLR4/
NF-kB-dependent manner in macrophages and
CD4þ T lymphocytes, whereas the effect of NCEs in
CD8þ T lymphocytes is mediated through TLR2/NF-
kB dependent pathway.
DISCUSSION

We performed an in-depth phenotypic characteriza-
tion of the time-dependent changes in cardiac resi-
dent immune cells, circulating immune cells, and
splenic immune cells in an experimental model of



Hayashi et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 7 , N O . 1 1 , 2 0 2 2

PD-1 Signaling in Myocardial Homeostasis N O V E M B E R 2 0 2 2 : 1 1 2 0 – 1 1 3 9

1136
reversible stress-induced cardiomyopathy. Here, we
show that transient myocardial injury induced by a
neurohormonal stress provokes an acute inflamma-
tory response that is accompanied by reversible
changes in LV structure and function, and that
inhibitory immune checkpoint receptors and ligands
belonging to the PD-1:PD-L family are responsible, at
least in part, for modulating the acute myocardial
inflammatory response, as well as normalization of
stress-induced abnormalities of LV structure and
function. The following 3 lines of evidence support
these statements.

First, ISO injection resulted in a transient release of
troponin I (Figure 1B) and a self-limited myocardial
inflammatory response that occurred pari passu with
increased myocardial tissue edema (Figure 1C), infer-
oapical regional LV wall motion abnormalities
(Figures 2A and 2D), increased LV dilation (Figure 2B),
and decreased LV function (Figure 2C). The changes in
myocardial structure and function normalized with
the resolution of the inflammatory response
(Figures 1F, 1G, and 2). Second, phenotypic analysis of
the response of immune cells in the heart following
transient myocardial injury was in overall agreement
with the temporal pattern of immune cell trafficking
observed following acute myocardial infarction,
namely an early influx of Ly6Gþ neutrophils and
Ly6ChighCD64low monocytes early after tissue injury,
followed by an increase in the population of
CD64þLy6Clow/� macrophages and CD4þ and CD8þ T
cells at later time points after tissue injury
(Figure 3).33 The decrease in myocardial CD19þ B cells
following ISO injury differs from the increase in
myocardial B cells that has been reported following
acute myocardial infarction or ischemia reperfusion
injury.26,34 Single-cell RNA sequencing of immune
cell populations in the heart revealed that tissue
injury stimulated the expansion of LYVE1� macro-
phage and dendritic cell clusters, as well as the
emergence of a unique cluster of IFN activated mac-
rophages (Figure 4), suggesting that resolution of the
inflammatory response was accompanied by pheno-
typic changes in the immune cell clusters in the heart
relative to the phenotype of immune cell clusters in
naïve hearts. WGNA further suggested that the tran-
scriptional profile of the LYVE1� macrophage cell
clusters is functionally different after resolution of
tissue injury and inflammation, with up-regulation of
biological themes related to antigen presentation,
phagocytosis, and T-cell regulation.

Third, acute tissue injury provoked an increase in
inhibitory immune checkpoint genes along with a
down-regulation of stimulatory immune checkpoint
genes (Figure 4D) in LYVE1� and LYVE1þ
macrophages, and dendritic cell clusters (Figure 4D).
Surprisingly, we observed minimal changes in the
expression levels of immune checkpoint genes in
T-cell clusters (Figure 4D). The stress-induced up-re-
gulation of the PD-1/PD-L1/PD-L2 axis in cardiac
resident CD64þ, CD4þ, and CD8þ immune cells on day
2 after ISO-induced injury was tissue autonomous,
insofar as the up-regulation of these immune check-
point proteins did not occur until day 7 after tissue
injury in subsets of circulating and splenic immune
cells. Consistent with this point of view, necrotic
cardiac extracts were sufficient to increase the num-
ber of PD-1þ CD64þ, CD4þ, and CD8þ cells in vitro
(Figure 7). The observation that the ISO-induced in-
flammatory response did not completely resolve in
PD-1�/� mice and that the sustained inflammation
was associated with persistent myocardial edema
(Supplemental Figure S13A) and delayed resolution of
adverse LV remodeling structure and depressed LV
function relative to WT control mice (Figures 6B and
6C), coupled with the finding that the magnitude of
the ISO-induced inflammatory response was
increased in mice treated with an anti-PD-L1 Ab and
resulted in a 40% increase in mortality in these mice
relative to isotype-treated control mice, suggests that
the observed changes in the PD-1/PD-L1 axis in car-
diac resident immune cells following tissue injury are
functionally significant. Viewed together, these
studies suggest a previously unappreciated role for
immune checkpoints in regulating myocardial ho-
meostasis following tissue injury.

Our findings with respect to the rapid onset and
rapid resolution of cardiac injury and inflammation in
WT mice are consistent with the known pharmaco-
kinetics of ISO (half-life 4-5 minutes35), the reported
kinetics of troponin release (24 hours) and normali-
zation of troponin levels (48 hours) after ISO injec-
tion,36-38 and the rapid recovery of LV function
following ISO injury (see Supplemental Table S4).39,40

Our results differ from a recent study by Liao et al41

who reported that inflammation and elevated
troponin levels persisted for up to 1 week in female
mice injected with a single dose of ISO (200 mg/kg IP).
Histological sections of the mouse hearts revealed
fibrosis and cell death at 1 week after ISO injection.41

Although the reason(s) for the discrepancy between
this and prior studies and the report by Liao et al41 are
not clear, they may relate, at least in part, to differ-
ences in the technique for injecting ISO IP, which can
lead to transient hypotension42 and increased gut
permeability.43 In our early studies with this model,
we observed that mice that did not resume normal
locomotor activity and developed a hunched posture
and ruffled for 3-7 days after ISO injection also lost
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body weight and developed profound lymphopenia,
and were distinctly different biologically from mice
that recovered rapidly following ISO injection. With
refinements in the ISO injection technique, we
observed that the majority of ISO-injected animals
recovered completely, consistent with what has
been observed in patients with stress-induced
cardiomyopathy.

IMMUNE CHECKPOINTS AND MYOCARDIAL TISSUE

HOMEOSTASIS. PD-1 is a type I transmembrane pro-
tein that belongs to the CD28 superfamily of immune-
regulatory receptors that also includes CTLA4. PD-1
was initially identified on the cell surface of acti-
vated T lymphocytes, and can be inducibly expressed
on B cells, monocytes, macrophages, and dendritic
cells.44 Interactions between PD-1 and its cognate li-
gands, PD-L1 and PD-L2, restrain T-cell activity by
inhibiting antigen-mediated T-cell receptor signaling
pathways. PD-L1 is broadly expressed, and is induc-
ible in B cells, dendritic cells, and macrophages, as
well as in some nonhematopoietic cells such as
epithelial and endothelial cells, as well as cardiac
myocytes.45-47 PD-L2 has more limited expression
and is mainly restricted to antigen-presenting cells,
such as subsets of B cells, macrophages, and dendritic
cells. Although the vast majority of research on im-
mune checkpoints has focused on the importance of
these molecules in regulating T-cell activation, the
studies presented herein along with recent studies in
the cancer literature serve to highlight the impor-
tance of the role of immune checkpoints in regulating
innate immune responses as well.45 Indeed, when we
treated PD-1�/� mice with a CTLA4Ig to prevent T-cell
activation, we did not observe a decrease in ISO-
induced tissue injury or a decrease in the inflamma-
tory response relative to isotype control-treated mice,
suggesting that the increased tissue injury in the ISO-
treated PD-1�/� mice was mediated by innate immune
cells (Supplemental Figures S14D and S14E). Finally,
although checkpoint inhibitory ligands are predomi-
nantly thought to exert their effects by engaging
inhibitory T-cell receptors in trans, some of the ef-
fects of immune checkpoint receptor ligand in-
teractions may result from ligands that are able to
engage costimulatory T-cell molecules in cis (ie,
within the same cell).45 For example, PD-L1 has been
shown heterodimerize with CD80 (B7-1) on the sur-
face of dendritic cells, thereby disrupting trans
PD-L1:PD-1 interactions with immune cells.48,49

Accordingly, blocking PD-L1 may have different
effects on immune cell interactions than blocking
PD-1.45 Whether these observations explain, at least
in part, the observed differences in outcomes from
blocking PD-1 and PD-L1 in the ISO-injured mice is not
known and will require further study.

Much of what is known about the PD-1:PD-L im-
mune checkpoint signaling axis in the heart has been
gleaned indirectly from studies on myocarditis,
vasculitis, and pericarditis in cancer patients under-
going treatment with ICI therapies (reviewed by
Varricchi et al32). Relevant to this discussion, stress-
induced cardiomyopathy has been also reported in
patients receiving ICIs.50 The observation that ICI
myocarditis in patients is characterized by myocardial
infiltration of macrophages and T lymphocytes and is
associated with cardiac myocyte death and LV
dysfunction32 is entirely consistent with the experi-
mental observations in the present study, wherein we
observed that inhibition of the PD-1/PD-L1 immune
checkpoint axis resulted in a prolonged inflammatory
response and cardiac myocyte death in response to a
superimposed transient neurohormonal stress.
Although the mechanism of ICI-induced myocarditis
is not clearly known and has been attributed to
disruption of cellular tolerance and or cross-reactivity
to tumor antigens resulting in infiltration of T lym-
phocytes and monocytes and macrophages,51 the re-
sults of the present study suggest an alternative,
albeit not mutually exclusive possibility: ICI-induced
myocarditis may arise, at least in part, because of the
inability to dampen the normal physiological inflam-
matory responses that facilitate tissue repair in the
heart,1 which is continually exposed to mechanical
stress and strain as well as high levels of reactive
oxygen species. Conceptually, the failure to resolve
physiological inflammatory responses in the heart
would lead to increased myocardial injury, dendritic
cell activation, and T-cell priming with cardiac spe-
cific peptides in the secondary lymphoid tissue that
drain the heart, with the result that activated circu-
lating T-cell clones would rapidly expand when they
re-encounter tissue specific antigens in the heart.

CONCLUSIONS

The clinical success with ICIs across a variety of solid
and hematological malignancies has highlighted the
central role of T cells in cancer immunotherapy.
Although there is increasing recognition that immune
checkpoints regulate innate immune cells, the focus
of these studies has been in the context of under-
standing how immune checkpoint blockade affects
the antitumor response of innate immune cells.45

Here, we show that transient myocardial tissue
injury up-regulates the PD-1:PD-L signaling axis in
cardiac resident innate immune cells, and that the
disruption of this axis increases and prolongs the
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Despite the increasing number of cancer patients

and survivors treated with ICIs, the mechanisms of

ICI-induced myocarditis or functions of immune

checkpoints in the heart remain unclear. Our study

highlights the role of immune checkpoint biology in

regulating innate immune responses beyond the T-

cell and an important role of immune checkpoints in

resolving acute myocardial inflammation and

restoring tissue homeostasis.

TRANSLATIONAL OUTLOOK: Our experimental

findings are entirely consistent with the features of

human ICI-associated myocarditis, such as myocardial

infiltration of macrophages and T lymphocytes, car-

diac myocyte death, and LV dysfunction. Considering

that cancer patients are often exposed to environ-

mental stress, ICI-associated myocarditis may be, at

least in part, attributable to the inability to dampen

the normal physiological inflammatory responses that

facilitate cardiac tissue repair. Further studies are

needed to determine whether our observations are

relevant to the development of pathological

myocardial inflammatory responses in patients

treated with ICIs. The present study also provides the

basis for a translational strategy that immune check-

point agonists might be exploited therapeutically in

immune dysregulation disorders, such as autoimmune

diseases, acute graft rejection, giant cell myocarditis,

and neuroinflammation.
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myocardial inflammatory response, resulting in
increased collateral tissue damage and delayed
normalization of LV structure and function. Viewed
together, these studies expand the role of immune
checkpoint biology beyond that of modulating T-cell
responsiveness in malignancies, and highlight a pre-
viously unappreciated role for immune checkpoints
as essential components of the tightly integrated
biological process for resolving acute myocardial
inflammation and restoring tissue homeostasis.
Whether these observations are relevant to the
development of pathological inflammatory responses
in the hearts of patients who are being treated with
ICIs is unknown and will require additional studies.
Aside from the importance of these studies in terms
of our understanding the regulation of physiological
inflammation in the heart, they also raise the inter-
esting possibility that immune checkpoint agonists
might be exploited therapeutically in conditions
where there are dysregulated immune responses,
including autoimmune diseases, acute graft rejection,
giant cell myocarditis, and neuroinflammation.52,53
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