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Innate lymphoid cells (ILCs), including ILC1s, ILC2s, and ILC3s, play critical roles in
regulating immunity, inflammation, and tissue homeostasis. However, limited attention
is focused on the unique phenotype of ILCs in the heart tissue. In this study, we
analyzed the ILC subsets in the heart by flow cytometry and found that ILC2s were
the dominant population of ILCs, while a lower proportion of type 1 ILCs (including
ILC1 and NK cells) and merely no ILC3s in the heart tissue of mice. Our results show
that ILC2 development kinetically peaked in heart ILC2s at the age of 4 weeks after
birth and later than lung ILC2s. By conducting parabiosis experiment, we show that
heart ILC2s are tissue resident cells and minimally replaced by circulating cells. Notably,
heart ILC2s have unique phenotypes, such as lower expression of ICOS, CD25 (IL-
2Rα), and Ki-67, higher expression of Sca-1 and GATA3, and stronger ability to produce
IL-4 and IL-13. In doxorubicin-induced myocardial necroptosis model of mouse heart
tissue, IL-33 mRNA expression level and ILC2s were remarkably increased. In addition,
IL-4 production by heart ILC2s, but not lung ILC2s, was also dramatically increased
after doxorubicin treatment. Our results demonstrate that heart-resident ILC2s showed
tissue-specific phenotypes and rapidly responded to heart injury. Thus, further studies
are warranted to explore the potential for IL-33-elicited ILC2s response as therapeutics
for attenuating heart damage.
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INTRODUCTION

Innate lymphoid cells (ILCs), which are widely distributed in the body and lack the type of
diversified antigen receptors, are the innate counterparts of T lymphocytes (1, 2). It is well accepted
that ILCs are identified as lineage-negative (Lin−) and interleukin-7 (IL-7) receptor α-positive
(CD127+) (3), emerging into three populations (ILC1s, ILC2s, and ILC3s) based on the signature
transcription factors and effector cytokines. ILC1s require the transcription factor T-bet and
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produce interferon-gamma (IFN-γ), ILC2s express the
transcription factor GATA3 and produce the type 2 cytokines
IL-4, IL-5, and IL-13, while ILC3s express the transcription factor
RAR-related orphan receptor gamma t (RORγt) and have the
ability to produce IL-22 and/or IL-17 (4, 5).

Growing evidence suggest that ILC subsets are involved in
development of specific tissue tropisms, including the skin,
intestine, liver and lung (1). For example, ILC1s are the dominant
ILC population in intestinal intraepithelial layer (IEL) and
liver, whereas ILC2s are the dominant population in the lung
and skin. ILC3s are found in significant numbers in intestinal
lamina propria layer (6–10). To date, the ILC subsets are poorly
characterized in tissue homeostasis and tissue-specific response
after injury in heart tissue. Most recently, a group of non-
cytotoxic cardiac ILC progenitor was found in the heart tissue,
suggesting that ILCs with specific-feature may also exist (11).

Here, we found that ILC2s are the dominant population of
ILCs, while ILC1s are also present with a lower proportion
and there are no ILC3s in the mice heart tissue. Compared
with lung ILC2s, heart ILC2s have unique phenotypes in the
identified markers and the ability of IL-13 and IL-4 cytokines
secretion. Furthermore, ILC2s rapidly expanded and secreted
IL-4 in response to myocardial necroptosis.

MATERIALS AND METHODS

Animals
Male or female C57BL/6 mice [vary from embryonic day
(E) 18.5-8 weeks old] were maintained under specific
pathogen free conditions, which were acclimatized at 22–
25◦C, 50 ± 10% relative humidity and had 12 h light/dark
cycles, periodic air changes, and free access to water and
food in the Experimental Animal Center of the Army
Military Medical University (Chongqing, China). Congenic
C57BL/6 CD45.1 mice strains were obtained from The Jackson
Laboratory (Sacramento, CA, United States). All animal
procedures and protocols were approved by the Animal
Ethics Committee of the Army Medical University, and
followed the guidelines of the Institutional Animal Care and
Use Committees of the Army Military Medical University
(Chongqing, China).

Parabiosis
Parabiosis were performed as previously described in the
literature (12, 13). Briefly, mice were anesthetized by isoflurane
vaporizer (4–5% v/v). Then skin incisions were made on the
flanks of age-, sex- and weight-matched CD45.2+ (C57BL/6),
besides CD45.1+ (C57BL/6) mice followed by gently detaching
the skin from the subcutaneous fascia. The knee joints of
two mice are clearly distinguishable, connected and then the
incisions were joined with a continuous absorbable suture.
0.5 ml of 0.9% NaCl was administrated subcutaneously to
each mouse to prevent dehydration and post-operatively. Mice
received pain medication and antibiotics for the first week
after parabiosis.

Doxorubicin (DOX)-Induced Myocardial
Necroptosis
Eight weeks old C57BL/6 mice were injected with either DOX
(20 mg/kg, i.p., Med Chem Express LLC, Shanghai, China) or
saline, according to a previous study (14). Heart tissues were
collected and single-cell suspensions were prepared by enzymatic
digestion after 24 h or 96 h of DOX treatment.

Single-Cell Suspensions Preparation
Liver tissues were grinded and passed through a 70-µm stainless
steel mesh. Then, cells were resuspended in 35% Percoll (GE
Healthcare, Pittsburgh, PA, United States) and pellets were
collected after centrifugation (450 × g, room temperature,
10 min). The liver mono-nuclear cells were separated from the
pellets through lysing erythrocytes (15). For heart and lung
lymphocyte isolation, the fresh mouse heart was perfused with
cold PBS to remove peripheral blood cells. Briefly, mice were
anesthetized by isoflurane vaporizer (4–5% v/v). The heart was
slowly perfused with cold PBS from left ventricle by a 10 ml-
syringe until the fluid was clear. Then heart and lung tissues were
cut into pieces and then digested for 45 min at 37◦C in Hank’s
solution containing 10% FBS and 1 mg/ml collagenase I (Sigma-
Aldrich, St Louis, MO, United States), 1 mg/ml collagenase II
(Gibco, Waltham, MA, United States) and 25 µg/ml DNase I
(Sigma-Aldrich, St Louis, MO, United States). After digestion, the
cells were then resuspended in 20% percoll in PBS (pH 7.4, Sigma-
Aldrich, St Louis, MO, United States) and pellets were collected
after centrifugation (450 × g, room temperature, 10 min) (16).
For small intestines lamina propria layer lymphocyte isolation,
luminal contents were flushed and peyer’s patches were removed.
Then the intestines were opened lengthwise and gently agitated
for 20 min at 37◦C in D-hank’s solution (pH 7.4) containing
10 mM HEPES, 5 mM EDTA and 1 mM DTT. Tissues were
then rinsed with Hank’s solution prior to digestion with 1 mg/ml
collagenase II for 40 min at 37◦C under agitation. The collected
digests were filtered through 100 micron mesh and subjected to
centrifugation (450 × g, room temperature, 10 min) using 25%
percoll solutions (17).

Antibodies and Flow Cytometry
Antibodies used for flow cytometry were commercially purchased
and are listed in Table 1. We confirmed the species reactivity for
all antibodies according to the official directions and performed
preliminary experiments to determine the appropriate dilution
for all antibodies. Standard protocols were followed for flow
cytometry (18, 19). Briefly, single-cell suspensions were obtained
from the heart, lung, liver and intestinal lamina propria tissue
of mice. For surface markers, 2 × 106 cells were stained
with anti-CD16/CD32 antibodies (eBioscience, San Diego, CA,
United States) 15 min at room temperature, in the dark with
staining buffer (phosphate-bufferd saline (PBS) containing 2%
mouse serum, 2% horse serum, and anti-CD16/CD32 blocking
antibodies). For intracellular IL-4, IL-5, and IL-13 staining,
2× 106 cells were stimulated with IL-33 (eBioscience, San Diego,
CA, United States) or PMA/ionomycin (BD Biosciences, San
Diego, CA, United States) plus BD Golgi Plug protein transport
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TABLE 1 | Antibodies used for flow cytometry.

Antibodies Clone Source Dilution

Anti-mouse CD45 30-F11 BioLegend 1/200

Anti-mouse CD3e 145-2C11 BioLegend 1/200

Anti-mouse CD19 6D5 BioLegend 1/200

Anti-mouse B220 RA3-6B2 BioLegend 1/200

Anti-mouse Gr-1 RB6-8C5 BioLegend 1/200

Anti-mouse CD127 A7R34 BioLegend 1/100

Anti-mouse CD90.2 30-H12 BioLegend 1/100

Anti-mouse NK1.1 PK136 BioLegend 1/100

Anti-mouse NKp46 29A1.4 BioLegend 1/100

Anti-mouse CD49b DX5 BioLegend 1/100

Anti-mouse KLRG1 2F1 BioLegend 1/100

Anti-mouse GATA3 16E10A23 BioLegend 1/20

Anti-mouse ICOS 15F9 BioLegend 1/100

Anti-mouse Sca-1 D7 BioLegend 1/100

Anti-mouse CD25 3C7 BioLegend 1/100

Anti-mouse F4/80 BM8 BioLegend 1/100

Anti-mouse CD11b M1/70 BioLegend 1/100

Anti-mouse CD11c N418 BioLegend 1/100

Anti-mouse MHC II M5/114.15.2 BioLegend 1/100

Anti-mouse IL-4 11B11 BioLegend 1/50

Anti-mouse IgG2a RTK2758 BioLegend 1/100

Anti-mouse IgG2b RTK4530 BioLegend 1/100

Anti-mouse IgG SHG-1 BioLegend 1/100

Anti-mouse IgG2a RTK2758 BioLegend 1/100

Anti-mouse IgG2b MPC-11 BioLegend 1/100

Anti-mouse CD49a Ha31/8 BD Biosciences 1/100

Anti-mouse ST2 U29-93 BD Biosciences 1/100

Anti-mouse RORγt Q31-378 BD Biosciences 1/100

Anti-mouse CD16/CD32 2.4G2 BD Biosciences 1/100

Anti-mouse CD4 RM4-5 BD Biosciences 1/100

Anti-mouse CD8a 53-6.7 BD Biosciences 1/100

Anti-mouse Ki-67 B56 BD Biosciences 1/66

Anti-mouse CD45.1 A20 BD Biosciences 1/100

Anti-mouse CD45.2 104 BD Biosciences 1/100

Anti-mouse IL-13 eBio13A eBioscience 1/50

Anti-mouse IL-5 TRFK5 eBioscience 1/50

inhibitor (BD Biosciences, San Diego, CA, United States)
for 4 h, then cells were fixed with Fixation/Permeabilization
Solution Kit (BD Biosciences, San Diego, CA, United States)
following the manufacturer’s instructions. RORγt, GATA3 and
Ki67 were stained as recommended by the manufacturer using
Foxp3/Transcription Factor Staining Buffer Set Kit (eBioscience,
San Diego, CA, United States). Lineage (Lin) markers included
CD3e, CD19, B220 and Gr-1. Isotype-matched control antibodies
were all purchased from Biolegend (Biolegend, San Diego, CA,
United States) and BD (BD bioscience, CA, United States) and
used at the same concentration as test antibodies. All flow
cytometry experiments were carried out on a BD FACS Verse or
BD FACS Canto (BD Biosciences, San Diego, CA, United States);
500,000 – 1,000,000 events were assessed per condition within
1 h. Data were analyzed with FlowJo software (version 10.0,
FlowJo LLC, Ashland, OR, United States). The lines indicate
median values for each group.

Histological Analysis
Histological structures of heart were determined by standard
hematoxylin-eosin (HE) staining. Briefly, resected specimens
were fixed in 10% neutral buffered formalin for at least 24 h,
embedded in paraffin, and 4 µm-thick sections were cut. After
processing the sections according to standard protocols, they
were stained with hematoxylin and eosin. The coverslips were
visualized under a Leica confocal laser-scanning microscope
(Leica, Wetzlar, Germany). The investigators were blinded for
acquiring the images.

RNA Isolation and qRT-PCR Analysis
To quantify the expression of mRNA, qRT-PCR was performed
according to standard protocols as previously described (20).
Total RNA was extracted from heart tissue using Trizol
(Invitrogen, Waltham, MA, United States) and total RNA
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(1 µg) was then reverse-transcribed into cDNA using a First
Stand cDNA Synthesis Kit (DBI Bioscience, Ludwigshafen,
Germany). Real-time PCR reactions were carried out with
Bestar SYBR Green qPCR master mix (DBI Bioscience, San
Diego, CA, United States) using an ABI Prism 7700 Sequence
Detector. The cycle threshold (Ct) values were normalized by
the internal control β-actin. Primer sequences for qRT-PCR,
obtained from reported literatures or designed by Pubmed
Primer-BLAST. The primer pairs used were as follows: IL-
33 forward, 5′- CCCTGGTCCCGCCTTGCAAAA-3′; IL-33
reverse, 3′- AGTTCTCTTCATGCTTGGTACCCGA-5′; IL-25
forward, 5′-ACAGGGACTTGAATCGGGTC-3′; IL-25 reverse,
3’- TGGTAAAGTGGGACGGAGTTG-5′; β-actin forward, 5′-
GCCAACCGTGAAAAGATGAC-3′; and β-actin reverse, 3′-
CATCACAATGCCTGTGGTAC -5′ (21).

Statistical Analysis
All quantitative data were transferred to Excel and the statistical
analyses were computed with SPSS software for Windows
(Version 21, SPSS Inc., Chicago, IL, United States). Data
are expressed as means ± S.E.M. For comparison between
two independent experimental groups, an unpaired two-tailed
Student’s t-test when data were normally distributed. When
three or more independent groups were compared, one-way
ANOVA followed by Tukey’s test was performed. A p-value less
than 0.05 was considered to be statistically significant. In each
analysis, there were n = 3–11 replicates per group and results
were representative of at least two independent experiments.
Sample size for each experiment is described in the corresponding
figure legend. All graphs were produced by GraphPad Prism
5.0 for windows software (GraphPad Software Inc., La Jolla,
CA, United States).

RESULTS

ILC2s Are the Predominant Subset
Among ILCs in Mouse Heart Tissue
In order to investigate the subsets of ILCs in heart tissue, we
collected heart lymphocyte mixture by lymphocyte separation
from 8 weeks old mouse heart. Percoll-enriched pellets were
resuspended and stained with surface and/or intracellular
antibodies. Gate strategy of heart ILC subsets was shown in
Figure 1A. We identified a population of lineage negative
(Lin−) and CD127 positive cells in the CD45+ cells. Type I
ILCs were identified by CD45+Lin−CD127+NK1.1+NKp46+
(including ILC1 and NK cells), ILC2s were identified by
CD45+Lin−CD127+CD90.2+ST2+ and ILC3s were recognized
by CD45+Lin−CD127+RORγt+ (8, 15, 22). We found that
ILC2s were divided into KLRG1+ ILC2s and KLRG1− ILC2s
(Figure 1B). Among CD45+cells, Type I ILCs accounted for
about 0.2% (∼100 cells/per heart) and ILC2s accounted for about
1.7% (∼500 cells/per heart) (Figures 1C,D). Whereas, there were
merely no ILC3s (∼18 cells/per heart) based on gate strategy
used in the intestinal LPL ILC3s (Figure 1E). The ratios of ILC2s
among CD45+ cells were higher in the heart tissue in compared
with lung ILC2s of 8 weeks old mice (∼1.7-fold) (Figure 1F).

As some studies reported that some ILC1 subsets, such as liver
ILC1s and salivary ILC1s (23, 24), did not express CD127, we
also used CD45+Lin−NK1.1+NKp46+CD49a+CD49b− to gate
ILC1s. and CD45+Lin−NK1.1+NKp46+CD49a+CD49b− ILC1s
accounted for about 0.4% of CD45+cells, which suggested that
part of ILC1s also did not express CD127 in murine heart tissue.
Besides, conventional NK cells accounted for about 3.0% of
CD45+cells in the mouse heart (Figure 1G). Together, these data
demonstrated that ILC2s were the most predominant subset of
ILCs in mouse heart tissue, even greater than in lung tissue.

Heart ILC2s Peak at the Age of 4 Weeks
After Birth
All ILCs initially generate in E13.5 fetal liver and seed tissues
during fetal development (25). To explore the kinetics of
heart ILC2s during development, we determined the ratios of
total and each subset of ILC2s at the age of 1, 2, 4, 6, and
8 weeks in both heart and lung tissue. The data revealed
that the frequencies of heart total and each subset of ILC2s
(including KLRG1+ILC2 and KLRG1−ILC2) peaked at the age
of 4 weeks after birth (Figures 2A,B), while the frequencies
of lung ILC2s and subsets peaked at the age of 2 weeks after
birth (Figures 2C,D). We also determined the ratio of Type
I ILCs, ILC2s and ILC3s in mouse heart at E18.5 and post-
birth day 1. The results showed that ILC2s existed, while there
were very few type 1 ILCs (including ILC1 and NK cells) and
no ILC3s, in mouse heart at both E18.5 and post-birth day 1
(Supplementary Figure S1).

Heart ILC2s Have Unique Phenotypes
Compared With Lung ILC2s
Next, we investigated whether heart ILC2s were different from
lung ILC2s in terms of surface markers, transcription factor,
proliferation and ability of cytokines secretion. Specifically,
we gated CD45+Lin−CD127+CD90.2+ST2+ for ILC2s in
the heart and lung to measure the expression levels of
KLRG1, ICOS, CD25, Sca-1, GATA3, and Ki-67. Besides, we
gated CD45+Lin−CD25+GATA3+ for ILC2s to measure the
expression levels of CD127, CD90.2, and ST2. Our finding
clearly implied that the protein levels of CD127 (IL-7R), CD90.2
(Thy1.2), ST2 (IL-33R), and KLRG1 in heart ILC2s were similar
to lung ILC2s, whereas the protein levels of ICOS and CD25
(IL-2Rα) were lower in heart ILC2s than these in lung ILC2s
(Figures 3A,B). In contrast, the protein level of Sca-1 in heart
ILC2s was higher as compared with that in lung ILC2s (∼2.2-
fold). A significant increasing of GATA3 was found in heart
ILC2s compared with lung ILC2s (∼1.6-fold) (Figure 3C). As
seen in the Figure 3D, heart ILC2s had a weaker proliferation
ability than lung ILC2s, indicated by Ki-67 positive cells
(∼0.33-fold).

In respond to the cytokines IL-25, TSLP, and IL-33,
and ILC2s are the potent sources to produce IL-4, IL-5,
and IL-13. Both IL-4 and IL-13 could induce smooth-
muscle contraction and wound repairing after infections
(26, 27). We therefore stimulated isolated mouse heart and
lung lymphocytes with IL-33, following determined the
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FIGURE 1 | Subsets of ILCs in mouse heart tissue. (A) Gate strategy of ILCs in the heart of mice. Lineage (Lin) markers included CD3e, CD19, B220, and Gr-1. The
number inside of gate indicates cell events. (B) Expression of KLRG1 in heart ILC2s of 8 weeks old mice. (C,D) Cumulative frequencies (C) and enumeration (D) of
Type I ILCs (including ILC1s and NK cells), ILC2s and ILC3s in CD45+ lymphocyte in the heart of 8 weeks old mice. (E) Cumulative frequencies of ILC3s in CD45+

lymphocyte in heart and LPL of 8 weeks old mice. The number inside of gate indicates cell events. (F) Cumulative frequencies of ILC2s among CD45+ lymphocyte in
the heart and lung tissue of 8 weeks old mice. (G) Another gate strategy of ILC1s irrespective of CD127 expression and cumulative frequencies of ILC1s
(CD45+Lin−NK1.1+NKp46+CD49a+CD49b−) and NK cells (CD45+Lin−NK1.1+NKp46+CD49a−CD49b+) in heart and liver of 8 weeks old mice. Each dot
represents one mouse; error bars represent SEM; *p < 0.05, **p < 0.01, ***p < 0.001. Unpaired two-tailed Student’s t-test (B,E–G). One-way ANOVA (C,D).
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FIGURE 2 | Kinetics of heart ILC2s development after birth. (A,C) Flow cytometric analysis of ILC2, KLRG1+ ILC2 and KLRG1− ILC2 in the heart (A) and lung (C),
respectively, of mice at the indicated age after birth. (B,D) Cumulative frequencies of ILC2s in the heart (B) and in the lung (D) of mice at the indicated age after birth.
Each dot represents one mouse; error bars represent SEM; *p < 0.05, **p < 0.01, ***p < 0.001. One-way ANOVA (B,D).
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production of IL-4, IL-5, and IL-13 by ILC2s. Compared
with lung ILC2s, heart ILC2s had a stronger ability to
produce IL-4 and IL-13 (∼2.4-fold and ∼6.8-fold in IL-
33 stimulation, respectively) (Figure 3E). Heart ILC2s and
lung ILC2s had the similar ability to produce IL-5 (∼0.92-
fold) (Figure 3E). Besides, compared with lung ILC2s,
heart ILC2s also had a stronger ability to produce IL-4 in
response to PMA/ionomycin (Figure 3F). These results
suggest that heart ILC2s had unique phenotypes in terms
of surface marker, transcription factor, proliferation and
cytokine production.

Circulating Cells Minimally Replace
Heart ILC2s
Consideration of affluent bloodstream in the heart, we tested
directly whether hematogenous precursors continuously
replenished the pool of heart ILC2s in 8 weeks old mice.
For this reason, we generated parabiotic mice model, which
widely used for the verification of tissue-resident cells in
non-lymphoid tissues (13, 28). After 2 months of parabiosis,
we analyzed the percentages of various lymphocyte subsets
that derived from the donor or host parabiont. Our results
clearly show that about 46.8% of CD4+ T and 47.4% CD8+
T cells in the peripheral blood (pBL) versus about 45.8%
of CD4+ T and 46.3% CD8+ T cells in the spleen (SP)
belonged to the parabiont donor (Figure 4A), suggesting that
the circulatory system was balanced between the parabiotic
mice. Besides, about 47.7% of CD4+ T and 44.0% CD8+ T
cells in the heart tissue and about 44.6% of CD4+ T and
45.4% CD8+ T cells in the lung tissue derived from parabiont
donor, which demonstrated that circulating T cells infiltrated
adequately in local tissues (Figure 4B). Remarkably, very
few heart ILC2s (∼2.0%) were derived from the blood, the
same as lung ILC2s (∼1.1%) (Figure 4C). This indicates
that heart ILC2s are initially generated and seed tissues
during fetal development and regenerate predominantly
through local renewal.

Heart ILC2s Rapidly Expand and Secrete
IL-4 During Myocardial Necroptosis
Necroptosis and apoptosis are crucially involved in severe
cardiac pathological conditions, including myocardial
infarction, ischemia-reperfusion injury and heart failure
(14). To investigate whether ILC2s may participate in this
process, we established a mouse model of oxidative stress-
induced myocardial necroptosis (14). We used the DOX,
a well-evaluated chemotherapeutic agent, to establish the
irreversible cardiac toxicity, including massive cardiomyocytes
loss, cardiomyopathy and heart failure (29, 30). DOX-induced
heart injury was firstly confirmed by hematoxylin-eosin
(HE) staining. Compared to untreated mice, the DOX-
treated mice had significant myocardium necrosis along
with nuclear enlargement and swollen of cardiomyocytes
(Figure 5A). Meanwhile, we found that the frequency
and number of ILC2s were significant higher in DOX-
treated mouse (17.68 ± 4.46) than that in untreated mouse

(8.51 ± 1.87) after 24 h treatment (Figure 5B) as well as
after 96 h treatment (Figure 5C). The frequency of Ki-67+
ILC2s was increased in DOX-treated mice (16.5 ± 1.8),
compared with that in untreated mice (7.1 ± 1.4) after
24 h treatment (Figure 5D). Interestingly, the frequency
and proliferation activity of lung ILC2s were not changed
after 24 h DOX treatment (Figures 5E,F). In addition,
we also found that the frequencies of total macrophages
(CD11b+F4/80+cells) and type 1 conventional dendritc cells
(cDC1s) (CD11b−CD11c+MHCII+), which were involved in
heart injury (31, 32), were not noticeable changed after 24 h
DOX treatment (Supplementary Figures S2A,B).

Because IL-33 and IL-25 are reported to promote ILC2s
proliferation and activation (33, 34), we measured the IL-
33 and IL-25 mRNA expression in the heart tissue. IL-33
but not IL-25 mRNA expression level increased after DOX
treatment (∼3.5-fold and ∼0.87-fold, respectively) (Figure 5G).
Compared with control mice, heart ILC2s produced more
IL-4, but not IL-5 and IL-13 (∼2.6-fold, ∼1.1-fold and
∼1.2-fold, respectively) (Figure 5H). We also measured the
CD3+T cells and IL-4+T cells and both of them were not
significant changed after 24 h DOX treatment (Supplementary
Figure S2C). Thus, the obtained data proposes that rapid
IL-33 production resulted in ILC2s expansion and IL-4
secretion prior to other immune cells during DOX-induced
myocardial necroptosis.

DISCUSSION

In this report, we present the detailed analysis of various
subsets of ILCs and phenotypes in the heart tissue. The
findings of this study demonstrates the predominant heart
ILC2s subset, even greater than lung ILC2s. Our results
illustrated that ILC2s at the age of 4 weeks after birth can
confidential as heart tissue of mouse. Notably, the heart ILC2s
were characterized by lower expression of ICOS, CD25 (IL-
2Rα), Ki-67, as well as higher expression of IL-4, IL-13, Sca-1
and GATA3. Our results highlighted that heart-resident ILC2s
showed tissue-specific phenotypes and rapidly responded to
DOX-induced cardiotoxicity.

Almost all subsets of ILCs and ILC precursors express
IL-7R (CD127) and response to IL-7 stimulation (3). We
found that CD45+Lin−CD127+ CD90.2+ST2+ ILC2s, defined
in lung tissue (8), was the most dominant ILC subset
in mouse heart, while CD45+Lin− CD127+NK1.1+NKp46+
Type I ILCs (15), and CD45+Lin−CD127+RORγt+ILC3s
(22) was merely found in mouse heart. ILC2s were the
predominant part of ILCs in human and mouse heart
tissue (11), although the authors and we used different
gating strategy. The authors identified that ILC2s (identified
as CD45+Lin−CD90+RORγt−T-bet−ST2+KLRG1+) accounted
for about 20% of CD45+ Lin−CD90+ cells in the mice heart
tissue, however, our data showed that ILC2s accounted for about
40% of CD45+ Lin−CD90+ CD127+ cells. This might because
that a part of CD45+Lin−CD90+ cells did not express CD127
(Data not shown).
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FIGURE 3 | Phenotype differences between heart and lung ILC2s. (A) Histograms of cell surface expression and the mean fluorescence intensity (MFI) of KLRG1,
ICOS, CD25 and Sca-1 in heart and lung ILC2s (identification as CD45+Lin−CD127+CD90.2+ST2+cells) of 8 weeks old mice. (B) CD127, CD90.2 and ST2 in heart
and lung ILC2s (identification as CD45+Lin−CD127+CD25+GATA3+cells) of 8 weeks old mice. (C) The relative expression of GATA3 in heart and lung ILC2s,
respectively, of 8 weeks old mice. (D) Flow cytometric analysis and cumulative frequencies of Ki-67-expressing ILC2s in heart and lung, respectively, of 8 weeks old
mice. (E) Flow cytometric analysis and cumulative frequencies of IL-4 (upper), IL-5 (middle) and IL-13 (lower) by heart and lung ILC2s, respectively, following
stimulation with IL-33 in the presence of Golgi Plug for 4 h of 8 weeks old mice. (F) Flow cytometric analysis and cumulative frequencies of IL-13 by heart and lung
ILC2s, respectively, following stimulation with PMA/ionomycin in the presence of Golgi Plug for 4 h of 8 weeks old mice. Each dot represents one mouse; error bars
represent SEM; *p < 0.05, **p < 0.01, ***p < 0.001. Unpaired two-tailed Student’s t-test (A–F).

Frontiers in Immunology | www.frontiersin.org 8 May 2020 | Volume 11 | Article 802

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-00802 May 2, 2020 Time: 20:37 # 9

Deng et al. Heart Resident ILC2

FIGURE 4 | Circulating cells minimally contribute to heart ILC2s renew. (A,B) Flow cytometric analysis and cumulative frequencies of CD4+ T cells and CD8+ T cells
in peripheral blood (pBL) and spleen (SP) (A) as well as heart and lung (B) of parabiotic mice after 2 months of parabiosis between 8 weeks old WT CD45.1 and WT
CD45.2 C57BL/6 mice. (C) Flow cytometric analysis and cumulative frequencies of ILC2s in heart and lung of parabiotic mice after 2 months of parabiosis between
WT CD45.1 and WT CD45.2 C57BL/6 mice. Each dot represents one mouse; error bars represent SEM; ***p < 0.001. Unpaired two-tailed Student’s t-test (A–C).
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FIGURE 5 | Heart ILC2s expansion and cytokine secretion in response to Doxorubicin treatment. (A) Hematoxylin-eosin (HE) staining and representative pictures
from heart of 8 weeks old mice after 24 h DOX treatment. The arrow direction indicates representative changes. (B,C) Flow cytometric analysis, cumulative
frequencies and enumeration of ILC2s in the heart of 8 weeks old mice after 24 h (B) and 96 h (C) DOX treatment. (D) Flow cytometric analysis and cumulative
frequency of Ki-67-expressing ILC2s in heart of 8 weeks old mice after 24 h DOX treatment. (E) Flow cytometric analysis and cumulative frequency of ILC2s in the
lung of 8 weeks old mice after 24 h DOX treatment. (F) Flow cytometric analysis and cumulative frequency of Ki67-expressing ILC2s in lung of 8 weeks old mice
after 24 h DOX treatment. (G) The relative mRNA expression of IL-33 and IL-25 in the heart tissue of 8 weeks old mice after 24 h DOX treatment. (H) Flow cytometric
analysis and cumulative frequencies of IL-4-producing (upper), IL-5-producing (middle) and IL-13-producing ILC2s (lower) in the heart tissue of mice after 24 h DOX
treatment, n = 4–11. Error bars represent SEM; *p < 0.05, **p < 0.01, ***p < 0.001. Unpaired two-tailed Student’s t-test (B–H).
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All ILCs generate and seed tissues during fetal development
and the perinatal period is a critical window for the
distribution of innate tissue-resident immune cells within
developing organs (25, 35). Unlike tissue macrophages,
a majority of peripheral ILC2 pools are generated de
novo during the postnatal window (5, 8), by display little
hematogenous redistribution to other tissues (28). Although
a minor contribution from circulating precursors can
contribute to tissue pools, ILCs regenerate predominantly
through local renewal after birth in the resting state (5).
Our study also suggested that circulating cells minimally
replace heart ILC2s under physiological status. However,
whether circulating ILC2s or interorgan migration of
tissue-resident ILC2s contributes to heart ILC2s under
pathophysiological status are still unknown. This is because
a recent study reported that a population of inflammatory
ILC2s (iILC2s), which are circulating cells and derived
from intestinal ILC2s, could migrate to the lung after IL-25
stimulation or helminth infection (36). Thus, although we
found obvious proliferation of ILC2s in heart tissue after
DOX treatment, we still could not exclude the possibility
that ILC2s migrate to heart from other organs when the
heart damage occurs.

During the alveolar phase of lung development, the increasing
production of IL-33 accumulates ILC2 cells and the frequency
of ILC2s in the mouse lung reached the peak at the age of
2 weeks after birth (8). But, heart resident ILC2s peaks at
the age of 4 weeks, which may be due to the lower IL-33
production by cardiac fibroblasts during heart development
(37) or less antigens exposure delays the development of
ILC2s in the heart (35). In our study, increased IL-33
expression are parallel with increased Ki-67+ ILC2s after DOX
treatment indicated that IL-33 signal pathway in the heart is
important for maintenance of ILC2s. In addition, previous study
indicated that IL-4 can activate STAT6 and then induce the
expression of GATA3, which forms a positive feedback loop to
reinforce Th2 differentiation (38, 39). Thus, we assumed that
this IL-4/STAT6/GATA3 axis maybe also take effect in heart
ILC2s development.

Compared with lung ILC2s in the lung, heart ILC2s have
unique features in the terms of surface marker, such as lower
expression level of ICOS and CD25 and higher expression
level of Sca-1. ICOS is an important molecule in T cell signal
transduction (40) and deficiency of ICOS showed decreased
ratio of ILC2s and cytokine production (41, 42). CD25 is a
key receptor of IL-2 signaling, which regulates cells survival
(43). Besides, Sca-1 is surface molecule stem cell antigen-
1, representing the differentiation potential (44). Consistent
with these, heart ILC2s showed lower expression of Ki-67. As
compared with lung tissue, heart ILC2s might be with a lower
proliferation capacity and a more immature phenotype, which
might because of the relative sterile micro-environment. Lung
ILC2s must maintain a higher proliferative level to expand
rapidly in response to various stimulations, such as antigens,
virus and worm (8, 45). Interestingly, compared to lung ILC2s
(46), heart ILC2s have a stronger ability to produce IL-4 and
IL-13 in response to IL-33 or PMA/ionomycin stimulation.

Previous study have demonstrated that GATA3 together with
STAT6 promotes the expression of IL-4 and IL-13 (47–49).
So, these evidence suggest that higher GATA3 expression level
of heart ILC2s might be responsible for the higher capacity
of IL-4 and IL-13 production. These difference between heart
ILC2s and lung ILC2s further demonstrates that the local
tissue microenvironment had a profound influence on cells
phenotype and function.

Myocardial damage causes sterile inflammation, by
recruitment and activation of innate and adaptive immune
system cells (31, 50). In this study, we found that ILC2s expanded
and produced IL-4 immediately after DOX-induced myocardial
necroptosis prior to macrophage, dendrtic cells and IL-4+T
activation. IL-4 is well-known to regulate a variety of immune
responses, including T-cell differentiation and macrophage M2
polarization (51, 52). Previous studies showed that IL-4 serves
as an early endogenous neuroprotective mechanism soon after
stroke onset and is important in the acute stages of stroke
(53, 54). Thus, we speculate that in response to myocardial
damage, heart ILC2s act as the first line of responder and
produce IL-4 to promote the response during inflammation
and cardiac tissue repair. However, production of IL-4 by ILC2s
and T cells persistent in the end of recovery stage may also
promote myocardial fibrosis (55). In the line with previous
study, IL-4 could upregulated the expression of procollagen
genes and stimulates collagen production in mouse cardiac
fibroblasts (56).

Overall, ILC2s with unique phenotypes are the major subset
of ILCs in the heart and different from lung ILC2s in
mouse model. Importantly, ILC2s could expand and activate
immediately in response to heart damage. Our finding raises the
potential for IL-33-elicited ILC2s response as therapeutics for
attenuating heart damage.

LIMITATION

A tissue-specific knock-out mouse model of ILCs and
acquirement enough amount of ILCs to transplant are some
significant limitations in the current work. Undoubtedly,
future well-accepted studies would be needed to provide the
localization of ILC2s within the heart and more direct evidence of
a functional requirement for ILC2s in this cardiac injury model.
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FIGURE S1 | Heart ILC2s exist before birth. Flow cytometric analysis as
described in Figure 1A and cumulative frequencies of type I ILCs (including ILC1
and NK cells), ILC2s and ILC3s in the heart of mice at the E18.5 and post-birth

day 1. The number inside of gate indicates cell events. Each dot represents one
mouse; error bars represent SEM; ∗∗p < 0.01, ∗∗∗p < 0.001. One-way ANOVA.

FIGURE S2 | Macrophages, dendritic cells (DCs) and IL-4+ CD4+ T cells in the
heart are not increased after 24 h of DOX treatment. (A,B) Flow cytometric
analysis and cumulative frequencies of macrophages (CD11b+F4/80+ cells) (A)
and type 1 conventional dendritc cells (cDC1s) (CD11b−CD11c+ MHCII+ cells)
(B) in the heart of mice after 24 h DOX treatment. (C) Flow cytometric analysis and
cumulative frequencies of CD3+ T and IL-4+ CD4+ T cells in the heart following
stimulation with PMA/ionomycin in the presence of Golgi Plug for 4 h of mice after
24 h DOX treatment, n = 3–4. Error bars represent SEM. Unpaired two-tailed
Student’s t-test (A–C).
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