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BACKGROUND Innate lymphoid cells type 2 (ILC2s) play critical homeostatic functions in peripheral tissues. ILC2s

reside in perivascular niches and limit atherosclerosis development.

OBJECTIVES ILC2s also reside in the pericardium but their role in postischemic injury is unknown.

METHODS We examined the role of ILC2 in a mouse model of myocardial infarction (MI), and compared mice with or

without genetic deletion of ILC2. We determined infarct size using histology and heart function using echocardiography.

We assessed cardiac ILC2 using flow cytometry and RNA sequencing. Based on these data, we devised a therapeutic

strategy to activate ILC2 in mice with acute MI, using exogenous interleukin (IL)-2. We also assessed the ability of low-

dose IL-2 to activate ILC2 in a double-blind randomized clinical trial of patients with acute coronary syndromes (ACS).

RESULTS We found that ILC2 levels were increased in pericardial adipose tissue after experimental MI, and genetic

ablation of ILC2 impeded the recovery of heart function. RNA sequencing revealed distinct transcript signatures in ILC2,

and pointed to IL-2 axis as a major upstream regulator. Treatment of T-cell–deficient mice with IL-2 (to activate ILC2)

significantly improved the recovery of heart function post-MI. Administration of low-dose IL-2 to patients with ACS led to

activation of circulating ILC2, with significant increase in circulating IL-5, a prototypic ILC2-derived cytokine.

CONCLUSIONS ILC2s promote cardiac healing and improve the recovery of heart function after MI in mice.

Activation of ILC2 using low-dose IL-2 could be a novel therapeutic strategy to promote a reparative response after MI.

(J Am Coll Cardiol 2021;78:1127–1142) © 2021 The Authors. Published by Elsevier on behalf of the American College of Car-

diology Foundation. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
T he mechanisms that lead to heart failure
post-myocardial infarction (MI) are initiated
very early after ischemic injury, triggering

waves of immune responses that play critical roles
in tissue healing and remodeling (1). None of the
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current therapies aimed at improving cardiac
remodeling directly target the immune system
around the time of ischemic injury (2). Therefore,
important advances in therapeutic management
could be expected from a better understanding
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ABBR EV I A T I ON S

AND ACRONYMS

ACS = acute coronary

syndrome

Arg1 = Arginase 1

IL = interleukin

ILC2 = type 2 innate lymphoid

cells

LAD = left anterior descending

MI = myocardial infarction

PcAT = peri-cardial adipose

tissue

RNAseq = RNA sequencing

Treg = regulatory T cells
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and early targeting of the post-ischemic im-
mune response.

During the initial inflammatory phase after
ischemic injury, the rapid infiltration of
neutrophils to the infarct area begins the
process of clearing the necrotic tissue. This is
aided by Ly6Chi monocytes recruited through
secretion of chemokines such as CCL2 and
CCL7, which in turn potentially differentiate
into activated macrophages. The macro-
phages are further conditioned during the
subsequent regulatory phase (3), shifting the
balance from proinflammatory classical acti-
vation toward the alternative activation
phenotype, which is more conducive for tis-
sue repair (4-7). Circulating CD4þ T cells infiltrate the
wounded heart early on and their presence helps to
slew the macrophage phenotype toward the alterna-
tive activation phenotype (8). During the resolution
phase, the activation of regulatory T cells (Tregs) is
beneficial, reducing effector T-cell activation, and
promoting alternative macrophage activation and
tissue repair (9,10).
SEE PAGE 1143
Type 2 innate lymphoid cells (ILC2s) form a cluster
of cells that secrete large amounts of type 2 cytokines,
such as interleukin (IL)-5 and IL-13. Morphologically,
they are very similar to T cells but lack the ability to
express recombined surface antigen receptors, and
thus function in an antigen-independent manner.
Activation of these cells is primarily through the cy-
tokines IL-25 and IL-33, further supported by
lymphocyte-derived IL-2 (11). Although ILC2s are
present in secondary lymphoid tissues, they are 10-
fold more prevalent in barrier tissues (12,13). In our
previous work, we found that the adventitia of ar-
teries and fat-associated lymphoid clusters in peri-
vascular adipose tissue contain ILC2s, which expand
in response to atherosclerosis (14). Further work (15)
showed that adventitial stromal cells provide a sup-
portive niche in these tissues, supplying them with
IL-33 and thymic stromal lymphopoietin. Perivascular
ILC2s are critical regulators of macrophage behavior,
promoting alternative macrophage activation,
thereby limiting the development of unstable
atherosclerotic plaques, directly through the secre-
tion of IL-13 (14). ILC2s also accumulate in pericardial
fat-associated lymphoid clusters and mediastinum,
and a population of IL-33-dependent ILC2s present in
human and mouse hearts (16) has been shown to
expand in settings of myocarditis, pericarditis, and
MI. However, the role of endogenous ILC2s in the
regulation of the immune and healing response post-
MI remains unexplored.

METHODS

EXPERIMENTAL MICE. All work was conducted under
UK Home Office project license regulations after
approval by the Ethical Review Committee of the
University of Cambridge. The following mouse
strains were used: C57BL/6 (in house), Rag2�/�(Jax),
Rorafl/fl Cd127cre Ldlr�/� (ILC2KO), and Rorafl/fl Cd127WT

Ldlr�/� (ILC2WT) (14,17,18). All experimental mice
were females.

LEFT ANTERIOR DESCENDING CORONARY ARTERY

LIGATION MODEL. Heart failure post-MI ismostly due
to abnormal cardiac healing of large infarcts. There-
fore, we used the permanent left anterior descending
(LAD) ligation model (19). Expansion of ILC2s after MI
was achieved using IL-2/jes6-1 (14,20) injected intra-
peritoneally at 1 mg per mouse 3 times a week for
4 weeks. Soluble ST2 was a kind gift from Suzanne
Cohen. Mice received 10 mg/kg soluble ST2 (sST2)
intravenously on day 0 (D0) and, D1 to D3 post-MI.

ECHOCARDIOGRAPHY. Transthoracic echocardiog-
raphy was performed using Vevo 3100 with an MX400
linear array transducer (VisualSonics) at 30 MHz.
Cardiac function was measured on M-mode images.

HISTOLOGICAL ANALYSIS. Heart cryostat sections
were stained with Masson trichrome to determine
scar size. Scar size (in %) was calculated as total
infarct circumference divided by total left ventricular
circumference. Collagen deposition was determined
using Sirius red staining under polarized light (14)
and quantified using Fiji (21) as % total area.

FLOW CYTOMETRY. Single-cell suspension for
spleen, mesenteric lymph nodes, and pericardial and
peri-gonadal white adipose tissue was generated (14).
Cells were washed in phosphate-buffered saline (PBS)
1% fetal calf serum before labeling with desired
antibody cocktails (Supplemental Table 1). Intracel-
lular antigens were detected using the IC Fix/perm kit
(BD Biosciences) as per the manufacturer’s in-
structions. Cells were analyzed on an LSR-Fortessa
(BD Biosciences). Subsequent data were analyzed
with FloJo X analysis software (FreeStar). Examples
of each population gating hierarchy are provided in
Supplemental Figure 1.

LOW-INPUT RNA SEQUENCING. A total of 100
ILC2s were sorted directly into single-cell lysis
buffer (Takara Bio) and stored at �70oC until library
preparation. The lysate was subjected to direct

https://doi.org/10.1016/j.jacc.2021.07.018
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oligo-dT-based reverse transcription and comple-
mentary DNA (cDNA) amplification using SMART-Seq
v4 Ultra Low Input RNA Kit (Takara Bio); 150 pg of
amplified cDNA was then used to generate
sequencing library using Illumina Nextera XT DNA
Library Preparation Kit, validated by an Agilent 2100
Bioanalyzer and pooled at equal molar concentrations.
Sequencing was performed on an Illumina HiSeq4000
instrument (Single-end 50). An average of approxi-
mately 15 million reads were obtained per sample.

SEQUENCING BIOINFORMATICS. Raw sequence
reads were aligned to the mouse GRCm38 genome
and gene level counts generated using STAR
(v2.5.0a). Differential expression was performed us-
ing DeSeq2. Genes were considered differentially
expressed when logFC $1 and false discovery rate
was <0.05. Canonical pathways enrichment predicted
upstream regulatory components and network anal-
ysis was performed using QIAGEN Ingenuity pathway
analysis software (QIAGEN IPA). RNA sequencing
(RNAseq) data will be available at the Gene Expres-
sion Omnibus.

SERUM CYTOKINE QUANTIFICATION. Mouse IL-5
and IL-13 were detected by enhanced sensitivity CBA
flex set (R and D systems), following the manufac-
turer’s instructions. Human cytokine analysis was
performed using a MesoScale Diagnostics
Sector Imager 6000.

CLINICAL TRIAL DATA. Samples from the LILACS
(Low-dose interleukin-2 in patients with stable
ischemic heart disease and acute coronary syndrome;
NCT03113773) clinical trial (22) permitted ILC2
fluorescence-activated cell sorting analysis on banked
peripheral blood mononuclear cells (PBMCs) using a
LSRII Fortessa cytometer. The trial received a favor-
able evaluation from the Greater Manchester Central
Research Ethics Committee, UK (17/NW/0012). Circu-
lating eosinophil count was performed using a Sys-
mex automated analyzer.

STATISTICAL ANALYSIS. Statistical analysis was
performed using GraphPad Prism 7 (Graph Pad Soft-
ware). Mann-Whitney U test was used for nonpara-
metric datasets or 2-way analysis of variance where
appropriate. P values are indicated in individual
figure legends. Error bars represent � SEM.

RESULTS

ILC2s EXPAND IN PERICARDIAL ADIPOSE TISSUE

AFTER MI IN AN ST2-DEPENDENT MANNER. On D0,
D1, D3, D5, and D7 post-MI, mice were killed and the
proportions of ILC2 were measured in heart, pericar-
dial adipose tissue (PcAT), and perigonadal adipose
tissue (GWAT) by flow cytometry (Supplemental
Figure 1A). ILC2 populations in heart and PcAT
(Supplemental Figure 2A) were proportionally higher
than normally found in peripheral lymph nodes or
spleen and observations of ST2 expression suggests
cardiac-infiltrating ILC2s are similar to tissue resident
ILC2s found in GWAT, whereas the lower ST2
expression in PcAT more closely resembles those
found in the periphery (Supplemental Figure 2B).

In the PcAT, the ILC2 population expanded 2-fold on
D3 before returning to presurgery levels (Figure 1A)
while heart resident ILC2s were largely unchanged.
During this period, ST2 expression within the PcAT
compartment increased stepwise with the
expansion of ILC2s, before regressing to its initial
expression level by D7 (Figure 1A). Intracellular stain-
ing for proliferation marker Ki67 in PcAT-resident
ILC2s showed that there was a 3-fold increase in the
proliferating population at the D3 time point
(Figure 1B), suggesting that the increase in cell number
at this time point was due in part to local proliferation.

In the context of MI, it is possible that release of IL-
33 from damaged myocardium was driving the pro-
liferation of ST2þ ILC2s in the inflamed tissues. To
address this, mice were treated with 10 mg/kg sST2 or
isotype control the day before MI surgery (D0), as well
as D1 to D3, and killed on D3. Flow cytometric analysis
showed that in PcAT, there was a significant
(P ¼ 0.026) decrease in the abundance of ILC2 present
in the group receiving sST2 compared with immuno-
globulin G control, with a similar trend in heart-
infiltrating cells, indicating that IL-33 likely drives
the expansion of ILC2s after MI. These data taken
together provide evidence that ILC2s are part of the
orchestrated response to cardiac tissue damage.

GENETIC ABLATION OF ILC2 IMPEDES THE RECOVERY

OF HEART FUNCTION AFTER MI. Previously, we have
shown that genetic ablation of ILC2 in Rorafl/fl

Cd127cre mice was sufficient to increase atheroscle-
rotic burden during high-fat feeding (14). Using these
mice in the LAD ligation MI model, we observed a
trend toward a difference in mortality between ILC2
replete (ILC2WT) and ILC2 knockout (ILC2KO) cohorts
(Figure 2A). The surviving mice were followed for
4 weeks with echocardiography (Figure 2B), and dur-
ing this period, ILC2KO mice had consistently poorer
heart function compared with ILC2WT mice. By D14
post-MI, cardiac function (% ejection fraction) had
fallen by a mean of 41.04% vs a decrease of 30.03% in
ILC2KO and ILC2WT mice, respectively.

Four weeks after MI, scar size was significantly
larger in in ILC2KO mice compared with controls
(Figure 2C). Sirius red staining of the sections revealed

https://clinicaltrials.gov/ct2/show/NCT03113773?term=NCT03113773&amp;draw=1&amp;rank=1
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FIGURE 1 ILC2s Proliferate in PcAT After MI
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FIGURE 1 Continued
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that although the scars were larger, the per unit area of
collagen in each section (Figure 2D) was significantly
lower in ILC2KO mice. Together, these findings suggest
that ILC2s play a positive role in the early response to
MI, slewing scar formation toward less intrusive
remodeling in the proceeding recovery period.

We performed detailed phenotypic analysis on the
infiltrating cells by flow cytometry at D5 post-MI. In the
absence of ILC2, circulating eosinophils and Tregs
were suppressed while inflammatory Ly6CHi mono-
cytesweremore abundant (Figure 3A).Within the PcAT
(Figure 3B), the populations are largely unchanged,
although in this tissue the macrophages express more
surface CD206. Analysis of the heart-infiltrating
myeloid cells (Figure 3C) showed there were no dif-
ferences in eosinophil or macrophage representation
in ILC2-deficient mice; however, the number of infil-
trating Ly6Chi inflammatory monocytes were
increased and cardiac macrophages expressed less
CD206, reflective of a more inflammatory phenotype.
Heart-infiltrating T cells and Tregs were fewer in
number, although the proportion of Tregs within the
population was constant (Supplemental Figure 3).

IL-2 AXIS AS A MAJOR UPSTREAM REGULATOR OF

ILC2s IN POST-MI. ILC2s are more abundant in
pericardial adipose tissue, which may in this
instance be functioning as a reservoir for responding
cells that then traffic to the heart. The conditioning
these cells receive during the period of inflammation
may shed light on cardioprotective regulatory path-
ways promoted by ILC2. We performed RNAseq
analysis of PcAT ILC2 cells sorted from D3 post-MI or
from sham mice. Within the sequence data, tran-
scripts typically high in ILC2 (eg, Rora, Gata3,
Supplemental Figure 4A) were well represented,
whereas those that would be highly expressed in
potential “contaminating” cell types (eg, Cd19,
Cd11b, Supplemental Figure 4B) were relatively rare,
confirming sort purity. Approximately 800 differen-
tially expressed transcripts were detected with an
adjusted P value of <0.05, of those 309 were of
known, characterized genes (Supplemental Figure 5).
Prominent ILC2 genes (Il5, Il13, St2, and Arg1) were
maintained or even increased after the onset of
inflammation (Figure 4A), and several genes of in-
terest were also identified (Figure 4B). Changes to
the IL-18 pathway through decreased expression of
Il18r1 and enhanced Il18bp (IL-18 decoy protein)
might suggest reinforcement of the protective type 2
pathway. Other genes involved in lymphocyte traf-
ficking signals during MI and remodeling, Cxcr4 and
Cxcl1, were increased. Subsequent in silico pathway
analysis identified the most likely pathways modi-
fied in ILC2 revolve around cell cycle, proliferation,
and survival (Figure 4C). Most useful from this
analysis was identifying genes linked to certain
activation pathways, so-called upstream regulators

https://doi.org/10.1016/j.jacc.2021.07.018
https://doi.org/10.1016/j.jacc.2021.07.018
https://doi.org/10.1016/j.jacc.2021.07.018
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FIGURE 2 Diminished Cardiac Function in ILC2KO Mice After MI
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FIGURE 3 Alterations to the Myeloid Compartment Following MI
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(Figure 4D). IL-2 was the most well represented
pathway (P ¼ 2.44 � 10�9), key to ILC2 survival, and
its receptor CD25 is a defining molecule for the ILC2
population. Others were the MYC pathway
(P ¼ 1.28 � 10�7) is a very well characterized cell
survival/growth regulator, TREM1 (P ¼ 6.51 � 10�7) is
an activatory receptor usually found on the surface
of myeloid cells that can drive activation through
ERK phosphorylation and Caþþ mobilization (23);
and EGLN1 (P¼ 2.42 � 10�6) is a prolyl hydroxylase
that suppresses the HIF1a response through both
proteolytic degradation and suppression of tran-
scriptional activity (24,25).
FIGURE 2 Continued

(A) Survival curve for knockout (KO: Rorafl/fl Cd127Cre/þ, n ¼ 5/14 rupture

induced MI (P ¼ 0.2). (B) A significant impact on cardiac function (% eje

and recovery was severely impacted up to 4 weeks post-surgery (P ¼ 0.

smaller scars. (D) Further, Sirius red labeling demonstrates decreased co

Figure 1.
IL-2 AXIS IS CENTRAL TO ILC2 FUNCTION AND MI

OUTCOME IN MICE. IL-2 was chosen for its high
score, high relevance to ILC2 function, and its po-
tential as a therapeutic modulator of immune re-
sponses in patients with acute coronary syndrome
(ACS) (22,26). We therefore subjected T-cell–deficient
Rag2�/� mice to LAD ligation and treated them for
3 days with the IL-2/Jes6-1 complex (27) or PBS
vehicle (Figure 5). Serum cytokine secretion was
enhanced following IL-2/Jes6-1 injection and
elevated IL-5 was observed (Figure 5A), although at
this time point no change in IL-13 was detected
(Supplemental Figure 6A). Complementing this, there
d) compared with wild type (WT: Rorafl/fl Cd127wt, n ¼ 1/9 ruptured) mice after experimentally

ction fraction, EF) in KO mice at Day 14 post-MI (P ¼ 0.0025) (representative images shown)

0006). (C) WT mice maintained more cardiac muscle compared with KO and had significantly

llagen deposition in the scar tissue of KO mice. Mann-Whitney U test. Abbreviations as in

https://doi.org/10.1016/j.jacc.2021.07.018
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was an expansion of peripheral ILC2s in the spleen
(Figure 5C), and IL-5 expression in ILC2 was enhanced
(Figures 5B and 5C), a pattern also observed in PcAT
and in the heart (Figure 5C). Proportions of splenic
macrophages were unchanged; however, the expres-
sion of the Type II marker Arginase 1 (Arg1) was
decreased. Conversely, within the PcAT macrophage,
Arg1 expression was elevated (coinciding with more
CD206 in this case, Supplemental Figure 6B) slewing
the population toward a wound-healing phenotype.
Macrophages were also detected within the heart
tissue in greater abundance, and this was accompa-
nied by a greater proportion of them expressing Arg1
(Figures 5B and 5C).

Assessing the impact of these phenotypic changes
on long-term MI outcome, Rag2�/� mice received
3 weekly injections of IL-2/Jes6-1 or PBS vehicle for
4 weeks (Figure 6A) accompanied by regular assess-
ment of cardiac function. There were no immediate
differences between the IL-2 and PBS cohorts; how-
ever, distinct improvement in cardiac function was
observed in the IL-2-treated cohort after 7 days
(Figure 6B). This improvement was maintained for the
duration of the experiment, increasing to 45% by
week 4 (P ¼ 0.0012) compared with 28% in the PBS
cohort (Figure 6B), despite no difference in infarct
size (Figure 6C) or collagen deposition (Figure 6D). No
alterations to macrophage infiltrate or apoptosis (via
TUNEL staining) were observed at this time (data not
shown).

LOW-DOSE IL-2 INFLUENCES ILC2 BEHAVIOR IN

PATIENTS WITH ACS. So far, we have shown that in
mouse models of MI, an ILC2/IL-2 axis is beneficial to
improved recovery of cardiac function. Repurposing
recombinant IL-2 (aldesleukin) for treating human
cardiovascular disease is of interest, although
currently its licensed indication is limited to meta-
static melanoma and metastatic renal cell carcinoma.
In humans, IL-2 has been shown to activate ILC2
in vitro, which is associated with reduced expression
of canonical markers CRTH2 and CD127 (28), poten-
tially masking the presence and importance of this
population. To address this, we studied the effect of
IL-2 treatment on whole PBMCs and how it modified
the ILC2 population. PBMCs isolated from donor blood
was cultured with 10 ng/mL IL-2, IL-33, or in combi-
nation for 24 to 96 hours, and any changes to ILC2s
were monitored by flow cytometry. Here, ILC2s
rapidly lost their surface phenotype during treatment
(Figure 7A) in association with increased capacity
to secrete IL-5 (Figure 7B), indicating an activa-
tion status.

The LILACS trial was designed to evaluate the
safety and pharmacodynamics of low-dose IL-2 in
patients with ACS. After recruitment, individuals
received repeated blinded daily doses of IL-2 (1.5 �
106 IU, n ¼ 6 patients or 2.5 � 106 IU, n ¼ 6 patients) or
placebo (n ¼ 4 patients) over a period of 5 days, with
follow-up sampling on D6 and D13 (Figure 7C). Flow
cytometry analysis of PBMCs from this trial showed
that although placebo had no effect on ILC2 pop-
ulations, patients receiving 1.5 MIU/d of IL-2 for 5
consecutive days showed a trend toward a decrease in
ILC2 canonical markers CRTH2 and CD127 immedi-
ately after the treatment course (follow-up 1), which
then recovered after 1 week (follow-up 2) (Figure 7D).
Patients receiving the higher 2.5 MIU/d dose for 5
consecutive days showed a significant decrease in
ILC2 canonical markers immediately after the treat-
ment course, which remained low 1 week later
(Figure 7D). These features are indicative of ILC2
activation on treatment with low-dose IL-2 (28).
Serum IL-5 titers and peripheral eosinophil counts
were elevated in both treatment groups after
low-dose IL-2 in a dose-dependent manner and both
subsequently returned to basal levels after 1 week
(Figures 7E and 7F), further supporting an IL-2-driven
activation of circulating ILC2s.

DISCUSSION

Here, we have shown that ILC2s have a direct and
protective role in recovery from experimental MI.
ILC2s were detected in the heart and pericardial adi-
pose tissue in steady state and expanded during the
initial inflammatory phase of MI, trafficking from the
blood under some conditions. The expansion within
the inflamed tissues is rapid but not sustained and falls
away within the first week of recovery. This comple-
ments earlier observations that there is a cardiac resi-
dent population of ILC2s that are present in the heart
during periods of pericarditis andMI (16), andwe show
that cardiac remodeling and wound stability is
severely compromised in their absence. As we have
seen in othermodels of ILC2 response to tissue damage
(eg, atherosclerosis), the types of wounds that develop
in the absence of ILC2s tend to be larger, have less
collagen deposition, and are overall more fragile than
ILC2-replete mice (14); as a consequence, the trend
toward higher mortality rate seen in ILC2KO mice dur-
ing experimental MI was due to cardiac rupture.
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FIGURE 4 ILC2 Transcriptome After MI Highlight a Potentially Protective IL-2 Stimulus
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FIGURE 5 IL-2 Improves ILC2 Function During Acute MI in Rag2�/� Mice
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Transcript analysis highlighted 2 main signatures
of ILC2 activation during MI in the PcAT: proliferation
and trafficking. The expression of CXCR4 would allow
the ILC2 to be recruited to the inflamed tissue in the
heart through interaction with CXCL12 (29) (known to
increase during ischemia [30]) or MIF (31). The sup-
pression of the IL-18 axis through decreased expres-
sion of IL18R and increased IL18BP (which sequesters



FIGURE 6 IL-2 Treatment Improves the Recovery of Heart Function After MI
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analysis of variance where appropriate. Abbreviations as in Figures 1 and 4.
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IL-18 [32,33]) may reinforce the polarization of ILC2
and potentially nearby T cells, reducing the oppor-
tunity for plasticity. This is consistent with the trend
toward reduced accumulation of Tregs in the hearts
of ILC2-deficient mice, but more work is needed to
fully describe the mechanisms.
Pathway analysis of the RNAseq dataset provided a
useful insight of what may be triggering the ILC2
response, and identification of IL-2 and other novel
upstream regulatory pathways could also provide
useful mechanisms to modify ILC2 behavior during
the acute phase of MI.



FIGURE 7 Low-Dose IL-2 Activates ILC2s in Patients With ACS

Day-7 to –1 Day 1 to 5

Treatment period: 5 Days
2 placebo, 6 IL-2 per group

Day 6 Day 13

Follow-up
2

Follow-up
1

Screening

Randomization*

Visit 1 Visit 2 Visit 3 Visit 4 Visit 5 Visit 6 Visit 7 Visit 8

C

0.000

Med
ia

0.002

0.004

0.006
24 h

P = 0.0286
%

 C
RT

H2
+  C

D1
27

+  IL
C2

IL-
2

IL-
33

IL-
2 + IL

-33
0.000

Med
ia

0.002

0.004

0.006
96 h

P = 0.0286

%
 C

RT
H2

+  C
D1

27
+  IL

C2

IL-
2

IL-
33

IL-
2 + IL

-33

A

0

10

Med
ia

20

30

40
24 h

P = 0.0286

IL
-5

 n
g/

m
L

IL-
2

IL-
33

IL-
2 + IL

-33
0

10

5

Med
ia

15

20

25
96 h

P = 0.0286
IL

-5
 n

g/
m

L

IL-
2

IL-
33

IL-
2 + IL

-33

B

PBMC culture with IL-2 (10 ng/mL) show rapid downregulation of ILC2 surface markers following IL-2, IL-33, and in combination (A). Secretion

of IL-5 was increased (B). Patients with ACS enrolled in LILACS (C) were sampled at Visit 2 (Baseline) before receiving 5 daily consecutive IL-2

doses (1.5 U or 2.5 U) or placebo and follow-up before blood sampling on Visit 7 (Follow-up 1, Day 6) and Visit 8 (Follow-up 2, Day 13). (D)
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FIGURE 7 Continued
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The results observed during the direct targeting of
ILC2 with IL-2/Jes6-1 complexes were promising, not
only preventing a marked decrease in cardiac func-
tion during the initial phase but also improving
recovery over the subsequent 4 weeks.

Data from our LILACS human clinical trial provide
translational relevance of our preclinical findings. We
demonstrate that low-dose IL-2 activates ILC2s in pa-
tients presenting with ACS, with increases in IL-5 and
eosinophil levels as a consequence of ILC2 activation
(34). Interestingly, recent data in mice have shown that
eosinophils may play a significant role in MI, and their
deficiency promoted adverse cardiac remodeling (35).

STUDY LIMITATIONS. Bas ic and prec l in i ca l
resul ts . Our data suggest that the protective effects
of ILC2 after MI could be mediated through the
production of the type 2 cytokine IL-5; however, the
direct role of ILC2-derived IL-5 (and downstream
eosinophil activation) in mediating this protective
effect will require further investigations. We used
a permanent coronary artery ligation model to
create large infarcts. The role of ILC2 in the
response to ischemia-reperfusion injury will require
further studies.
Human cl in i ca l resu l ts . Our data show increased
serum IL-5 and blood eosinophil counts after low-
dose IL-2, in association with signs of ILC2 activa-
tion; however, the potential protective role of such
changes will require further investigation.

CONCLUSIONS

We have presented data that highlight a critical role for
ILC2 during the response to MI. Expanding early to
condition the immune response, their absence in-
creases the accumulation of inflammatory monocytes
and macrophages and severely impacts cardiac func-
tion after MI. We have shown that expansion of ILC2
with exogenous IL-2 is beneficial, driving heart



CENTRAL ILLUSTRATION Type 2 Innate Lymphoid Cells Orchestrate a Cardioprotective Response
After Myocardial Infarction

Yu, X. et al. J Am Coll Cardiol. 2021;78(11):1127–1142.

In this report, we demonstrate that type 2 innate lymphoid cells (ILC2s) are resident in the heart and pericardium, expanding during experimental myocardial infarction.

In mouse models deficient in ILC2s, cardiac recovery and repair are significantly retarded; the recovering scar contains less collagen, fewer T regulatory cells (Tregs)

and more inflammatory monocyte/macrophage populations. Supplementing the mice with interleukin (IL)-2 increases ILC2 activation and promotes the secretion of

cardioprotective cytokines (eg, IL-5) and ultimately improves recovery. We observe a similar phenotypic shift in ILC2s in patients with acute coronary syndromes after

administration of low-dose IL-2, coupled with increased IL-5 secretion and associated eosinophilia.

Yu et al. J A C C V O L . 7 8 , N O . 1 1 , 2 0 2 1

ILC2 Promotes Healing After Myocardial Infarction S E P T E M B E R 1 4 , 2 0 2 1 : 1 1 2 7 – 1 1 4 2

1140



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Inflammation

impedes cardiac remodeling and recovery of ventricular function

after MI. IL-2 plays a critical role in ILC2 activation and myocar-

dial repair.

TRANSLATIONAL OUTLOOK: Clinical trials of low-dose IL-2

are needed to evaluate therapeutic efficacy in patients with

acute MI.
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macrophages toward an alternatively activated and
potentially reparative phenotype and improving car-
diac output for the duration of the trial (Central
Illustration). Future work should address the precise
mechanisms through which ILC2s control the inflam-
matory and cardiac remodeling response after MI. Early
translational data of low-dose IL-2 in patients with ACS
suggest that this may promote ILC2 activation, poten-
tially impacting on long-term cardiac dysfunction.
Furthermore, acute MI may drive the progression of
atherosclerosis (36), which clinically results in
increased rate of further atherosclerotic cardiovascular
events in the intervening period. Therefore, one can
hypothesize that targeting ILC2s may be beneficial not
only in cardiac remodeling post-MI but potentially also
retards progression of atherosclerosis.
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