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ABSTRACT—Deregulation of the immune system in sepsis plays the central role in the pathogenesis of multiple organ
failure including septic lung injury. Group 2 innate lymphoid cells (ILC2s) have emerged as a new player in regulating immune
homeostasis in the lung; however, the role of ILC2s in lung injury in sepsis remains poorly understood. Here, we investigated
temporal changes in stimulatory and inhibitory receptor expression and intracellular type 2 cytokine expression of ILC2s in
the lung using a cecal ligation and puncture mouse sepsis model. We found that IL-13 production by ILC2s, which were
predominately composed of the resident natural ILC2 subset rather than the migratory inflammatory ILC2 subset, was
reduced in the lungs of sepsis mice on day 1 and gradually restored through day 7. Although the expression levels of ST2 and
inducible T-cell costimulator (stimulatory receptors) were high, IL-13 production by ILC2s was reduced while showing high
programmed cell death 1 (PD-1) (inhibitory receptor) expression. Furthermore, using IL-33 knockout mice, we have shown
that IL-33 regulates the capacity of ILC2s to produce IL-13, possibly through the modulation of ST2 and PD-1 expression and
signaling in the septic lung. To the best of our knowledge, this is the first report showing differential costimulatory/inhibitory
receptor expression on ILC2s in a septic lung in the context of an IL-33/IL-13 pathway-mediated type 2 immune response in
the progression and resolution of inflammation. Our present findings contribute to a better understanding of the underlying
immunological mechanism of ILC2s and may fill the critical knowledge gap regarding immune homeostasis in the lung that
hampers the development of new therapeutic strategies for sepsis-induced acute lung injury.
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INTRODUCTION

Unlike classical T or B lymphocytes, the novel types of non-
T and non-B lymphocytes discovered in the last decade, termed
“innate lymphoid cells” (ILCs), lack adaptive antigen recep-
tors (1). ILC subsets, designated ILC1s, ILC2s, and ILC3s, are
identified by the expression of specific transcription factors
required for their development and function (2). ILCs are
essentially tissue-resident cells and play a pivotal role in
regulating the immune network through their role as effector
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cells of innate immunity (1, 3). They also contribute to the
adaptive immune response in the context of host tissue homeo-
stasis, metabolism, inflammation, and tissue repair (1, 3, 4).

Sepsis is a life-threatening organ dysfunction caused by a
deregulated immune system response to infection (5). As the
lung is among the most affected organs in sepsis (6) we decided
to focus on ILC2s, which are the predominant population of
tissue-resident ILCs in the lung. ILC2s are characterized by the
production of type 2 cytokines such as IL-5 and IL-13. It has
been reported that IL-33, which is mainly produced by epithe-
lial cells, can activate ILC2s through the IL-1 receptor family
member ST2 (suppression of tumorgenicity 2) receptor (7, 8)
and prompt further immune responses. In the lung, these type 2
cytokines are known to contribute to tissue protection from
injury (9—11) and immuno-suppression following regulatory T-
cell induction (12). However, the functional transition of ILC2s
throughout the different time points, early to late phase, during
sepsis remains unclear.

The functions of costimulatory/inhibitory molecules, such as
inducible T-cell costimulator (ICOS) and programmed cell
death 1 (PD-1), are well studied and constitute the crucial
regulatory factor as immune-activating (ICOS) (13) and
immune-inhibiting (PD-1) (14) receptors not only of T cells,
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but also of ILC2s. Furthermore, studying the dynamics of
costimulatory/inhibitory molecule expression on T cells during
sepsis led to the establishment of new therapeutic strategies (15).
Nonetheless, the dynamics underlying ILC2 functions in sepsis
remain unknown. Therefore, this study seeks to obtain new
insights into the dynamics of costimulatory/inhibitory molecule
expression on ILC2 in sepsis, which may help pave the way
toward developing new therapeutic strategies. For this purpose,
we investigated, in the septic lung, the ILC2 subsets and the
temporal changes in the expression levels of ICOS, PD-1, and
ST2 on ILC2 and analyzed the relationships between receptor
expression, type 2 cytokine expression, and lung patho-histology.
In addition, using IL-33 knockout (KO) mice, we have studied
the roles of IL-33 in the regulation of IL-13 production and ST2,
PD-1, and ICOS expression in the septic lung.

Additionally, we investigated the regulatory roles of the
killer cell lectin-like receptor G1 (KLRG1) expressed on
ILC2s. The KLRG1 expressed by NK cells (16) and CD4™
T cells (17) has been shown to mediate inhibitory effects
through the recruitment of SHIP-1 and SHP-2. In contrast,
the KLRG1 expressed by CD 8" T cells does not act as an
inhibitor (17). Since the regulatory function of KLRG1 expres-
sion by ILC2s in the septic lung remains unclear, we have
compared KLRGI1-negative (KLRG1") ILC2s and KLRGI-
positive (KLRG1") ILC2s.

MATERIALS AND METHODS
Mice

Female C57BL/6J wild-type (WT) mice were purchased from Japan SLC,
Inc (Shizuoka, Japan) and maintained at the Experimental Animal Facility of
Mie University. All mice were used between 8 and 12 weeks of age for the
experiments. Experimental animal protocols were approved by the Ethics
Review Committee for Animal Experimentation of Mie University. 113387
& mice (Accession No: CDB0631K; www.2.clst.riken.jp/arg/mutant%20mi-
ce%?20list.html) were kindly provided by Dr S. Nakae (18). Female mice (8—18
weeks) were used for all experiments and followed the guidelines provided by
the Institutional Animal Care and Use Committee of RIKEN.

Mouse model of polymicrobial sepsis

Mice were anesthetized with isoflurane (1.5% to 3%) in oxygen, and sepsis
was induced using cecal ligation and puncture (CLP) (19). A midline 1-cm
incision was made into the peritoneal cavity and the cecum was carefully
externalized, of which 50% was ligated. The cecum was perforated using a
single through-and-through puncture midway between the ligation and the tip of
the cecum. A 21-gauge needle was used in a mesenteric-to-antimesenteric
direction to avoid puncturing blood vessels. A small amount of feces was gently
squeezed out of the perforation site to ensure the patency of punctures. The
cecum was then returned to the peritoneal cavity, and the wound was sutured in
two layers (muscular and dermal) with 6-0 nylon. Finally, mice were subcuta-
neously injected with saline (0.9% w/v, 1 mL) for fluid resuscitation immedi-
ately after surgery. As a control group, mice in the sham group underwent
laparotomy without ligation and puncture, but the cecum was externalized. The
healthy group that had not undergone any surgery was also used for control
purposes. Antibiotics were not administered to experimental or sham mice
after surgery.

Histological analysis of lung injury

Lung injury was induced using CLP. Lung samples were fixed in 10%
formalin-neutral buffer solution overnight and transported to the Central
Institute for Experimental Animals (Kanagawa, Japan) for histological
analysis. Samples were dehydrated, embedded in paraffin, and cut into 3-
pm-thick sections, which were stained with hematoxylin and eosin. Histo-
logical assessment of lung injury was performed according to the scoring
system of the American Thoracic Society (20). Briefly, 20 random fields

AKAMA ET AL.

(400 x magnification) against a lung were independently scored by two
researchers. Values=0, 1, or 2 represent the severity according to the
findings as follows: neutrophils in the alveolar space, neutrophils in the
interstitial space, hyaline membranes, proteinaceous debris filling the air-
spaces, and alveolar septal thickening. A standardized histological injury
score was calculated as follows: score =[20 x (i) + 14 x (ii) + 7 X (iii) + 7 X (iv)
+ 2 X (v)])/(number of fields x 100). The total score was a continuous value between
0 (normal) and 1 (most severe injury). The score was the average of the values
independently calculated by two researchers.

Isolation of leukocytes from the lung

Lung tissues were minced into small pieces and twice incubated with 1 mg/
mL collagenase (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) for
45min at 37°C. Tissue pieces were removed by an iron mesh and the
supernatant, including the leukocytes, was centrifuged. Seventy percent Percoll
was layered onto the cells suspended with 40% Percoll (GE Healthcare,
Stockholm, Sweden) and centrifuged at 2,000 rpm at 25°C for 20 min. The
middle-layer after the Percoll gradient was treated with ACK (Ammonium-
Chloride -Potassium) Lysing Buffer (150 mM NH4CI, 10 mM KHCO3, 0.1 mM
EDTA) to remove the red blood cells.

Flow cytometry

Cell suspensions were incubated with a combination of monoclonal fluo-
rescently conjugated antibodies as follows: CD45.2-PerCP (104, BioLegend),
ST2- PE/Cy7 (DIH4, BioLegend), PD-L1- PE/Cy7 (10E.9G2, BioLegend),
CD127- PE/Cy7 (A7R34, BioLegend), CD90.2-APC/Fire 750 (30-H12, BioL-
egend), ICOS-APC (C398.4A, BioLegend), PD-1-APC (29F.1A12, BioLe-
gend), IL-5-PE (TRFKS, Thermo Fisher Scientific), IL-13-PE (eBiol3A,
Thermo Fisher Scientific), Rat IgG 1 kappa isotype control-PE (eBRGI,
Thermo Fisher Scientific), KLRGI-PE (2F1, BD Biosciences), ST2-BV421
(U29-93, BD Biosciences), KLRG1-BV421 (2F1, BD Biosciences). The
lineage cocktail for the FITC-conjugated antibodies was as follows: CD3e
(145-2C11, BioLegend), CD4 (RM4-4, BioLegend), CD19 (1D3/CD19, BioL-
egend), CD11b (M1/70, BioLegend), CD11c (N418, BioLegend), TCR@ (H57-
597, BioLegend), TCR /8 (GL3, BioLegend), Grl (RB6-8CS5, BD Bioscien-
ces), NKI1.1 (PK136, BioLegend), FceRI (MAR-1, BioLegend), and Ter119
(TER-119, BD Biosciences). ILC2s were identified using flow cytometry as
Lin~ CD45.27CD90.2*ST2". The absolute number of cells was calculated as
follows: percentage of ILC2s x absolute lymphocyte count.

To analyze intracellular protein expression, cells were incubated with
phorbol 12-myristate 13-acetate (50ng/mL), ionomycin (500ng/mL) in the
presence of GolgiStop (BD Biosciences) for 4 h. Cells were analyzed on a
Cantoll flow cytometer (BD Biosciences). Intracellular staining was performed
using an Intracellular Fixation and Permeabilization Buffer Set (Thermo Fisher
Scientific, Waltham, Mass). Positive signals were identified by comparing
staining with isotype-matched control antibodies or a Fluorescence minus one
control. Fc block (BD Biosciences) was used to prevent nonspecific antibody
binding. Cell viability was determined using a Zombie Aqua Fixable Viability
Kit (BioLegend, San Diego, Calif). Data were analyzed using FlowJo software.

RNA isolation and real-time quantitative PCR

Total RNA from lung tissue was isolated using Trizol reagent (Thermo
Fisher Scientific) according to the manufacturer’s instructions. Reverse tran-
scription (RT) was performed using a PrimeScript RT reagent kit (Takara Bio).
RNA purity (Asgo/Asgo ratio =1.8) and concentrations were measured using
Nanodrop. Quantitative real-time PCR was performed using SYBR Green
(Thermo Fisher Scientific) with a StepOne system (Thermo Fisher Scientific)
for measuring IL-33 and PD-L1 mRNA expressions. Actb mRNA served as an
endogenous control to normalize mRNA levels (21) using the comparative Ct
method. Primer sequences were as follows: Acth, forward 5'- CATCG-
TACTCCTGCTTGCTG -3’ and reverse 5'- AGCGCAAGTACTCTGTGTGG
-3’; 1L-33, forward 5'- TGAGACTCCGTTCTGGCCTC -3’ and reverse 5'-
CTCTTCATGCTTGGTACCCGAT -3; PD-L1, forward 5'- GACCAGCTTTT-
GAAGGGAAATG -3'and reverse 5'- CTGGTTGATTTTGCGGTATGG -3'.

TagMan assays were used for the detection of //25 and [I133 mRNA
expression. TagMan probes purchased from the Thermo Fisher Scientific
were as follows: 7125 (MmO00499822), IL33 (Mm00505403), and Gapdh
(Mm99999915). Data were normalized with Gapdh mRNA.

Statistical analysis

Statistical analysis was performed using Prism 8 (GraphPad Software), and
P < 0.05 indicated a significant difference. The values of the mean and standard
error of the mean are presented.
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RESULTS

CLP-induced mortality

Sepsis was induced in mice subjected to CLP. Kaplan—Meier
analysis revealed a significantly shorter time-to-death among
the CLP group of C57BL/6J WT female mice compared with
that of the sham group. Seven days after surgery, all mice in the
sham group were alive compared with 32.4% (P < 0.0012) of
the mice that underwent CLP (Fig. 1A). The weights of CLP
mice decreased from their baseline values (Fig. 1B). The rate of
bodyweight loss of the CLP mice was greater compared with
that of the sham mice on days 3 and 7, but lower on day 1
(Fig. 1B), although the CLP mice appeared weaker. The
average bodyweight loss was greatest on day 3, recovering
to normal values during days 3 through 7 (Fig. 1C).

Tissue injury and IL-33 expression in the lung

Histological examination was performed to investigate the
lung injury induced by sepsis. Lung tissue sections were stained
with hematoxylin and eosin (Fig. 2A). Histological assessment
of lung injury was carried out according to the scoring system
of the American Thoracic Society (20). Specifically, 20 random
fields (x400magnification) were independently scored by two
researchers. Each of the five histological findings was graded in
a three-tiered manner as described above. Block arrows indi-
cate neutrophils in the lung after CLP. Lung injury scores of the
CLP mice significantly increased after 6 h and on days 1, 3, and
7 after surgery compared with those of healthy mice (Fig. 2B).
The main influence on scores was early infiltration of the lungs
by neutrophils (Fig. 2A), which was consistent with inflamma-
tory changes in the lungs. We were unable to find any hyaline
membranes in the pathological tissue, as one previous study
reported (20). These data support the occurrence of sepsis-
induced inflammation in the lung.

We next determined lung levels of the mRNA encoding IL-
33, which activates ILC2s through ST2 (7). Consistent with the
results of other studies, the levels of /133 mRNA expression
peaked after 6 h, returning to baseline after 24 h (9, 10). They
subsequently peaked again on day 3 (Fig. 2C). These bimodal
peaks reflected the values of the lung injury score (Fig. 2, B and
C). Our results are consistent with the production of IL-33 in
the lung by epithelial cells in epithelial barrier tissues (22).

Temporal changes in cytokine expression by ILC2s in the
septic lung

Flow cytometry identified Lin CD45.27CD90.2*ST2"
cells as ILC2s on days 1, 3, and 7 after laparotomy or CLP
(Fig. STA, http://links.Iww.com/SHK/B120). Furthermore, we
determined that these cells expressed the ILC2 markers ICOS
and CD127 (1), thus reconfirming them as ILC2s (Fig. S1B,
http://links.lww.com/SHK/B120). The absolute number of
ILC2 s in the lungs 1 day after surgery was significantly higher
in CLP mice than in sham-operated mice, while there were no
significant differences between the CLP mice and sham mice
on days 3 and 7 after surgery (Fig. 3A). Representative flow
cytometry histograms of Lin~CD45.27CD90.2*ST2*ILC2s
are shown in Figure 3B.

Next, we investigated the expression of IL-5 and IL-13 by
ILC2s (Fig. 3C, S2, http://links.lww.com/SHK/B121) in the
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septic mouse lung. IL-13 levels were significantly different
between the CLP and sham mice, in contrast to those of IL-5,
which did not significantly differ. IL-13 levels were lower in
CLP mice compared with those of sham mice on day 1, but
higher on day 7.

Temporal changes in the expression of cell-surface
markers and immune modulators by ILC2s in the septic
lung

We next analyzed temporal changes in ST2 expression by
ILC2 s to evaluate the signaling of the IL-33/ST2 pathway in
the septic lung. ST expression on lung ILC2s was increased on
days 1 and 7, but decreased on day 3 in CLP mice (Fig. 4A),
which failed to synchronize to the lung IL-33 mRNA expres-
sion level that peaked on day 3 (Fig. 2C). This result suggests
that the strength of IL-33/ST2 signaling on day 3 was weak-
ened, thereby explaining why IL-5 and IL-13 production did
not increase on day 3. However, changes in the production of
IL-5 and IL-13 cannot simply be explained by differences in IL-
33 signaling and ST2 expression. For example, the levels of
secreted IL-13 in the lung decreased on day 1, while those of
ST2 and 1I-33 did not (Figs. 2C, 3C, 4A). These results suggest
that the ability of ILC2s to produce IL-5 and IL-13 was not
regulated solely by the IL-33/ST2 pathway in the septic lung.

To study pathways other than IL-33/ST-2 that regulate IL-5
and IL-13 production in lung ILC2s, the levels of immune-
activating (ICOS) and immune-inhibitory (PD-1) surface pro-
teins were analyzed using flow cytometry. ICOS is a costimu-
latory receptor that is required for T-cell activation and function
(23). In addition, ICOS:ICOSL interactions on ILC2s promote
the production of type 2 cytokines and cell survival through
STATS signaling (13). We found that the levels of ICOS
increased in CLP mice on days 1 and 7 (Fig. 4B). This result
is similar to that for ST2 expression, except that the levels of
ICOS did not decrease by day 3 compared with those of
sham mice.

PD-1 inhibits both T cells and NK cells (24, 25) and
functions similarly in ILC2s (14). Although the levels of
PD-1 expressed by ILC2s peaked on day 3 after CLP, they
remained significantly higher than those of sham mice through-
out the experiment (Fig. 4C). This result suggests that the PD-1/
PD-L1 pathway functions as an additional mechanism regulat-
ing the ability of ILC2s to produce IL-5 and IL-13, possibly
counter-balancing the IL-33/ST2 pathway in the septic lung.

ILC2 subset analysis in the septic lung

Two distinct subsets of ILC-2, natural ILC2 (nILC2) and
inflammatory ILC2 (iILC2), have been identified. nILC2s,
which respond to IL-33, constitute the major subset of tis-
sue-resident ILC2 s, whereas iILC2 s, which respond to IL-25,
are thought to migrate between organs in response to external
stimulations (26). As iILC2 s have been shown to migrate to the
lung from the intestine in response to helminth infection or
exogenous IL-25 administration (27), it would be extremely
interesting to determine whether iILC2s accumulate in the
inflamed lung due to polybacterial peritonitis in the CLP sepsis
model. Representative flow cytometry histograms of i[LC2s
were observed (Fig. 5A), showing that iIL.C2 s not expressing
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CLP-induced mortality. (A) Survival curve of mice including both sham and CLP groups (CLP: n=37, sham: n=9). Survival rates were analyzed

using the log-rank (Mantel-Cox) test. (B) Comparison of body weight changes in sham and CLP mice. The data from sham (n =6—-11 per group) and CLP (n=10—
18 per group) mice were evaluated using the Mann—Whitney test. (C) Comparison of body weight changes of CLP mice during the experiment period. The data
from CLP (n =10—-18 per group) mice were evaluated using a Kruskal—Wallis test; which was followed by a Dunn multiple comparison test of multiple groups. Data
represent the mean + SEM. ns indicates not significant; CLP, cecal ligation and puncture. “P < 0.01, """P < 0.0001.

ST2 were identified as Lin CD45.27CD90.2"ST2 KLR-
ST2 KLRG1"" (Fig. SIA, http://links.lww.com/SHK/B120)
(28). We did not observe any significant increase in the number
of iILC2 s in the septic lungs (Fig. 5B), thereby confirming that
nILC2s represent the major ILC2 subset in septic lungs
(Fig. 5C). We have shown in lung tissues that the expression

of IL-33, which activates nILC2s, was readily detectable
throughout the time course of septic lung progression and
was upregulated on day 3. By contrast, the expression of IL-
25, which activates iILC2 s, was barely detectable in the septic
lung (Fig. 5D), thereby explaining the lack of ilLC2
accumulation therein.
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Roles of IL-33 on nILC2 regulation in the septic lung

To further investigate the roles of IL-33, a cytokine that
activates nILC2 s, in the septic lung, we utilized IL-33-defi-
cient mice (18). The induction of sepsis by CLP in IL-33 KO
mice resulted in progressive bodyweight loss. Compared
with WT mice subjected to CLP, IL-33 KO mice exhibited
significantly more severe bodyweight loss at day 7 (Fig. 6A).
Before CLP, IL-33 KO mice showed reduced numbers of
lung ILC2s compared with WT (IL-33 KO, 5,541 + 3,615,
n=3; WT 30,180+3,972, n=5). The numbers of nILC2s
in the lung on days 1 and 7 were significantly lower in septic
IL-33 KO mice compared with septic WT mice (Fig. 6B).
Only very minor ilLC2 accumulations were observed in
the lungs of either WT or IL-33 KO mice (Fig. 5B and
not shown). Furthermore, the number of IL-13-producing
nILC2 in the lung was also significantly reduced in septic
IL-33 KO mice on day 7, compared with septic WT mice

(Fig. 6C). In addition, the expression on lung nILC2 s of ST2
and PD-1, but not ICOS, was significantly reduced in septic IL-
33 KO mice on days 1 and 7, compared with septic WT mice
(Fig. 6, D-F).

Phenotypic analysis of KLRG1* and KLRG1~ ILC2s in the
septic lung

To investigate the biological function of KLRG1 expressed
by ILC2s, we compared the expression of IL-5 and IL-13 by
KLRGI1" and KLRG1~ ILC2s (Fig S3, http://links.lww.com/
SHK/B122), which populate the septic lungs of female mice
(29). The IL-5 levels produced by KLRG1" ILC2 s in the lung
were significantly higher compared with those of KLRGI1™
ILC2s on days 3 and 7 after CLP, as were those of IL-13 on
day 1 (Fig. 7). Furthermore, KLRG1™" ILC2 s produced higher
levels of IL-5 and IL-13 compared with those of KLRGI1™
ILC2 s throughout the experiment, although some differences
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Fic. 3. Temporal changes in the expression of cytokines by ILC2s in the septic lung. (A) Absolute numbers and (B) representative flow cytometry
histograms of lung ILC2 s in WT female mice after laparotomy and CLP. (C) Percentage of IL-5- and IL-13-producing ILC2 s. Cells were stimulated with PMA (50 ng/
mL) and ionomycin (500 ng/mL) in the presence of GolgiStop™ (BD Biosciences). Cells were incubated for 4 h before the analysis of intracellular cytokine
detection. The data were compiled from two or three independent experiments. The data from sham mice (n = 3—5 females per group) that underwent laparotomy
and CLP (n=5-7 females per group) mice were evaluated using the Mann—Whitney test. Data represent the mean + SEM. ns indicates not significant; ILC2 s,
group 2 innate lymphoid cells; CLP, cecal ligation and puncture; PMA, phorbol 12-myristate 13-acetate; WT, wild-type. "P < 0.05.

were not statistically significant (Fig. 7). These results indi-
cate that KLRG1 may not act as an inhibitory receptor in the
septic lung. To assess the status of KLRG1" and KLRG1~
ILC2 s in the septic lung, surface marker levels and absolute
cell numbers were analyzed using flow cytometry. The levels
of PD-1 expressed by KLRG1" ILC2s were significantly
higher compared with those of KLRG1™ ILC2s on days 1
and 7 after CLP (Fig. 8). In contrast, the levels of ST2 and
ICOS did not significantly differ between the two groups
(Fig. 8).

DISCUSSION

One of the main goals of our study was to reveal the
dynamics of costimulatory/inhibitory receptor expression on
ILC2 in sepsis-induced lung inflammation, and to analyze
the relationships between receptor expression, cytokine

producibility, and lung patho-histologies. Our results have
revealed time-dependent changes in costimulatory/inhibitory
receptor and cytokine expression on ILC2 s in the septic lung.
These results have uncovered the following information. First,
sepsis induced deregulation of IL-13 production in lung ILC2 s,
the majority of which are composed of IL-33-responsive
nILC2s, but not IL-25-responsive ilLCs. Second, aberrant
regulation of IL-13 expression occurred in tandem with high
PD-1 expression on ILC2s. Third, the experiments using IL-33
KO mice have shown that IL-33 contributes to the regulation of
ILC2 to produce IL-13 and express ST2 and PD-1 in the septic
lung. Finally, KLRGI1, which acts as an inhibitory receptor in T
and NK cells, may be involved in ILC2 activation.

IL-13 production by ILC2 s in the lung was initially inhibited
by sepsis on day 1, and gradually increased by day 7 (Fig. 3C).
Although the lung injury scores remained significantly higher
in CLP mice than in healthy controls during days 1 through 7
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Fic. 4. Temporal changes in the expression of cell-surface markers
and immune modulators by ILC2 s in the septic lung. Mean fluorescence
intensity (MFI) of (A) ST2, (B) ICOS, and (C) PD-1 expressed on ILC2s. The
data from sham mice (n = 3 females per group) and CLP (n = 6—7 females per
group) mice were evaluated using the Mann—Whitney test. ns indicates not
significant; ILC2s, group 2 innate lymphoid cells; PD-1, programmed cell
death 1; ICOS, inducible T-cell costimulator. P < 0.05.

(Fig. 2B), bodyweight had recovered during days 3 through 7
after CLP (Fig. 1, B and C). Furthermore, IL-33 mRNAs in the
lung tissues, which are thought be upregulated in the injured
pulmonary epithelial cells (30), also trended to decreased levels
on day 7 (Fig. 2C), thereby suggesting an ongoing process of
inflammatory resolution by day 7. Interestingly, these results
indicated that ILC2s mediated the maintenance of tissue
immune homeostasis at the molecular level (i.e., restoration
of IL-13 expression) (1), which might precede the resolution of
pulmonary inflammation at the histological level.
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ILC2s might play an important role in linking systemic
inflammation to lung inflammation in sepsis. Thus, deregula-
tion of IL-13 production by ILC2 s may be associated with the
pathogenesis of sepsis-induced lung inflammation. On the
other hand, IL-5 levels were not significantly different between
CLP and sham mice during the experimental period (Fig. 3C). It
appears that IL-13 production was more readily influenced than
that of IL-5 in the septic lung.

IL-13 has been shown to exert a protective role in sepsis.
Antibody-mediated neutralization of IL-13 in a CLP sepsis
mouse model has been shown to worsen mortality and lung
injury, which are associated with increased neutrophil-activating
chemokine and proinflammatory cytokine levels in the lung (31).
These findings support the concept that IL-13 plays a crucial role
in preventing sepsis-induced lung injury by suppressing inflam-
mation and/or promoting resolution of inflammation. Our
result showed that the IL-13 levels generated by ILC2s in
the septic lung were significantly lower on day 1 (Fig. 3C),
thereby suggesting that deregulation of ILC2 s in the septic lung
may contribute to the pathogenesis of lung injury. ILC2s in
the lung contribute to polarizing alveolar macrophage to the
M2 phenotype by secretion of IL-13 in vitro (32). A recent
study demonstrated that M2 macrophages adoptively
transferred into acute lung injury (ALI) mice significantly
reduced lung inflammation and injury (33), indicating that a
rapid shifting to M2 macrophages may limit lung inflammation
and injury. The restoration of IL-13 production by ILC2 s may
protect against inflammation by inducing the M2 polarization
of macrophages.

To study how sepsis reduced IL-13 production in ILC2 on
day 1, we investigated the balance between the stimulatory
receptors ST2 and ICOS and the inhibitory receptor PD-1 on
ILC2 s. In sepsis, the levels of PD-1 and PD-L1 expressed by T
cells and monocytes, respectively, are upregulated (34). Here
we show that the levels of PD-1 expressed by ILC2 s were also
markedly higher in CLP mice (Fig. 4C), particularly on days 1
and 3. This may explain how the expression level of IL-13 was
negatively regulated by PD-1/PD-L1 signaling on day 1,
despite the fact that ILC2 s express good levels of the stimula-
tory receptors ST2 and ICOS (Figs. 3C, 4A-C).

Blocking PD-1/PD-L1 signaling has been shown to improve
the outcome of CLP-induced sepsis in mice (35, 36). The
therapeutic effects have been thought to be mediated primarily
by ameliorating T-cell exhaustion. Our results suggest an
alternative/additional explanation whereby blocking PD-1/
PD-L1 signaling might also act on ILC2, thereby exerting
beneficial effects to relieve the suppression of IL-13 production
on ILC2s. These findings may help to explain the novel
mechanisms of the therapeutic efficacy achieved by blocking
PD-1/PD-L1 signaling on ILC2 s in sepsis-induced lung injury.
Therefore, our findings may contribute to the cellular basis and
formulation of new therapeutic targets for sepsis-induced acute
lung injury.

The level of IL-13 expressed by ILC2 s in the septic lung on
day 3 was not significantly lower than that of the sham mice,
although the PD-1 levels remained high (Figs. 3C, 4C). The
PD-L1 levels in the lung tissues of CLP mice were signifi-
cantly lower on day 3 compared with those on day 1 (Fig. S4,
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http://links.lww.com/SHK/B123), suggesting that PD-1/PD-L1
signaling by ILC2 s was weaker on day 3 than on day 1. This
result may explain why the levels of IL-13 produced by ILC2s
in the septic lung were not lower on day 3 (Fig. 3C), although
the PD-1 levels were still high (Fig. 4C).

How signaling through ST2 and PD-1 on ILC2s is
deregulated in sepsis remains to be elucidated. In both T
cells (37) and ILC2 (38, 39) it has been shown that IL-33/
ST2 signaling induces the recruitment of myeloid differenti-
ation primary response protein 88 to the cytoplasmic region
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of ST2. This leads to the activation of NF-kB and AP-1
pathways, thereby leading to the upregulation of IL-13
expression. PD-1 signaling in T cells inhibits both CD28
and TCR-mediated activation by recruiting SHP-2, thereby
dephosphorylating their downstream signaling molecules

innate lymphoid cells; WT, wild-type; ICOS, inducible T-cell costimulator ; PD-1,
nt the mean + SEM.

within the PI3K/AKT and MAPK/ERK signaling pathways
(40). By contrast, PD-1 suppresses ILC2 function through a
different mechanism, i.e., via the inhibition of STATS phos-
phorylation (14). Interestingly, the proportion and intensity
of PD-1 expression on ILC2s were increased by IL-33
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Fic. 7. Cytokine expression by KLRG1" and KLRG1~ ILC2s in the lung during sepsis. Percentage of IL-5- and IL-13-producing KLRG1-negative and -
positive ILC2 s in the lungs of healthy and CLP mice. The data were evaluated using the Mann—Whitney test. Data represent the mean + SEM. ns indicates not
significant; KLRGH1, killer cell lectin-like receptor G1; ILC2s, group 2 innate lymphoid cell; CLP, cecal ligation and puncture. "P< 0.05, “P<0.01.

stimulation (41), potentially constituting a negative feedback
mechanism.

In the interstitial space of the lung, ILC2s are located in
collagen-rich regions near the confluence of medium-sized
blood vessels and the airway (42). Macrophages are also
present in the interstitial space of the lung (43). IL-33, which
stimulates lung ILC2 s and promotes IL-5 and IL-13 production
(7), is predominantly expressed by damaged lung epithelial
cells (22). Remarkably, IL-33 is cleaved by apoptosis-associ-
ated caspases such as caspase-3 and -7, but not by inflamma-
tion-associated caspases such as caspase-1, -4, and -5 (44). PD-
L1 is expressed by endothelial cells, lung epithelial cells,
fibroblasts, and macrophages (45). The expression levels of
PD-L1 are induced by proinflammatory cytokines, including
TNF-o and IFNwy, and IL-10 (45). We would like to propose that
the balance between IL-33/ST2 and PD-L1/PD-1 sigaling in the
lung interstitial microenvironment might be responsible for the

regulation of IL-13 expression in ILC2 (Fig. 9). Even though
our concept requires further study, we think that our research is
notable in that we investigated PD-1 expression levels on
ILC2s and examined the possibility that PD-1 mediates the
inhibition of ILC2-derived IL-13 production, driving this newly
described therapeutic effect by blocking PD-1/PD-L1 signaling
in the sepic lung.

We have performed additional CLP experiments using KO
mice that lack expression of IL-33, the critical activator for
nILC2 s that induces/maintains cellular proliferation (46) and
expression of ST2 (46) and PD-1 (41). The sepsis-induced
increase of ILC2 s in the lung observed in WT mice on day 1
was absent in IL-33 KO mice. In addition, the number of ILC2 s
in IL-33 KO septic lungs remained lower compared with WT
septic lungs (Fig. 6B). In the ILC2 s of IL-33 KO septic lungs,
the surface expression of ST2 (positive regulator of IL-13
production) and PD-1 (negative regulator of IL-13 production)
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were both reduced (Fig. 6, D and F), potentially perturbing the
balance of the regulation, which resulted in the observed
suppression of IL-13 production. Suppressed IL-13 production
in the late phase of sepsis (i.e., day 7) could perturb the type 2
immune response needed for the resolution of inflammation,
possibly explaining the more severe bodyweight loss observed
in IL-33 KO septic mice compared with their WT counterparts

(Fig. 6, A and B). A previous study (9) that focused on the acute
phase of CLP-induced sepsis in IL-33 KO mice showed
increased lung edema, as evident by an Evans blue dye lung
permeability assay conducted 24h after CLP. This study
pointed to the critical roles of ILC2 in the protection of
endothelial cells. Unfortunately, we were unable to perform
detailed pathohistological analysis of the septic IL-33 KO lungs
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due to technical problems. As our conventional IL-33 KO mice
that lacked systemic IL-33 expression could compromise type 2
immune responses throughout the body, the more severe body-
weight loss observed during sepsis may have resulted from
sustained inflammation of not only the lung but also
other organs.

We have demonstrated that the majority of ILC2s in the
septic lungs are an nILC2 subset that displays a tissue-resident
phenotype and that responds to IL-33 (Fig. 5C). By contrast, in
examining the septic lungs we observed barely any ilLC2
subsets that displayed the migratory phenotype or responded
to IL-25 (Fig. 5, B and C). Although the previous study showed
that IL-25 treatment induced the migration of intestinal ilLC2
to the lung (27), septic lungs expressed little IL-25 mRNA
(Fig. 5D), which likely explains the lack of substantial iILC2
pulmonary accumulation (Fig. 5C). Therefore, the increase in
ILC2 seen in the septic lung is likely to be induced by the
proliferation of tissue-resident nILC2 s, rather than the migra-
tion of iILC2 to the lung from the intestine and/or other organs.

We sought to study KLRGI1 signaling as an alternative
inhibitory mechanism to regulate ILC2 in the septic lung, since
KLRGI1 is a C-type lectin inhibitory receptor that contains an
immunoreceptor tyrosine-based inhibitory motif (16). Since the
KLRGI1™ ILC2 population is hardly detectable in the lungs of
male mice (29), we therefore compared KLRG1~ and KLRG1™
ILC2 s in female mice. Unexpectedly, the production levels of
type 2 cytokines by KLRG1™ ILC2 s were lower compared with
those of KLRG1" ILC2s (Fig. 7). Additionally, we found that
the levels of PD-1 expressed by KLRG1" ILC2 s were signifi-
cantly higher than those of KLRG1~ ILC2s in both sham and

septic mice, except on day 3 after CLP (Fig. 8). Despite the
higher levels of PD-1 expressed by KLRG1" ILC2 s, there was
a trend toward higher levels of IL-5 and IL-13 by KLRG1™"
ILC2 s in septic mice. Furthermore, the levels of ST2 and ICOS
did not significantly differ between the two groups (Fig. 8).
These data suggest an intriguing possibility that KLRG1 may
be involved in the activation, but not inactivation, of ILC2s,
which warrants further investigation. A possible drawback
would be that we used only female mice, since the KLRG1™
ILC2 population is almost wholly absent from the lungs of male
mice (29). Using female mice allowed us to readily study the
roles of KLRG1 on ILC2s in sepsis without using KLRG1
knockout mice (47). However, this could cause a potential bias,
as previous studies have shown that lethality rates were lower in
females than in males in the CLP mouse sepsis model (48).
Further investigation would be required to exclude a potential
gender bias and elucidate whether the differential susceptibility
to sepsis in female and male CLP mice is attributable to the
KLRG1™ ILC2 population.

Another possible drawback would be that we were unable to
unravel the complex mechanisms underlying the interaction
between the inhibition of IL-13 production and high PD-1
expression on ILC2s due to the fact that most of our study
was observational in nature. Despite this drawback, our study
points to the possible inhibition of IL-13 production by PD-1 on
ILC2 s, and provides new insights into the roles of ILC2 s in the
pathophysiology of sepsis-induced lung inflammation. To study
the physiological and pathological functions of ILC2, in vivo
depletion of ILC2 has been achieved using either naturally
occurring staggerer (Rora*®"*€) and/or engineered conditionally
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targeted (Roraﬂ/ ﬂ) loss-of-function alleles of ROR«, which is the
key transcriptional factor specifically required for ILC2 differ-
entiation (49, 50). Sub-lethally irradiated Rag2 ™" 12rg~’~ mice
reconstituted with Rora**”*¢ bone marrow cells (Rora*®*¢ BMT
mice) (49) and conditionally targeted Rord™*¢ mice inter-crossed
with IL-7 receptor (IL-7R)-Cre (Rora™*¢117/°") mice (50) have
been shown to lack ILC2 (Supplemental Table 1, http://link-
s.lww.com/SHK/B124). These engineered mutant mice lacking
ILC2 have shown the following: a reduced susceptibility to an
allergen (i.e., papain)-induced asthmatic reaction in the lung
(49); an impaired ability to control helminth infection (50); and
decreased IgA production in the gastrointestinal tracts (51).
These research findings indicate that ILC2 s play a crucial role
in orchestrating type 2 immunity, possibly through IL-13 and IL-
5 secretion. However, it remains to be elucidated how sepsis-
induced organ failures, particularly in the septic lung, would be
affected in these engineered mutant mice lacking ILC2.
Although we could not afford to use the mutant mice lacking
ILC2 in this study, we have instead proposed an intriguing
hypothesis: ILC2 plays the pivotal role in regulating IL-13-
dependent immune homeostasis in the septic lung, which is
controlled by the balance between the ST2-IL-33 axis and the
PD-1-PD-L1 axis in ILC2s (Fig. 9). The results of this study
could contribute to future mechanistic investigations that would
rigorously test this hypothesis using engineered mutant mice
lacking ILC2.

In summary, we examined the temporal changes of cytokine
expression and costimulatory/inhibitory molecules on ILC2s
from days 1 to 7 after CLP in the lung. Our major findings are as
follows: Deregulation of IL-13 production in lung ILC2s,
which were predominately composed of the nILC2 subset,
was induced by CLP. IL-13 production by ILC2 s was inhibited,
and high PD-1 expression was clearly evident. IL-33 in the
septic lung plays an important role in regulating the capacity of
ILC2 to produce IL-13 via the modulation of ST2 and PD-1
expression and signaling. KLRG1 may be involved in the
positive regulation of ILC2 functions. Although further studies
are needed to elucidate the underlying molecular mechanism at
work, our findings may contribute to filling the critical knowl-
edge gap surrounding immune homeostasis in the septic lung
that currently hampers the development of new therapeutic
strategies for sepsis-associated ALIL.
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Supplemental Table 1. a list of previous reports that studied engineered mutant mice

lacking ILC2

A. Rora*¢*¢ BMT mice

Author, year Organs studied

Disease model

Remarks

Halim, 2012 Lung and gut
Halim, 2014 Lung and LNs
Gold, 2014 Lung

Li, 2014 Bile duct
Halim, 2016 Lung and skin
Xu, 2017 Lung

Yasuda, 2018 Lung

Imai, 2019 Skin

Satoh- Stomach

Takayama, 2020

Papain-induced asthma model

Papain-induced asthma model

House dust mite-induced
asthma model

Biliary injury model

Papain-induced asthma model

Helminth-infected mouse

model

Hemorrhagic shock model

Atopic dermatitis-like model

H. pylori-infected mouse

model

Even in the presence of intact Th2
cells, ILC2s are required for the
inflammatory response to allergens.
ILC2-derived IL-13 promotes the
migration of DCs to LNs, thereby
priming naive T cells to differentiate
into Th2 cells.

Significant reduction in BAL
eosinophils in ILC2-deficient mice
ILC2-derived IL-13 promotes
epithelial repair.

ILC2s induce DCs to promote
memory Th2 function.

Eocinophil accumulation was reduced
in ILC2-deficient mice.

1L-33, ILC2 deficient, or IL-5
neutralization leads to reduced lung
injury scores.

Atopic dermatitis-like inflammation is
impaired in ILC2-deficient mice.
ILC2-derived IL-5 upregulates the B-
cell IgA response in the stomach,
leading to protection against bacterial

exposure.




B. Rord™s&Il7r° mice

Author, year

Organs studied

Disease model

Remarks

Oliphant, 2014

Walker, 2015

Halim, 2016

Hams, 2016

Newland, 2017

Halim, 2018

Rafei-
Shamsabadi,
2018

Donovan, 2019

Schwartz, 2019

Cameron, 2019

Moral, 2020

Gut

Gut

Lung and skin

Kedney

Adipose tissue

Lung and

mesenteric LNs

Skin

Lung

Skin

Aorta

Pancrease

Helminth-infected mouse model

Helminth-infected mouse model

Papain-induced asthma model

Acute kideny injury model

High-fat diet mouse model

Papain-induced asthma model

Helminth-infected mouse model

Allergic contact dermatitis

model

Cigarette smoke exposure in

mice

Skin inflammation model
(spontaneously induced by
Filaggrin-mutant mice)
Atherosclerosis model (induced
by low-density lipoprotein
receptor-dificient mice)

Pancreatic cancer model

ILC2 ablation leads to impaired type
2 response against helminth infection.
Bcll1b is essential for ILC2-mediated
function against helminth infection.
ILC2s induce DCs to promote
memory Th2 function.

The absence of ILC2s does not alter
the severity of the renal injury model.
ol-induced ILC2s are needed for
weight loss and improve glucose
tolerance.

CD4" T cells in the mLN and lung
IgE concentrations are reduced in
ILC2-deficient mice.

ILC2s act as negative regulators in

type 1 immune response.

There was decreased collagen
deposition in the lung following
cigarette exposure in a study of ILC2
deficiency.

Chronic dermatitis does not improve

with ILC2 deficiency.

ILC2-deficiency exacerbates

atherosclerosis.

The number of DCs in the tumor is

lower in ILC2-deficient mice.

DCs: dendritic cells, LNs: lympho nodes, BAL: bronchoalveolar lavage
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