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Abstract

Eosinophils are a myeloid cell subpopulation that mediates type 2 T helper cell immune responses.
Unexpectedly, we identified a rapid accumulation of eosinophils in 22 human liver grafts after
hepatic transplantation. In contrast, no eosinophils were detectable in healthy liver tissues before
transplantation. Studies with two genetic mouse models of eosinophil deficiency and a mouse
model of antibody-mediated eosinophil depletion revealed exacerbated liver injury after hepatic
ischemia and reperfusion. Adoptive transfer of bone marrow—derived eosinophils normalized liver
injury of eosinophil-deficient mice and reduced hepatic ischemia and reperfusion injury in wild-
type mice. Mechanistic studies combining genetic and adoptive transfer approaches identified a
critical role of suppression of tumorigenicity (ST2)-dependent production of interleukin-13 by
eosinophils in the hepatoprotection against ischemia-reperfusion—induced injury. Together, these
data provide insight into a mechanism of eosinophil-mediated liver protection that could serve as a
therapeutic target to improve outcomes of patients undergoing liver transplantation.

INTRODUCTION

During orthotopic liver transplantation, hepatic ischemia and reperfusion (IR) injury can
lead to early allograft dysfunction or primary nonfunction and result in chronic graft
rejection or recurrence of viral hepatitis (1, 2). A shortage of donor organs had led to the
consideration of using “marginal” allografts from elderly donors, severely steatotic livers, or
organs retrieved after circulatory death of the donor (3). However, the utility of “marginal”
livers is limited because they are highly susceptible to hepatic IR injury. Given that the
treatment modalities to prevent or attenuate hepatic IR injury are extremely limited, studying
the underlying pathogenesis to uncover therapeutic targets is an area of intense investigation
(4-8).

Eosinophils are bone marrow—derived granulocytes that are involved in host defense against
parasitic infections and pathogenesis of allergic diseases (9, 10). However, this classic
description has been challenged by recent mechanistic studies using new experimental tools.
Evidence now suggests that eosinophils play an important role in modulating T cell
responses (11-13) and in promoting tissue repair and resolution of inflammation. In acute
peritonitis, eosinophils accumulate in inflamed foci and produce anti-inflammatory
mediators and those that promote resolution of inflammation (14). In response to skeletal
muscle injury, eosinophils infiltrate the tissue and promote fibroadipogenic progenitor cell
proliferation and muscle regeneration (15). Studies of the role of eosinophils in liver injury
are limited to just a few reports describing contrasting findings. Eosinophils were associated
with a pathological role in concanavalin A— and halothane-induced liver injury in mice (16,
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17). However, in liver partial hepatectomy and CCls-induced injury, eosinophils were shown
to play a role in promoting liver regeneration (18).

Here, we report a serendipitous observation that eosinophils rapidly accumulate in the liver
after orthotopic liver transplantation in humans. Similarly, hepatic eosinophils appear in the
liver of mice exposed to IR injury. Using mice with anti—-Siglec-F antibody—induced
eosinophil depletion and two strains of mice with genetic deletion of eosinophils, we
uncovered a highly protective role of eosinophils during liver IR injury. Our studies provide
strong evidence for further exploring eosinophils and interleukin-33 (IL-33) signaling
through its receptor, suppression of tumorigenicity (ST2), as approaches to both improve the
clinical outcomes of hepatic IR injury and expand the donor pool for liver transplantation.

accumulate in the liver during hepatic IR injury

It is known that hepatic macrophages and neutrophils contribute to tissue inflammation and
damage during liver IR injury (19-21). Unexpectedly, we observed another population of
innate immune cells, eosinophils, that accumulates in the liver as early as 2 to 3 hours after
orthotopic liver transplantation in humans (Fig. 1, A and B). In contrast, very few
eosinophils can be detected in healthy liver biopsies. We detected eosinophils by
immunohistochemical (IHC) staining using an antibody that recognizes human eosinophil
peroxidase (EPX). Because the sizes of the paraffin sections are different, to better quantify
and compare the abundance of eosinophils in the liver, we counted the number of cells in six
random fields (2448 by 1920 pixels per field) of each section and showed the average
number of eosinophils per field (P < 0.0001; Fig. 1C). We next attempted to examine
whether there is any correlation between the severity of liver IR injury and the eosinophil
frequency. There was no correlation when analyzing all the samples as one group (fig. S1A).
Because hepatic steatosis increases susceptibility to IR injury, we next separated the samples
into two groups based on the degree of macrosteatosis in the donor tissues. In samples with
macrosteatosis equal to or less than 5% as evaluated by an independent liver pathologist, we
found that higher numbers of eosinophils in the post-IR liver samples correlated with lower
serum alanine aminotransferase (ALT) values on day 1 after liver transplantation (fig. S1B).
In those samples with macrosteatosis greater than 5%, no correlation was observed (fig.
S1C). In a murine model of hepatic IR injury (Fig. 1D), an increase in eosinophils was
detected as early as 1 hour after reperfusion by flow cytometry, and the number continued to
rise up to 24 hours (P< 0.01 at 1 hour, P< 0.05 at 4 hours, and A< 0.001 at 8 and 24 hours
after reperfusion; Fig. 1, E and F). Eosinophil accumulation in the liver was further
confirmed by IHC staining (Fig. 1G).

protect against hepatic IR injury

To investigate the functional role of eosinophils in hepatic IR injury, we depleted these cells
by an intraperitoneal injection of an anti-Siglec-F antibody as previously reported (22),
whereas control mice were treated with an irrelevant immunoglobulin G (IgG) control. As
shown in fig. S2, eosinophils were effectively depleted from the bone marrow, blood, and the
liver. Eosinophil-depleted mice exhibited much more severe liver IR injury compared with
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nondepleted mice, as demonstrated by marked increases in ALT (P< 0.0001 and A< 0.05 at
4 and 8 hours after reperfusion, respectively; Fig. 2A), aspartate aminotransferase (AST) (P
<0.05and P<0.01 at 4 and 8 hours after reperfusion, respectively; Fig. 2B), and tissue
necrosis (P < 0.05; Fig. 2, C and D). Expressions of the proinflammatory cytokines tumor
necrosis factor-a (TNF-a) and IL-1p were also increased in the absence of eosinophils (P <
0.001 and P< 0.05; Fig. 2E). As a genetic approach to delete eosinophils, we made use of
the PHIL mouse, which expresses a diphtheria toxin A transgene driven by a fragment of the
EPX promoter, resulting in eosinophil-specific cytotoxicity and loss of eosinophils (23).
With near-absolute loss of eosinophils, the PHIL mice have normal numbers of B cells, T
cells, and even mast cells and basophils, which share a direct common precursor with
eosinophils (23). Mirroring our studies with antibody-mediated depletion of eosinophils,
PHIL mice developed worsened hepatic IR injury compared with wild-type (WT)
littermates, evident by increased serum concentrations of ALT (£ < 0.005; Fig. 2F), AST (P
< 0.05; Fig. 2G), and hepatocyte necrosis (P < 0.0001 and ~< 0.0005; Fig. 2, Hand I).
Moreover, adoptive transfer of WT bone marrow—derived eosinophils (omEos) to PHIL mice
at 24 hours before surgically induced liver ischemia normalized their phenotype to that of
the WT mice (Fig. 2, F to I). Furthermore, we transferred hepatic eosinophils isolated from
the livers of WT mice 24 hours after hepatic IR injury into PHIL mice and then surgically
induced liver ischemia. As shown in fig. S3, adoptive transfer of eosinophils from IR-injured
WT livers reduced liver IR injury in eosinophil-deficient PHIL mice.

To further corroborate these results, we used another strain of eosinophil-deficient mice
(AdblGatal). The AdblGatal mice carry a deletion of a high-affinity Gatal-binding site in
the promoter of Gata-1, which is critical for eosinophil development (24). Similar to PHIL
mice, AdblGata-1 mice also developed exacerbated liver IR injury compared to WT Balb/c
mice (fig. S4). To investigate whether eosinophils confer further protection in WT mice, we
adoptively transferred WT-bmEos to WT mice 24 hours before ischemia surgery. The
recipient mice showed reductions in ALT (P< 0.05 and A< 0.01 at 4 and 8 hours after
reperfusion, respectively; Fig. 2J), AST (P < 0.01; Fig. 2K) concentrations, and liver
necrosis (P < 0.05; Fig. 2K) relative to control mice that did not receive bmEos. Together,
these data revealed a role for easinophils in mediating liver protection during hepatic IR
injury.

ST2 plays a critical role in the hepatoprotective effect of eosinophils

To characterize the molecular mechanisms accounting for the protective function of
eosinophils, we compared gene expression profiles between liver nonparenchymal cells from
eosinophil-depleted and nondepleted mice at 4 hours after reperfusion. As expected,
nonparenchymal cells from eosinophil-depleted mice showed decreased expression of
eosinophil-related genes, such as EPX, IL-5, and IL-13 (fig. S5A). We found a reduction of
ST2 expression in eosinophil-depleted nonparenchymal cells, and this was validated by
quantitative polymerase chain reaction (QPCR; P < 0.05; fig. S5B). ST2, also named as IL-1
receptor like-1 (IL-1rl1), is the receptor for IL-33. ST2 is known to be highly expressed on
type 2 T helper T cells (TH2), mast cells, and eosinophils (25, 26). Flow cytometric analysis
of ST2 protein expression demonstrated that almost all eosinophils (Siglec-F*) expressed
ST2 (Fig. 3A). Eosinophils accounted for most of the ST2* cells in the liver during IR
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injury. In contrast, there were reduced proportions of ST2* cells in other cell types of the
liver, including neutrophils, endothelial cells, macrophages, T and B lymphocytes, natural
killer cells, and natural killer T cells (fig. S5C). Group 2 innate lymphoid cells (ILC2s) are
known to express ST2. However, the number of ILC2 cells detectable by flow cytometry
(Lin-Sca™CD127*KLRG1") was extremely low in the liver and it did not increase after liver
IR injury. These data led to our hypothesis that ST2 plays an important role in the protective
function of eosinophils during hepatic IR injury. Compared with WT mice, ST27/~ mice had
much fewer eosinophils in the liver (Fig. 3B) and developed increased IR-related tissue
damage. ST27~ mice also had higher serum concentrations of ALT (P< 0.05) and AST (P<
0.05) and more severe liver necrosis (P< 0.001; Fig. 3, C to F). To determine whether the
exacerbated IR injury in ST2/~ mice was related to eosinophils, we transferred WT-bmEos
to ST27/~ mice at 24 hours before hepatic IR. As shown in fig. S6, more total eosinophils
accumulated in the liver after adoptive transfer of naive bmEos as compared to mice not
receiving bmEos. Further, we adoptively transferred naive bmEos or bmEos after stimulation
with the ST2 ligand, IL-33, 24 hours before hepatic IR. We found that hepatic IR injury in
the recipient ST2™/~ mice was attenuated by adoptive transfer of either naive or IL-33—
stimulated bmEos derived from WT, but not from ST2~/~ mice (P< 0.0001; Fig. 3, G to J),
suggesting that ST2 function is eosinophil intrinsic.

IL-33 signaling through ST2 in eosinophils protects against hepatic IR injury

Eosinophils

The ligand of ST2, IL-33, is known as an alarmin and is released during tissue damage. To
investigate the involvement of IL-33, we first measured the serum concentration of IL-33
after hepatic IR injury. As shown in Fig. 4A, 1L-33 is elevated after hepatic IR injury in WT
and ST27/~ mice (P< 0.01 at 4 hours after reperfusion in WT mice, A< 0.01 at 4 hours, P<
0.001 at 8 hours, and £ < 0.0001 at 24 hours after reperfusion in ST2~/~ mice). Moreover,
similar to ST27/~ mice, 1L-337/~ mice had impaired eosinophil accumulation in the liver
(Fig. 4B) and developed exacerbated hepatic IR injury, evident from increased values of
ALT (P<0.05; Fig. 4C), AST (P< 0.01; Fig. 4D), and worsened histology (£ < 0.0001; Fig.
4, E and F), suggesting a protective role for IL-33. To address whether IL-33 protects the
liver through ST2 signaling in eosinophils, we adoptively transferred naive WT-bmEos or
IL-33-stimulated WT-bmEos to 1L-337/~ mice. Control mice were injected with phosphate-
buffered saline (PBS). The data showed that only IL-33-stimulated WT-bmEos, but not
naive WT-bmEos, could reduce liver injury in IL-337/~ mice (2 < 0.0005 for ALT
concentrations, £< 0.0001 and £< 0.0005 for AST concentrations, and < 0.01 for the
percentage of necrosis; Fig. 4, G to J). These data, together with those from the adoptive
transfer of bmEos to ST2™/~ mice, suggest that the 1L-33-ST2 axis is critically involved in
the hepatoprotective function of eosinophils.

suppress neutrophils through IL-13 production

Our microarray analyses revealed that expression of myeloperoxidase (MPO) was higher in
liver nonparenchymal cells from eosinophil-depleted mice as compared to nondepleted mice
(fig. S5A), which was confirmed by gPCR analysis (P < 0.05; fig. STA). Furthermore, IHC
staining for MPO™ cells (P < 0.001; Fig. 5, A and B) and flow cytometric analysis of Ly6G™*
cells (P<0.01; Fig. 5, C and D) revealed that neutrophils were much more abundant in the
liver of anti-Siglec-F-treated compared with control IgG-treated mice after IR injury.
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Similarly, the numbers of MPO™ cells were higher in eosinophil-deficient PHIL and
AdblGatal compared with their WT counterparts after IR injury (P< 0.0001; fig. S7B).
Neutrophils are known to play a critical role in causing liver inflammation and hepatocyte
death during IR injury (19, 20). The pathological effect of neutrophils in vivo is principally
mediated by their production of oxidants including hydrogen peroxide and hypochlorous
acid (HOCI) (27). Using a monoclonal antibody that recognizes HOCI protein adducts, we
detected an increase of HOCI-modified proteins in hepatocytes of anti-Siglec-F—treated than
control IgG-treated mice (fig. S7C), as well as in PHIL and AdblGatal mice compared with
their WT counterparts (fig. S7, D and E). These data together suggest that the protective role
of eosinophils is related to the suppression of neutrophils during hepatic IR injury.

It is known that eosinophils produce IL-4 and IL-13 (28, 29). Therefore, we investigated
whether these cytokines may confer the hepatoprotective effects of eosinophils during IR
injury. Our data demonstrated that eosinophils account for more than 90% of IL-13—
expressing nonparenchymal cells after liver IR injury (Fig. 5E). Eosinophils also express
IL-4 but are not the main cellular source during liver IR injury (fig. S8A). IL-4 has been
implicated in liver regeneration (18); however, our data showed that neutralizing IL-4 did not
affect hepatic IR injury (fig. S8, B to E). In contrast, neutralizing IL-13 increased serum
ALT and AST concentrations (P < 0.0001; Fig. 5, F and G), hepatocyte necrosis (P < 0.001;
Fig. 5, H and I), and the number of neutrophils in the liver compared to 1gG-treated control
mice (P < 0.0001; Fig. 5, J and K). On the contrary, injection of recombinant mouse IL-13 to
WT mice reduced hepatic IR injury (fig. S9). To determine whether IL-13 produced by
eosinophils, rather than other cells, plays a critical protective role, we made use of a mouse
with an eosinophil-specific deletion of IL-4 and 1L-13 5 (IL-4/IL-13 EOS 1L-4/I1L-137/fl x
eoCre*/"). The data demonstrated that hepatic IR injury was increased in these mice
compared with WT littermates (1L-4/IL-13WT, 1L-4/IL-13/fl x eoCre™/"), as measured by
increased serum ALT (P< 0.01 and £< 0.05 at 4 and 8 hours after reperfusion, respectively;
Fig. 5L) and AST (P< 0.05; Fig. 5M) concentrations and hepatocyte necrosis (£ < 0.005;
Fig. 5, N and O).

IL-33 stimulates eosinophils to produce IL-13 through ST2

The findings that eosinophils are the predominant source of 1L-13, 1L-13 mediates the
protective effects of easinophils, and the 1L-33/ST2 axis is necessary in promoting the
protective function of eosinophils led to our hypothesis that 1L-33, acting through ST2,
triggers 1L-13 production by eosinophils. To examine this hypothesis, we stimulated bmEos
generated from WT and ST27/~ mice with IL-33. The data showed that I1L-33 induced the
up-regulation of both mRNA and protein of IL-13 in WT-bmEos (P < 0.05; Fig. 6B), but not
in ST27~ bmEos (Fig. 6, A and B). Similarly, eosinophils freshly isolated from the bone
marrow of WT mice, but not ST2~/~ mice, responded to IL-33 stimulation to produce 1L-13
(P<0.0001; Fig. 6, C and D). Consistently, after IR injury, hepatic 1L-13 concentrations
were lower in eosinophil-depleted mice compared with 1gG-treated control mice (P<
0.0001; Fig. 6E). Moreover, ST27/~ and 1L-337/~ mice had reduced liver IL-13
concentrations as compared to WT mice (P< 0.01; Fig. 6F). Collectively, these data
demonstrate that the hepatoprotective function of eosinophils is mediated by 1L-33/ST2
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signaling, which triggers IL-13 production and suppresses neutrophils during liver IR injury
(fig. S10).

DISCUSSION

The current studies demonstrate that eosinophils accumulate rapidly in the liver after
orthotopic liver transplantation or upon hepatic IR. Eosinophil accumulation in the liver has
been observed in patients with chronic hepatitis C infection and those with drug-induced
liver injury (30-32), but the implications of this observation are not known. The role of
eosinophils in liver injury was examined in very few studies, which yielded opposite results
(16-18). A study of concanavalin A-induced hepatitis in mice demonstrated that eosinophil
depletion by an anti-CCR3 antibody reduced liver injury, suggesting a pathologic role of
eosinophils in this experimental model of immune-mediated hepatitis (16). Another study
using eosinophil-deficient AdblGatal mice showed that these cells contribute to halothane-
induced liver injury in mice (17). However, this finding is contradictory to the correlation of
hepatic eosinophils accumulation with a better prognosis of patients with drug-induced liver
injury (31, 32). A more recent study using murine models of partial hepatectomy and CCly-
induced liver injury demonstrated a critical protective role of eosinophils in promoting liver
regeneration through the secretion of I1L-4 (18). Our experiments using genetic models of
eosinophil deficiency (PHIL or AdblGatal mice) or antibody-mediated eosinophil depletion
revealed exacerbated injury after hepatic IR. The data provided compelling evidence to
support a critical hepatoprotective function of eosinophils during liver IR injury.

A limitation of the present study is that our mouse model of hepatic IR injury only simulates
warm IR-induced injury during liver transplantation. Although this model has been widely
used to understand the contribution of leukocytes, recruited during warm reperfusion, it does
not take into consideration the impact of cold storage on organ damage. We also recognize
that the number of tissue samples from patients undergoing orthotopic liver transplantation
is relatively small. Future studies with a larger sample size, which allows more detailed
analyses, are warranted.

Eosinophils were thought to be cytotoxic cells involved in host defense against parasitic
infections and in the pathogenesis of allergic diseases such as asthma (9, 10). However,
emerging evidence supports a paradigm-shifting hypothesis on the biological functions of
eosinophils, which proposes that rather than a destructive end-stage effector cells,
eosinophils are an important regulator of local immunity and remodeling/repair (33). For
example, eosinophils can function in vivo as antigen-presenting cells. It is reported that
airway eosinophils are able to process inhaled antigens, migrate to the draining lymph
nodes, and stimulate CD4* T cell responses (12). Eosinophils tend to suppress Tyl
responses either directly or indirectly through regulating dendritic cells (13, 34). Tissue
infiltration of eosinophils has been observed in various disease models, and the functions of
eosinophils in these conditions are beginning to be understood (14, 15, 35). In zymosan-
induced peritonitis, eosinophil-derived protectin D1 plays an indispensable role in
promoting the resolution of acute inflammation (14). A study of muscle damage
demonstrated a rapid recruitment of eosinophils, which were required for muscle
regeneration through activating resident fibro/adipocyte progenitor cells (15). In a mouse

Sci Transl Med. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 8

model of diet-induced obesity, it was shown that eosinophils migrated to white adipose
tissues and promoted alternative action of macrophages, thereby contributing to the
maintenance of glucose homeostasis (35). In the current study, we observed an accumulation
of eosinophils in the liver after IR injury. Our data demonstrated that eosinophils, through
releasing IL-13 and inhibiting neutrophils, attenuated hepatic IR injury.

We found that IL-33 was released during liver IR injury and its receptor, ST2 was expressed
by eosinophils. Moreover, the I1L-33/ST2 signaling in eosinophils was critical in mediating
the hepatoprotective effects of these cells. Although well known as a link to allergic
diseases, emerging evidence supports an important function of the IL-33/ST2 axis in
limiting tissue inflammation and injury (36-39). For example, 1L-33/ST2 plays a critical role
in the expansion and activation of regulatory T cells, thereby attenuating intestinal
inflammation (36), preventing obesity-associated inflammation (37), inhibiting graft-versus-
host disease (40), and promoting tissue repair of the lung, skeletal muscle, kidney, liver, and
heart (38, 39, 41-43). In terms of the role of IL-33/ST2 in hepatic IR injury, there are
currently two publications. The first study (44) demonstrated that the administration of
recombinant 1L-33 reduced but anti-ST2 worsened hepatic IR injury, indicating a protective
function of ST2. In contrast, the second study (45) showed that recombinant 1L-33
exacerbated hepatic IR injury and that IL-33 or ST2 deletion attenuated liver injury,
suggesting a pathological function of ST2. Our finding of a protective role of ST2 is in
agreement with the first study but contradictory to the second study. The difference in
background strains of the ST2~/~ mice used in the second study (Balb/c background) and
ours (C57BL/6 background) could contribute to the discrepancy of the results. The second
study shows that ST2 was expressed by neutrophils and triggered neutrophil extracellular
traps, thereby causing liver IR injury (45). However, we could not detect ST2 expression on
neutrophils. Other studies have also reported that neutrophils do not express ST2 (46, 47).
Regarding how eosinophils protect against hepatic IR injury, our data revealed a previously
unrecognized interplay between eosinophils and neutrophils. When eosinophils are absent or
reduced (in PHIL, AdblGatal, IL-337/~, ST27/~, and anti-Siglec-F—treated mice), the
number of neutrophils in the liver is profoundly increased, coinciding with an aggravated
hepatic IR injury. The in vitro and in vivo experiments demonstrate that through ST2, IL-33
stimulates eosinophil production of IL-13, which suppresses neutrophils.

The present study uncovered a previously unrecognized hepatoprotective function of
eosinophils and implicated the 1L-33/ST2—-dependent IL-13 production in mediating the
protective effect. The findings support further exploration of eosinophils and I1L-33/ST2
signaling as candidate therapeutic targets to improve the outcomes of liver surgery and
transplantation.

MATERIALS AND METHODS

Study design

This study was designed to determine the functional role of eosinophils in liver IR injury in
liver transplant patient samples and three different mouse models of eosinophil deficiency.
All patient sample collection and use were approved by the Committee for the Protection of
Human Subjects (CPHS) at the University of Texas Health Science Center at Houston
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(UTHealth; CPHS protocol HSC-MS-12-0652). For in vivo studies, study protocols were
approved by the Center for Laboratory Animal Medicine and Care at UTHealth. For patient
samples, we included all that were available to us. Sample size for animal studies was
determined by statistical analysis of variance and on the basis our experience with similar
studies. The sample size (7) for each experimental group is indicated in the figure legends
and is between three and eight mice per group. All of the in vivo experiments were
replicated three or more times by two experimentalists independently. All histological and
IHC samples were blinded before the images were taken and quantified.

Human liver tissues

Liver samples were obtained from patients undergoing orthotopic liver transplantation
(tables S1 and S2). Liver biopsies were taken at the conclusion of cold ischemia time during
back table preparation of the cadaveric liver allograft (Fig. 1A, pre-IR). A second biopsy
was taken immediately before closure of the abdomen after drain placement (warm ischemia
time) (Fig. 1A, post-IR). Total reperfusion time is defined as the time from portal vein
perfusion to abdominal closure at the conclusion of the procedure. Liver histopathology,
including the degrees of macrosteatosis, was evaluated and reported independent of the
present study by trained liver pathologists.

Animals and hepatic IR surgery

Balb/c and AdblGatal mice were purchased from the Jackson laboratory. Breeders of
IL-337/~ and ST2~/~ mice were obtained from J. Brown (University of Colorado Anschutz
Medical Campus) and S. Akira (Osaka University) via material transfer agreements (MTAS).
Both 1L-337/~ and ST2~/~ mice were on a C57BL/6N genetic background. Therefore, we
used C57BL/6N mice as WT controls, and breeding pairs were purchased from Taconic
Biosciences. Both WT and knockout mouse colonies have been maintained in UTHealth
animal facility for the past 3 years. Breeders of PHIL (23) and 1L-4/1L-13/fl x (48) eoCre
(backcrossed to C57BL/6J) were obtained from E. Jacobsen (Mayo Clinic Arizona) via
MTAs. All colonies were established and maintained at the UTHealth animal facility. All
experiments were performed according to the guidelines of the Institutional Animal Care
and Use Committee at UTHealth.

Surgical induction of hepatic IR or sham surgery was performed in 10- to 12-week-old male
mice as previously reported (49). Briefly, mice were anesthetized with an intraperitoneal
injection of sodium pentobarbital (60 mg/kg) and placed on their back on a temperature-
controlled (set at 37°C) surgery table to keep the body temperature of the mice at 33°C. A
midline laparotomy was performed and an atraumatic clip was used to interrupt blood
supply to the left lateral and median lobes of the liver. After 60 min of partial hepatic
ischemia, the clip was removed to initiate hepatic reperfusion. Sham control mice underwent
the same protocol without vascular occlusion. During the process, mice were kept well
hydrated with warm saline. Mice were euthanized at indicated time points after reperfusion
to collect blood and the ischemic portions of the liver tissues for further analysis.

For eosinophil depletion, mice were injected intraperitoneally with anti-mouse Siglec-F
antibody (10 ug per mouse; clone E50-2440, BD Pharmingen) or control IgG at 24 hours
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before ischemia. For IL-13 neutralization, mice were injected intravenously with anti-mouse
IL-13 antibody (1 pg per mouse; AF-413-NA, R&D Systems) or control IgG at 1 hour
before ischemia. For IL-4 neutralization, mice were intravenously injected with anti-mouse
IL-4 antibody (10 pg per mouse; clone: 11B11, BioLegend) or control 1gG at 1 hour before
ischemia. For exogenous IL-13 treatment, mice were injected intravenously with
recombinant mouse IL-13 (2 pg per mouse; PeproTech) at 1 hour before ischemia.

For adoptive transfer of eosinophils, WT-bmEos were prepared as described below and
intravenously injected into mice (2 x 107) at 24 hours before IR surgery. In some
experiments, the cells were labeled with 20 uM carboxyfluorescein diacetate succinimidyl
ester (Invitrogen) for 8 min at 37°C or treated with 1L-33 (10 ng/ml; PeproTech) for 24
hours before adoptive transfer.

Measurements of liver injury and isolation of liver nonparenchymal cells

Serum concentrations of ALT and AST were detected using the diagnostic assay Kits from
Teco Diagnostics following the manufacturer’s protocols. Tissue sections from the median
and left lobes of the liver were collected. Tissues were fixed in 10% formalin overnight and
embedded in paraffin, cut in 4-um sections, and stained with hematoxylin and eosin.

Liver nonparenchymal cells were isolated following a previously established method (50).
Briefly, liver tissues were perfused in situ with a perfusion buffer [1x Hank’s balanced salt
solution (HBSS)], followed by digestion buffer (1x HBSS supplemented with 0.04%
collagenase type I; Sigma-Aldrich). After digestion, the liver was disrupted in anticoagulant-
citrate-dextrose solution, and the cells passed through a 70-um cell strainer. Subsequently,
the cells were fractionated using 30% (w/v) Nycodenz (Axis Shield Poc AS) at 1.155 g/ml
to yield liver nonparenchymal cells, which were further purified using 35% Percoll (Sigma-
Aldrich) at 1.04 g/ml. Red blood cells were lysed in ACK buffer (150 mM NH,4CI, 10 mM
KHCOg, and 0.1 mM NayEDTA, at pH 7.2 to 7.4).

Flow cytometry analysis

Cultured or isolated cells were stained with antibodies for 30 min on ice and analyzed using
a CytoFLEX flow cytometer (Beckman Coulter). Data were analyzed with FlowJo v10.7
according to the manufacturers’ protocols. Dead cells were excluded by staining with blue
fluorescent reactive dye (1:100; Invitrogen, #2176884). Anti-mouse F4/80 (1:100; BM8),
anti-mouse IL-4 (1:200; 11B11), anti-mouse CD193 (1:100; CCR3, J073E5), anti-mouse
CD125 (1:100; IL-5Ra, DIH37), and anti-mouse CD11c (1:100; N418) were from
BioLegend. Anti-mouse CD19 (1:100; ebiolD3), anti-mouse NK1.1 (1:100; PK136), anti-
mouse IL-13 (1:200; eBio13A), and anti-mouse CD45 (1:100; 30-F11) were from
eBioscience (Thermo Fisher Scientific). Anti-mouse CD3 (1:100; 145-2C11), anti-mouse
Ly6G (1:100; 1A8), anti-mouse CD11b (1:100; M1/70), anti-mouse Siglec-F (1:100; E50—
2440), and anti-mouse CD146 (1:100; ME-9F1) were from BD Pharmingen. For
intracellular staining, cells were treated with brefeldin A (BioLegend) and were stained and
analyzed by using the Fixation and Permeabilization Kit (Invitrogen) following the
manufacturer’s recommended protocols.
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IHC staining and enzyme-linked immunosorbent assay

IHC staining was performed using paraffin-embedded sections to determine the expression
of MPO and HOCI-protein adducts in the liver. Briefly, endogenous peroxidases were
inactivated by 3% hydrogen peroxide. Nonspecific signals were blocked using 2.5% goat
serum. Rabbit anti-human/mouse MPO antibody (SKU:023, Biocare Medical) and a
monoclonal antibody that detects HOCI-protein adducts (clone: 2D10G9, gift from E. Malle,
Medical University Graz) were used. After overnight incubation, the slides were washed and
incubated with secondary antibody (horseradish peroxidase polymer, Vector Laboratories)
for 30 min at room temperature. The slides were washed three times and stained with 3,3"-
diaminobenzidine substrate (Vector Laboratories). The slides were counterstained with
hematoxylin and then washed and mounted with mounting medium. Mouse anti-human EPX
(clone: MM25 82.2.2) and rat anti-mouse MBP (clone: MT2 14.7.3) from E. Jacobsen
(Mayo Clinic Arizona) were provided via MTAS, and staining were performed as previously
described (51, 52). Serum concentrations of IL-33 and the concentration of IL-13 in cell
culture supernatants and in liver tissues were measured using enzyme-linked immunosorbent
assay (ELISA) kits from R&D systems according to the manufacturers’ protocols.

Isolation and ex vivo culturing of mouse bmEos

The ex vivo culturing of mouse bmEos was performed as reported previously (53). Briefly,
bone marrow cells were collected from the femurs of mice and cultured at 5 x 108/ml in
RPMI 1640 (Corning Cellgro) containing 20% fetal bovine serum (Corning), penicillin/
streptomycin 100x (Corning Cellgro), 2 mM glutamine (Invitrogen), 25 mM Hepes, 1x
nonessential amino acids, 1 mM sodium pyruvate (Gibco), and 50 pM B-mercaptoethanol
(Sigma-Aldrich) and supplemented with stem cell factor (100 ng/ml; PeproTech), and fms
like tyrosine kinase 3 (FLT3) ligand (100 ng/ml; PeproTech) from day O to day 4. On day 4,
the cells were washed and cultured in fresh medium containing recombinant mouse I1L-5 (10
ng/ml; R&D Systems) for an additional 8 days. On day 12, the cells were collected and
analyzed by flow cytometry and imaged by light microscopy.

Quantitative real-time PCR and microarray analyses

Total RNA was isolated from liver nonparenchymal cells for the measurement of TNF-a.,
IL-1B, ST2, and MPO expression and for microarray analysis. RNA was isolated from
cultured cells and mouse liver tissues for IL-13 mRNA measurements using the Qiagen
RNeasy Mini Kit (#74104, Qiagen) according to the manufacturer’s instructions. Total RNA
was reverse transcribed to complementary DNA (cDNA), followed by amplification using
quantitative real-time PCR (qRT-PCR). A reaction mixture in a total volume of 10 pl
contained cDNA, the One-Step RT-ddPCR Advanced Kit (#1864021, Bio-Rad), and primers
at final concentrations of 1 pM. gRT-PCR was performed using the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad). The relative amount of target MRNA was determined
using the comparative threshold (&) method by normalizing target mMRNA G values to those
of 18S. For microarray analysis, total RNA was isolated from liver nonparenchymal cells
obtained from mice treated with IgG or anti-Siglec-F antibody at 24 hours before liver
ischemia. The microarray analysis was performed by the Genomics and Microarray Core
Anschutz Medical Campus, University of Colorado.
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Statistical analysis

All statistical analyses and graphing were conducted with GraphPad Prism version 7.0
(GraphPad Software Inc.). Results were presented as means + SEM. For Fig. 1C, a two-
tailed paired Student’s ftest with Welch’s correction was performed. For all other
comparisons in which there were two groups of values, a two-tailed unpaired Student’s ¢test
with Welch’s correction was performed after demonstrating data, following a normal
distribution by Shapiro-Wilk normality test. To compare values obtained from three or more
groups with one independent variable, a one-way analysis of variance (ANOVA) was used
followed by Tukey’s test. To compare groups with two independent variables, a two-way
ANOVA was used followed by Tukey’s test. Differences in values were considered
significant at £< 0.05. All experiments were repeated a minimum of three times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Eosinophils accumulate in the liver during hepatic IR injury.
(A) Collection of liver biopsies. (B) Eosinophils in human donor liver biopsies (pre-IR) and

biopsies from the same tissues after liver transplantation (post-1R) were detected by IHC
staining using anti-human EPX antibody. Scale bars, 25 pm. Red indicates EPX staining,
and arrows point to EPX-positive eosinophils. (C) The numbers of eosinophils were
quantified (n= 22 patients per group). CIT, cold ischemia time; WIT, warm ischemia time;
RT, reperfusion time. (D) Male C57BL/6 mice were subjected to hepatic ischemia for 60
min, and the numbers of eosinophils in the liver were measured at 1, 4, 8, or 24 hours after
reperfusion. (E) Representative flow cytometry plots and (F) quantification demonstrate the
numbers of eosinophils (SSCMiSiglec-F*CCR3*IL-5R*cells) in the liver after IR injury (7=
4 per group). SSC, side scatter. (G) IHC staining of eosinophils using anti-mouse MBP
antibody. Arrows point to MBP-positive eosinophils stained red. Scale bars, 200 um. Images
shown are representative of /7= 4 mice per time point. A two-tailed paired Student’s #test
with Welch’s correction was performed in (C). A one-way ANOVA was performed in (F).
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Fig. 2. Eosinophils protect against hepatic IR injury.
(A to E) Eosinophils were depleted by anti-Siglec-F antibody in male C57BL/6 mice, and

control mice were treated with IgG (#7=5 in IgG control and 7= 3 in anti-Siglec-F
treatment group), and serum concentrations of ALT (A) and AST (B) were measured at 4
and 8 hours after reperfusion. (C) Liver necrosis (scale bars, 200 pm) was evaluated and
quantified (D) at 24 hours after reperfusion. (E) mRNA expression of cytokines in liver
nonparenchymal cells was measured at 4 hours after reperfusion (/7= 6 mice per group). (F
to 1) WT littermates, eosinophil-deficient PHIL mice, and PHIL mice receiving WT-bmEos
(2 x 107) were subjected to hepatic IR injury (/7= 4 mice per group). Serum concentrations
of ALT (F) and AST (G) were measured at 4 and 8 hours after reperfusion. (H) Liver
necrosis (scale bars, 200 um) was examined and quantified (1) at 24 hours after reperfusion.
(J to M) WT C57BL/6 mice (n= 4 mice per group) received WT-bmEos or PBS as a
control. Serum concentrations of ALT (J) and AST (K) were measured at 4 and 8 hours after
reperfusion. (L) Liver necrosis (scale bars, 200 um) was examined and quantified (M) 24
hours after reperfusion. A two-tailed unpaired Student’s ¢test with Welch’s correction was
performed in (D), (E), and (M). A one-way ANOVA was performed in (I). A two-way
ANOVA was performed in (A), (B), (F), (G), (J), and (K).
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Fig. 3. ST2 plays a critical role in the hepatoprotective effect of eosinophils.
(A) Liver nonparenchymal cells were isolated at 24 hours after reperfusion. ST2 expressions

on eosinophils were measured by flow cytometry. Data shown represent samples from four
mice. (B to F) WT and ST2™/~ mice were subjected to hepatic IR surgery (/7= 4 mice per
group). Hepatic eosinophil accumulation, shown as proportions among CD45*
nonparenchymal cells, was measured at 4 hours after reperfusion (B). Serum concentrations
of ALT (C) and AST (D) were measured at 4 and 8 hours after reperfusion. Liver necrosis
(scale bars, 200 um) was examined at 24 hours after reperfusion (E) and quantified (F). (G
to J) ST27/~ mice were adoptively transferred with WT-bmEos, IL-33-stimulated WT-
bmEos, ST27/~-bmEos, IL-33-stimulated ST2~/~-bmEos, or PBS as control at 24 hours
before hepatic IR surgery (7= 3 in the ST2/~ + PBS, /7= 4 in all remaining groups). Serum
concentrations of ALT (G) and AST (H) were measured at 4 and 8 hours after reperfusion.
Liver necrosis (scale bars, 200 pm) was examined at 24 hours after reperfusion (I) and
quantified (J). A two-tailed unpaired Student’s #test with Welch’s correction was performed
in (F). A two-way ANOVA was performed in (C), (D), (G), (H), and (J).
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Fig. 4. IL-33 signaling through ST2 in eosinophils protects against hepatic IR injury.
(A) Serum concentrations of 1L-33 were measured in C57BL/6 and ST2—/- mice at various

times after reperfusion (7= 4 in sham group, 7= 6 in all remaining groups). (B to F) WT
and IL-337/~ mice were subjected to hepatic IR surgery. Hepatic eosinophil accumulation,
shown as proportions among CD45* nonparenchymal cells, was measured at 4 hours after
reperfusion (7=8in WT and 7= 6 in IL-337~ group) (B). Serum concentrations of ALT (C)
and AST (D) were measured at 4 and 8 hours after reperfusion. Liver necrosis (scale bars,
200 um) was examined at 24 hours after reperfusion (E) and quantified (F) (7= 4 in WT and
n=3in 1L-337~ group). (G to J) IL-337/~ mice were adoptively transferred with WT-
bmEos, IL-33-stimulated WT-bmEos, or PBS as control at 24 hours before hepatic IR
surgery (n=3in IL-337~ + PBS, = 4 in all remaining groups). Serum concentrations of
ALT (G) and AST (H) were measured at 4 and 8 hours after reperfusion. Liver necrosis
(scale bars, 200 pm) was examined at 24 hours after reperfusion (1) and quantified (J). A
two-tailed unpaired Student’s ¢test with Welch’s correction was performed in (F). A one-
way ANOVA was performed in (J). A two-way ANOVA was performed in (A), (C), (D),
(G), and (H).
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Fig. 5. Eosinophils suppress neutrophils through IL-13 production.
(A) Eosinophils were depleted by anti-Siglec-F antibody in male C57BL/6 mice at 24 hours

before hepatic IR surgery, and neutrophils were stained for MPO (brown; scale bars, 200
pum) and (B) quantified in the liver (=3 mice per group). (C) Representative flow
cytometry plots and (D) quantification of Ly6G*CD11b* cells at 24 hours after reperfusion
are shown (/7= 4 mice per group). (E) Liver nonparenchymal cells were isolated from WT
mice at 4 hours after reperfusion and stained for intracellular IL-13. IL-13—positive cells
were gated, and the proportions of eosinophils (Siglec-F*) that express I1L-13 among total
IL-13" cells are shown (7= 4 mice per group). (F to K) WT mice were injected with anti—
IL-13-neutralizing antibody or IgG control 1 hour before IR surgery (1= 3 mice per group).
Serum concentrations of ALT (F) and AST (G) were measured at 4 and 8 hours after
reperfusion. Liver necrosis (scale bars, 200 pm) was evaluated (H) and quantified (1).
Neutrophil accumulation was examined at 24 hours after reperfusion by myeloperoxidase
(MPO) staining (brown; scale bars, 200 um) (J) and quantified (K). (L to N) IL-4/1L-13AE0S
mice and 1L-4/1L-13WT littermates were subjected to IR surgery (7= 3 mice per group).
Serum concentrations of ALT (L) and AST (M) were measured at 4 and 8 hours after
reperfusion. Liver necrosis (scale bars, 200 pm) was examined (N) and quantified (O) at 24
hours after reperfusion. A two-tailed unpaired Student’s ftest with Welch’s correction was
performed in (B), (D), (1), (K), and (O). A two-way ANOVA was performed in (F), (G), (L),
and (M).

Sci Transl Med. Author manuscript; available in PMC 2021 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Wang et al.

Page 21

M C57BL/6 [] ST2-

A Ex vivo bmEos B Ex vivo bmEos ¢ Fresh bmEos P Fresh bmEos
100 §§ 67  P<0.05 - B ’gg 61 P<0.0001
£ 80 £°3 P<0.001 E 223, P<0.001
2 o0 23 LS ESE
e 40 o532 < 2SE 2
J 20 20 3 ] 232%
= Sc 5

0 €3 =30
unstimulated IL-33-stimulated

E o F &

2 ] P<0.01
0
£ 1% p<0.0001 £ 1507 P<0.01
5 - =
2 $
= 100 =100
g °
o
g 50 E 50
2
e 0 i o 0 ) I
3 1gG g"!:- . - C57BL/6ST2" IL-33"
= cont Siglec- =

Fig. 6. -mediated IL-33 signaling stimulates eosinophils to produce IL-13.
ST2 (A and B) bmEos were generated ex vivo from C57BL/6 and ST2~/~ mice (7= 5 mice

per group). IL-13 concentrations in culture supernatants (5 x 108 cells per well) (A) and
MRNA expression (B) were measured after stimulation with recombinant mouse IL-33 for
24 hours by ELISA and qPCR, respectively. N.D. indicates not detectable. (C and D)
Eosinophils (1 x 106 cells per well) were freshly isolated from the bone marrow of C57BL/6
and ST27/~ mice (7= 4 mice per group) and stimulated with 1L-33 for 24 hours. IL-13
protein in culture supernatants (C) and mRNA (D) expression were measured by ELISA and
gPCR, respectively. (E) WT C57BL/6 mice were treated with anti-Siglec-F antibody to
deplete eosinophils or IgG as control at 24 hours before hepatic IR surgery (/7= 4 mice per
group). IL-13 concentration in the livers was measured at 4 hours after reperfusion by
ELISA. (F) C57BL/6, ST27/~, and IL-337/~ mice were subjected to IR surgery (7=5in
C57BL/6, n=7in ST27/~, and 7= 5 IL-337~ mice). IL-13 concentrations in the livers were
measured at 4 hours after reperfusion by ELISA. A two-tailed unpaired Student’s #test with
Welch’s correction was performed in (E). A one-way ANOVA was performed in (F). A two-
way ANOVA was performed in (A), (B), (C), and (D).
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