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Abstract

Background Previous studies showed that CD4" T cells play a critical role in Con A-induced hepatitis in wild-type mice.
However, the role of CD8™ T cells in the setting of Con A-induced hepatitis is enigmatic. The aim of study is to investigate
the function of CD8* T cells in the context of Con-A-induced hepatitis.

Materials and subjects Two different mouse models of Con A-induced hepatitis, T cell-transferred Rag2~~ mice and wild-
type C57BL/6 mice, were used in the present study. IL.-33 gene knockout mice were used to confirm the role of alarmin in
Con A-induced hepatitis.

Results Opposing to the previous results obtained in wild-type mice, transferred CD4" T cells alone into Rag2-knockout
mice cannot cause hepatitis upon Con A challenge. In stark contrast, transferred CD8™ T cells play an important role in the
pathogenesis of Con A-induced liver injury in T cell-transferred Rag2-deficient mice. Furthermore, we found that hepato-
cytes injured by perforin-based CD8" T cell cytotoxicity release the alarmin IL-33. This cytokine promotes ST2* ILC2
development and the secretion of cytokines IL-5 and IL-13 to mediate liver inflammation triggered by Con A challenge. In
addition, these type 2 cytokines, including those originated from CD4" T cells, result in eosinophils accumulation in liver
to exacerbate the liver injury after Con A administration.

Conclusion Our data for the first time revealed that CD8* T cells play an indispensable role in the pathogenesis of Con
A-induced liver injury in T cell-transferred Rag2-deficient mice. Therefore, the CD8" T cell/IL-33/ILC?2 axis is a potential
therapeutic target for acute immune-mediated liver injury.
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Background

Concanavalin A (Con A)-induced murine hepatitis has ena-
bled the development of a novel hepatitis model induced by
T cell activation. CD4* T lymphocytes have been identified
as being responsible for organ damage in the murine model
of experimental liver injury induced by intravenous injection
of Con A. However, the cellular and molecular mechanisms
underlying Con A-induced hepatitis are not fully understood
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[1, 2]. Upon Con A administration, hepatic natural killer
T (NKT) cells rapidly up-regulate cell surface Fas ligand
(FasL) expression and FasL-mediated cytotoxicity. In addi-
tion, NKT cells undergo apoptosis, leading to their rapid
disappearance from the liver. These results have implicated
FasL expression on liver NKT cells in the pathogenesis
of Con A-induced hepatitis [3, 4]. CD8* T cells were not
observed to play an important role in Con A-induced hepa-
titis in this mouse model, as antibody-dependent depletion
of CD4* T cells fully protected against Con A-induced hepa-
titis, whereas depletion of CD8* T cells failed to prevent
liver injury [1, 5]. Nevertheless, Con A-induced hepatitis is
thought to be predominantly mediated by a perforin-depend-
ent pathway. The cytotoxicity appears to be caused by CD8”
T cells [6].

It has been reported that activated T cells alone are not
sufficient for the development of chronic liver inflamma-
tion. Thus, cell populations involved in the innate immune
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«Fig.1 CD8" T cells play an important role in Con A-induced hepa-
titis in T cells-transferred Rag2™~ mice. C57BL/6 or Rag2™'~ mice
were intravenously (i.v.) injected with 2x10° CD4* T cells and/
or 1x10° CD8* T cells, and Con A was administered at a dose of
15 mg/kg body weight 1 h later. Samples were harvested 10 h after
Con A injection. a HE staining and TUNEL staining of tissue sam-
ples from C57BL/6 and reconstituted Rag2™~ mice (original mag-
nification X 200). b Serum ALT was determined to evaluate hepatitis
in the various groups. ¢ Serum levels of IFN-y, IL-6 and IL-10 were
detected by ELISA in wild-type C57/B6 mice and T cell-transferred
Rag2~'~ mice after Con A challenge versus PBS control treatment.
Data are representative of an average of n=5-7 individual mice
from n=5 independent experiments. Values are the means+SD;
**p<0.01, ***¥p<0.001. The experiments were replicated at least
twice

response also play important roles in the pathogenesis of
autoimmune liver diseases [7, 8]. Innate lymphoid cells
(ILCs) are cells that lack rearranged antigen-specific recep-
tors, expressing many of the transcription factors and effec-
tor molecules expressed by CD4* T helper (Th) cell popula-
tions [9, 10]. The type 1 ILC (ILC1) population consists of
natural killer (NK) cells, producing interferon-y (IFN-y),
similar to Th1 cells. Type 2 ILCs (ILC2s) are analogous
to GATA-3-expressing Th2 cells that produce interleukin
(IL)-5 and IL-13. Type 3 ILCs (ILC3s) are described as cells
analogous to Th17 cells that produce IL-17A, IL-17F and
IL-22 [10, 11]. ILC2s populate lymphoid organs at epithelial
barrier surfaces and in other tissues, including skin, intes-
tine, lung, adipose and liver tissue [12—15]. IL-25 and IL-33
have been reported to be crucial for inducing KLRG1* ILC2
or ST2* ILC2 populations both in humans and mice [16].
ILC2s express the cytokines IL-4, IL-5, IL-9 and IL-13; par-
ticipate in the immune response against helminths; promote
airway allergies, lung inflammation, and skewed gastric dis-
ease; and also function in hepatic fibrosis [17-22].

IL-33 is a prominent member of the IL-1 family, and pro-
duced by endothelial and epithelial cells and by some hemat-
opoietic cell types, including dendritic cells (DCs), mast
cells, and macrophages. High expression of IL-33 has also
been found in endothelial cells of various tissues, includ-
ing liver, skin, lung, and stomach tissue [23-25]. IL-33 is
thought to be released during cellular death as an alarmin
cytokine during the acute phase of disease, and hepatocytes
are a major and novel cellular source of IL-33 in vivo during
Con A-induced acute hepatitis [25]. The production of IL-33
is regulated by NKT cells, tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) and perforin [20, 25].
IL-33 is also described as a regulator of inflammation and
tissue homeostasis. The receptors of IL-33 are ST2 and IL-
1RACP, which are expressed on Thl and Th2 cells, regula-
tory T (Treg) cells, macrophages, CD8" T cells, eosinophils,
ILC2s, NK cells and NKT cells, and these receptors regulate
type 1 and type 2 immunity, organismal metabolism, ther-
mogenesis, and tissue repair [21, 22, 26]. We previously

demonstrated that the endogenous alarm molecules high-
mobility group box 1 (HMGB1) and IL-33 exacerbate Con
A-induced hepatic injury in mice [27, 28]. Therefore, IL-33
released by injured hepatocytes could be the key cytokine
promoting the ILC2 response to liver damage upon Con A
challenge.

The aim of this study was to determine the role and mech-
anisms by which CD8" T and type 2 innate lymphoid cells
participate in a murine model of Con A-induced hepatitis
in T cell-transferred Rag2-deficient mice. Our data show
that CD8™" T cells injure hepatocytes, which results in IL-33
release. This mechanism promotes hepatic ST2" ILC2 devel-
opment and responses triggered by Con A, and induce severe
damage to the liver.

Materials and methods
Mice

Male 6-8-week-old C57BL/6 mice weighting 20-25 g were
purchased from Beijing HFK Bioscience (China). Male
6-8-week-old Rag2™~ mice weighting 20-25 g with a
C57BL/6 background were purchased from Jackson Labo-
ratory (Bar Harbor, ME, USA). IL-33-deficient mice with
C57BL/6 background were obtained from the laboratory of
Dr. Fang Zheng in Department of Immunology, Tongji Med-
ical College, HUST (China). Mice were maintained under
specific-pathogen-free (SPF) conditions and studied in com-
pliance with the animal care and use committee guidelines
of Tongji Medical College, HUST (China), and the study
protocols were specifically reviewed and approved by this
ethics committee.

Treatment of mice

Con A (Sigma-Aldrich, USA) was dissolved in pyrogen-free
phosphate-buffered saline (PBS), intravenously injected at
15 mg/kg body weight. For some experiments, mice were
challenged with Con A at a lower dose (10 mg/kg body
weight), together with rmIL-33 prepared as described pre-
viously [29]. Sera and tissues were collected at various time
points after Con A challenge. Sera were collected for meas-
uring alanine aminotransferase (ALT) and cytokine levels.
The livers were excised for RNA isolation, and portions of
the livers were used for tissue sectioning, hematoxylin/eosin
(HE) staining and immunofluorescence (IF) analysis. For
the cell reconstitution experiments, cells were transferred
intravenously 1 h before injection of Con A.
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«Fig.2 Con A-activated CD8" T cells destroyed hepatocytes to release
IL-33 by perforin in T cell-transferred Rag2™~ mice after Con A
challenge. C57BL/6 and reconstituted Rag2~~ mice were challenged
with Con A for 10 h, and then, HMCs were isolated and subjected to
flow cytometry. a The population of CD69* CD8" T cells was exam-
ined by flow cytometry. b The absolute number of CD8" T cells in
HMCs was calculated for the Con A challenge group and the PBS
control group. ¢ IL-33 and perforin mRNA expression levels and
sera IL-33 levels were determined using real-time PCR and ELISA
and normalized to the levels in PBS-treated mice. d Hepatocytes co-
cultured with/without CD8" T cells and treated with Con A for 10 h.
PI/Annexin V staining was performed to evaluate the apoptosis of
injured hepatocytes attacked by CD8" T cells. e Perforin and IL-33
protein levels were measured in liver samples of C57BL/6 mice by IF.
Values are the means+SD; *p <0.05, **p<0.01. Experiments were
repeated at least 3 times, n=>5 per group

Assessment of liver injury

Serum ALT was analyzed (Backman LX20 autoanalyzer,
CA, USA). Liver tissue was fixed in 4% paraformaldehyde
and cut into 4-um-thick sections for HE staining, TUNEL
staining or IF. Serum IFN-vy, IL-6, and IL-10 were examined
using ELISA kits (BioLegend).

Cell isolation and culture

Hepatocyte isolation was performed as described previously
[29, 30]. Briefly, additional 8-10-week-old C57BL/6 mice
(>25 g body weight) were used as a source of hepatocytes.
Hepatocytes were obtained via a two-step collagenase per-
fusion method. Anesthetized C57BL/6 mice were perfused
through the inferior vena cava with D-Hank’s buffer and then
perfused with type IV collagenase (Sigma-Aldrich, USA) to
initiate in vivo hepatocyte dissociation. The liver was then
transferred to a Petri dish with pre-cooled Dulbecco’s modi-
fied Eagle’s medium (DMEM) and gently shaken to disso-
ciate single hepatocytes. Hepatocytes were purified using
30% Percoll (Sigma-Aldrich, USA). Approximately 4 mil-
lion cells were obtained with a viability between 90% and
95% (evaluated by Trypan Blue exclusion) and cultured for
3 days. The hepatocyte culture medium was prepared with
high-glucose DMEM medium plus hydrocortisone, 500 U/L
insulin, and 1% penicillin—streptomycin. Twelve-well plates
were pre-coated with type I rat tail collagen. Hepatic mono-
nuclear cells (HMCs) were prepared by Percoll density cen-
trifugation. The livers were pressed through a 200-gauge
stainless-steel mesh. After washing with pre-cooled PBS,
cells were resuspended in 40% Percoll, overlaid onto 70%
Percoll and then centrifuged at 500 g for 30 min. HMCs
were then collected in the interphase and washed with cold
PBS.

CD4* T cells and CD8" T cells were obtained from the
spleen and mesenteric lymph nodes (mLN) and negative

selection was performed using a mouse MicroBead Kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). To isolate
hepatic ST2* ILC2s from HMCs, lineage-negative (Lin~)
cells with FITC-conjugated antibodies for CD3, CD5, CDS8,
CD19, B220, CD11b, CDl11c, Ter119, F4/80, Gr-1, TCR,
TCRyt, FcR1a, and CD49b (eBioscience, Germany) were
enriched by magnetic cell sorting. Lin™ cell-enriched HMCs
were then stained with fluorescence-labeled antibodies for
CD127-APC/cy7, Sac-1-PercyPCy5.5, and ST2-APC (eBi-
oscience, Germany), and Lin"CD127%Sac-1*ST2* ILC2s
were sorted with a BD FACSAria III sorter (BD Bio-
sciences). In some experiments, the concentration of Con A
was 0.1 mg/ml, and the concentration of IL-33 was 20 ng/
ml in the cell culture.

Adoptive cell transfer

Sorting of T cells and ILC2s for the adoptive transfer study
was conducted as described above. Before transfer, isolated
cell populations were washed twice with pyrogen-free PBS.
Cell suspensions (150 pul), containing the indicated cell num-
bers, were injected i.v. into the tail veins of recipient mice.

Real-time PCR

Total RNA of the liver tissues was extracted using TRIzol rea-
gent (TaKaRa, Japan) and then reverse-transcribed to cDNA,
which was synthesized from 5 pg RNA using a Revert Aid
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific,
Waltham, MA USA). Primers of GAPDH, IL-33, perforin and
FasL for real-time PCR were from Sangon Biotech, China. The
amount of the target gene messenger RNA (mRNA) was calcu-
lated from the standard curve and normalized to actin mRNA.

Flow cytometry analysis

HMCs were stimulated for 4 h in the presence of 50 ng/ml
phorbol myristate acetate (PMA) (Sigma-Aldrich, USA), 1 ug/
ml ionomycin (Sigma-Aldrich, USA) and 0.67 pg/ml Gol-
giStop (BD biosystems, San Jose, CA, USA). After stimu-
lation, cells were incubated with surface markers for 30 min
at 4 °C. Subsequently, cells were fixed and permeabilized
using a Cytofix/Cytoperm kit (BD) per the instructions of
the manufacture’s manual and then incubated with intracel-
lular antibodies. Antibodies (CD3-FITC, CD4-FITC, CD5-
FITC, CD8-FITC, CD19-FITC, CD11c-FITC, Ter119-FITC,
F4/80-FITC,Gr-1-FITC,FcR1a-FITC, NK1.1-FITC, CD127-
APC-cy7, Sca-1-Percyp/cy5.5, ST2-APC, IL-4-PE, IL-5-PE,
IL-13-PE) were purchased from BioLegend (San Diego, CA).
Data were acquired using a BD LSR Fortessa cytometer (BD
Biosciences) and analyzed by FlowJo software (Tree star, Ash-
land, OR).
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«Fig.3 IL-33 released from hepatocytes enhanced by CD8* T cells
stimulates ST2* ILC2 proliferation. C57BL/6 mice (n=5) were
injected (i.v.) with CD8* T cells (1 x 10%) or rmIL-33 (200 ng/mouse)
and administered Con A 1 h later. Samples were taken 10 h after Con
A challenge. a Liver samples and serum ALT levels in each group
are displayed. b Rag2™~ mice were treated with rmIL-33 (200 ng/
mouse) for 48 h, and ST2* ILC2s in multiple organs were determined
by flow cytometry. ¢ Rag2™'~ mice were first adoptively transferred
with CD4* T cells (2% 10%) and then treated with rmIL-33 or rmIL-
33 plus CD8* T cells (1x 10%; Con A was administered 1 h later.
Mice treated with rmIL-33 alone or PBS were used as controls. After
the above treatments, hepatic ST2* ILC2s in various groups were
examined by flow cytometry. d Bar graphs showing the serum lev-
els of ALT in various groups. e Bar graphs showing ST2" ILC2s of
HMCs in various groups. f Bar graphs showing ST2* ILC2s of lym-
phocytes in cell culture with CD8* T cells and/or IL-33 and/or Con
A, respectively. Values are the means +SD; *p <0.05, *¥p <0.01. All
data shown here are representative of independent experiments with
similar results

ELISA

Blood samples were harvested and kept at room temperature
for 30 min before centrifuging. Plasma was collected and
stored at —80 °C until analysis. For in vitro experiments, the
supernatants were collected after mixed cell co-culture for
10 h. The levels of IFN-y, IL-6, and IL-10 and IL-33 were
determined by ELISA kits (eBioscience).

HE staining and immunofluorescence (IF)

Details of the procedures used for HE staining and IF were
described in a previous study [28]. IL-33 and perforin were
detected using anti-perforin antibody (Abcam) and anti-IL-33
antibody (R&D System), respectively. Propidium iodide (PT)/
Annexin V was determined using an Annexin V-FITC Apop-
tosis Detection Kit I (BD).

Statistical analysis

Data were analyzed using GraphPad Prism software. Statisti-
cal differences were identified by Student’s 7 test or one-way
ANOVA. The data are presented at means + standard devia-
tion (SD). Values of *p <0.05 and **p <0.01 were considered
significant.

Results

CD8* T cells play a necessary complementary
role in T cell-transferred Con A-induced hepatitis
in Rag2-deficient mice

We first sought to determine the roles of CD4* T and CD8*
T cells in Con A-induced hepatitis. For this purpose, a
murine T cell-transferred Con A-induced hepatitis Rag2

deficiency model was developed. As expected, we observed
liver tissue damage in the wild-type mice challenged with
Con A compared with PBS control mice (Fig. 1a, lower
panel). Interestingly, in the T cell-transferred Con A-induced
hepatitis Rag2-deficient mice, liver tissue damage was more
severe in Rag2™'~ mice co-reconstituted with CD4* T cells
and CD8™ T cells than in those transferred with CD4% T
cells or CD8" T cells alone after Con A injection (Fig. la,
upper panel). Consistently, after administration of Con A,
serum ALT levels were markedly higher in the Rag2~'~ mice
co-reconstituted with both CD4* T cells and CD8* T cells
than in those transferred with CD4" T cells or CD8* T cells
alone (Fig. 1b). In line with the above observations and
consistent with the Con A-induced hepatitis in wild-type
mice, serum IFN-y, IL-6, and IL-10 levels in Rag2_/_ mice
co-reconstituted with CD4* T cells and CD8" T cells were
significantly up-regulated compared with PBS control group.
(Fig. 1¢). The results above indicate that CD8* T cells play
a necessary complementary pathogenic role in hepatitis
induced by Con A in T cell-transferred Rag2-deficient mice.

CD8™" T cells enhance the production
of IL-33 by hepatocytes via cytotoxicity
in a perforin-dependent manner

To further address the involvement of CD8* T cells in Con
A-induced hepatitis, cytometry analysis revealed that CD69*
CD8* T cells in HMCs, the activated CD8" T cell popula-
tion, increased with time after Con A challenge (Fig. 2a).
Even in the early phase of Con A-induced hepatitis (at the
3rd hour after Con A administration), CD69 was dramati-
cally up-regulated in CD8* T cells, which led to a signifi-
cantly increased number of CD69* CD8* T cells for 10 h
after Con A injection compared with PBS control (Fig. 2b).
To elucidate the underlying mechanism of CD8* T cell func-
tion, we detected the expression of FasL and perforin in
liver tissue. FasL was not significantly up-regulated (data
not shown). In contrast, similar to wild-type C57BL/6 mice
after Con A administration, perforin mRNA was markedly
up-regulated in liver tissue in Rag2~~ mice co-reconstituted
with both CD4* T cells and CD8" T cells compared with
in liver tissue in mice transferred with CD4* T cells alone
plus Con A challenge or PBS control (Fig. 2¢ lower panel).
Interestingly, following the up-regulation of perforin mRNA
in liver tissue, IL-33 mRNA in liver tissue and IL-33 protein
in plasma were also significantly increased (Fig. 2¢c upper
panel). To further confirm the role of CD8* T cells, we cul-
tured hepatocytes with or without CD8" T cells from the
livers of mice with Con A present in the medium for 10 h.
PI staining revealed that hepatocytes were clearly detected in
the co-culture of hepatocytes and CD8™ T cells. In contrast,
there was very little PI fluorescence (red) among the hepato-
cytes cultured without CD8* T cells (Fig. 2d). In parallel, IF
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«Fig.4 1L-33 released from injured hepatocytes promoted ST2* ILC2
generation in vitro. Murine hepatocytes cultured with lymphocytes
(1% 10% and/or CD8" T cells (1x10° and treated with Con A for
10 h. a IF (x200) of perforin (green), IL-33 (red) and merged images
are shown. b Bar graph displaying IL-33 levels in the supernatant
determined by ELISA in various cell culture conditions. ¢ PI (red)/
Annexin V (green) staining (x200) was examined to evaluate the
damage to hepatocytes cultured in various conditions. d Bar graph
showing the population of ST2* ILC2s of lymphocytes after Con A
or PBS treatment detected by flow cytometry. In the group, CD8* T
cells were pretreated with Con A for 6 h, then centrifuged to remove
the supernatant, and subsequently cultured with hepatocytes and
lymphocytes for 10 h. Bar graph displaying the population of ST2*
ILC2s determined by flow cytometry. e Hepatocytes from male IL-33
gene knockout mice were added to the culture system and incubated
for 3 days, as indicated in the lower part of the figure. Lymphocytes
from male wild-type C57BL/6 mice lymph glands were isolated and
co-cultured with hepatocytes for 1 h, after which Con A and/or I1L-33
were added. Bar graph displaying the population of ST2* ILC2s
determined by flow cytometry. Values are the means+SD; *p <0.05,
**p<0.01. The experiments were repeated at least 3 times. (Color
figure online)

revealed increased expression of perforin and IL-33 in the
liver tissue after Con A challenge compared with the PBS
control (Fig. 2e). Together, these data indicated that CD8™
T cells attacked hepatocytes through perforin, the latter pro-
ducing alarmin IL-33.

IL-33 promotes the pathology of hepatitis induced
by Con A and the generation of hepatic ST2 * ILC2s

To directly examine the link between the cytotoxicity of
CD8™* T cells and IL-33 derived from injured hepatocytes,
C57BL/6 mice were transferred with CD8* T cells or pre-
treated with rmIL-33 before Con A challenge. As shown by
the tissue samples, the damage after Con A treatment was
exacerbated by CD8™ T cell transfer or rmIL-33 administra-
tion compared with treatment with Con A alone, rmIL-33, or
PBS, respectively, and the level of ALT in the serum showed
the same trend (Fig. 3a). ST2 is the receptor of IL-33, and
ST2* ILC2s were markedly expanded in multiple organs
of C57BL/6 mice treated with rmIL-33 for 48 h (Fig. 3b).
Furthermore, hepatic ST2* ILC2s were expanded after Con
A injection, particularly in the mice transferred with CD8* T
cells or pretreated with rmIL-33 (Fig. 3c). To further exam-
ine whether IL-33 augmented Con A-induced liver injury
by ST2" ILC2s, we performed a cell transfer experiment
and analyzed disease pathogenesis. For this purpose, we
first transferred CD4" T cells into Rag2™'~ mice and then
treated the mice with rmIL-33 and Con A 1 h after cell trans-
fer. ALT was dramatically increased by rmIL-33 treatment
(Fig. 3d), and ST2* ILC2s were also expanded (Fig. 3e).

In addition, we co-cultured hepatocytes with CD8* T cells
(from mLN) and lymphocytes (from mLN with CD8* T cells
removed) in the presence or absence of rmIL-33/Con A.
Both rmIL-33 and Con A promoted the proliferation of ST2*
ILC2s, especially in the group treated with Con A (Fig. 3f).
The results above suggest that IL-33 expands ST2" ILC2s
and promotes pathological hepatic immune responses.

CD8* T cells promote the expression of IL-33
in hepatocytes and expand ST2* ILC2s in vitro

To further confirm the results presented above, we cultured
hepatocytes with CD4* T cells and/or CD8* T cells and
challenged them with Con A for 10 h. IF staining for per-
forin and IL-33 revealed that the expression levels of per-
forin and IL-33 were significantly increased in hepatocytes
treated with Con A combined with CD4" T cells plus CD8™*
T cells compared with controls treated with Con A combined
with CD4" T cells or CD8™ cells alone, PBS with CD4* T
cells, or CD8" T cells (Fig. 4a). Hepatocytes produced more
IL-33 when cultured with CD8* T cells and Con A as com-
pared to other groups (Fig. 4b). Furthermore, the PI/Annexin
V staining revealed that the number of PI and/or Annexin
V-stained hepatocytes was markedly increased in the group
cultured in the presence of both CD8" T cells and CD4+ T
cells than that of in the presence of CD8" T cells or CD4™ T
cells alone (Fig. 4c). We also co-cultured hepatocytes with
CD8* T cells (mLN) and/or lymphocytes (mLN, with CD8"*
T cells removed) to verify the differences with ST2* ILC2s.
ST2* ILC2 proliferation was increased when the cells were
cultured with CD8* T cells and challenging by Con A for
10 h. To remove the interference of Con A, we administered
Con A to CD8" T cells for 6 h, and the supernatant was
then discarded after centrifugation. Finally, the cells were
cultured with lymphocytes (without CD8" T cells) for 10 h.
ST2" ILC2 proliferation was dramatically increased com-
pared with the proliferation of normal treated cells (Fig. 4d).
To further prove the role of endogenous IL-33 in promoting
the generation of ST2* ILC2, hepatocytes that originated
from IL-33 gene-deficient mice were used in the in vitro cul-
ture system. We found that IL-33 deficiency of hepatocytes
resulted in a significant decrease in ST2" ILC2 generation
compared with wild-type control hepatocytes (Fig. 4e). This
evidence suggests that activated CD8™" T cells destroy hepat-
ocytes by perforin, thus increasing the expression of IL-33
and expanding ST2* ILC2s in Con A-induced hepatitis.
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«Fig.5 IL-5 and IL-13 cytokines produced by ST2* ILC2s augmented
eosinophil accumulation after Con A challenge in the mouse liv-
ers. C57BL/6 mice treated with Con A (15 mg/kg body weight) for
10 h. HMCs were prepared and activated with PMA (50 ng/ml) and
ionomycin (1 pg/ml) in the presence of GolgiStop (0.67 ug/ml), fol-
lowed by intracellular cytokine staining flow cytometric analysis for
IL-4, IL-5 and IL-13. a ST2* ILC2s were increased in the livers of
mice treated with Con A compared with control mice treated with
PBS. b The gating strategy for intracellular cytokine staining flow
cytometric analysis on lineage CD127%sac-1*ST2*IL-5¥ILC2s as an
example. ¢ Bar graphs showing the frequency of IL-4" ILC2s, IL-5%
ILC2s and IL-13% ILC2s after Con A challenge versus PBS control.
d The frequency of eosinophils (CD45*CD11b*Siglec-F*) evaluated
by flow cytometry in the livers of mice challenged with Con A com-
pared with control mice treated with PBS. Values are the means +SD;
**p<0.01. Experiments were independently carried out at least 3
times, n=3-5

Con A-induced hepatic ST2* ILC2s exhibit increased
production of IL-5 and IL-13 cytokines

ST2* ILC2s have been shown to act as activated resident
ILC2s to express IL-5 and IL-13 necessary for the accu-
mulation of eosinophils [31]. Therefore, we hypothesized
that hepatic ST2* ILC2s may augment hepatitis by caus-
ing the accumulation of eosinophils via enhancing type 2
cytokine production. To test this hypothesis, we performed
flow cytometry and intracellular cytokine staining to exam-
ine the ST2" ILC2s and eosinophils, as well as IL-4, IL-5
and IL-13 cytokine production by ST2* ILC2s. Cytometry
analysis revealed that hepatic ST2* ILC2s were increased
in the Con A-induced hepatitis group compared with the
PBS control group (Fig. 5a). We then evaluated the func-
tional role of these cells by intracellular cytometric analysis
of cytokine secretion (Fig. 5b). Notably, ILC2s are capable
of producing IL-4, IL-5 and IL-13. In particular, IL-5 and
IL-13 production by hepatic ST2* ILC2s was significantly
increased in the Con A treatment group compared with the
PBS control group (Fig. 5¢). In addition, the number of
eosinophils (CD457CD11b*-Siglec-F*) was dramatically
increased in the liver after Con A challenge compared with
PBS control administration (Fig. 5d). These results indi-
cated that ST2* ILC2s play a proinflammatory role in Con
A-induced hepatitis.

ST2* ILC2s in Rag2-deficient mice enhance
the production of IL-5 and IL-13 in vitro

To further examine the implication of the produc-
tion of IL-5 and IL-13 by hepatic ST2* ILC2s in Con
A-induced hepatitis, we reconstituted Rag2™'~ mice with
CD4™" T cells and/or CD8* T cells and then treated the
mice with Con A for 10 h, as evidenced by serum ALT
levels (Fig. 6a). Flow cytometry analysis revealed that

the number of hepatic ST2* ILC2s was significantly
increased. Moreover, the production of IL-5 and IL-13
by these ST2* ILC2s was dramatically up-regulated in
Rag2™'~ mice transferred with CD4" T cells combined
with CD8* T cells, similar to the levels in C57BL/6 mice,
but not in mice transferred with CD4* T cells or CD8"
T cells alone (Fig. 6b). We also confirmed the results
above in vitro. For this purpose, hepatocytes were cul-
tured with lymphocytes (without CD8" T cells) and/or
CDS8™ T cells and then treated with Con A for 10 h. As
expected, the addition of CD8* T cells significantly pro-
moted the production of IL-5 and IL-13 by ST2* ILC2s
(Fig. 6¢). Collectively, these results revealed that IL-5
and IL-13 secretion by ST2* ILC2s was up-regulated in
the liver upon Con A challenge and contributed to Con
A-induced hepatitis.

Hepatic ST2* ILC2s promote inflammation in liver
and cooperate with CD4* T cells

Finally, to further confirm the above observations, we
performed adoptive transfer of ST2* ILC2s in C57BL/6
mice followed by treatment with Con A. ST2" ILC2s were
isolated from the livers of naive male C57BL/6 mice by
cell sorting. HE staining showed more necrosis in the
transferred mice than in the Con A-only-treated mice
(Fig. 7a). Consistently, ST2* ILC2 transfer followed by
Con A challenge evoked increases in serum ALT and IL-6
and IL-10 cytokines compared with treatment with Con A
alone or PBS control (Fig. 7b). To exclude the influence
of CD4" T cells, we also examined hepatic CD4* T cells.
The results showed that there was no significant differ-
ence between mice treated with Con A alone and mice
transferred with ST2" ILC2s followed by Con A challenge,
while mice transferred with ST2* ILC2s combined with
Con A challenge and mice treated with Con A alone both
exhibited increased numbers of CD4™ T cells in the livers
(Fig. 7c). Furthermore, ST2* ILC2-transferred mice dis-
played increases in the production of IL-4 and IL-5 type
2 cytokines by CD4* T cells (Fig. 7d). Taken together,
these data indicate that hepatic ST2* ILC2s enhance the
production of type 2 cytokines by CD4" T cells to promote
the progression of Con A-induced hepatitis.

Discussion
In the present study, we investigated the roles and mecha-

nisms of CD8* T cells and ILC2s on experimental hepati-
tis induced by Con A in mice. We demonstrated that IL-33
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«Fig.6 Frequency and cytokine production by ST2* ILC2s were
increased in reconstituted Rag2~'~ mice administered with Con A. a
Bar graph showing that plasma ALT levels in Rag2™~ mice recon-
stituted with CD4* T cells and/or CD8* T cells after Con A chal-
lenge compared with PBS control mice. b Hepatic ST2" ILC2s
from Con A-treated mice were analyzed for frequency and IL-5 and
IL-13 cytokine production by flow cytometry. ¢ The gating strategy
of lineage"CD127%sac-1*ST2*IL-5*/IL-13" ILC2s. Values are the
means + SD; **p <0.01. A representative experiment of at least three
independent experiments with three or five mice per group is shown

is an important cytokine that promotes injury of hepato-
cytes by CD8* T cells and ILC2s.

Con A-induced liver injury is mainly mediated by T
cells, and CD4" T cells are more important than CD8* T
cells in sensitive mouse strains such as NMRI and BALB/c
mice [1]. However, we found that CD8% T cells play a
critical role in liver injury in T cell-transferred Rag2-
deficient mice challenged with Con A. This contradiction
suggests that the mechanism of Con A-induced hepatitis
remains elusive. Interestingly, CD4* cells do not induce
cytotoxicity to Con A-treated hepatocytes, while CD8"
cells are cytotoxic to these hepatocytes. This cytotoxic-
ity is predominantly mediated by a perforin-dependent
pathway [32]. In line with these observations, we found
that perforin mRNA levels were dramatically increased in
Rag2-deficient mice transferred with both CD4" T cells
and CD8™ T cells compared with mice transferred with
only CD4" T cells after Con A challenge. Furthermore,
the mRNA and protein levels of IL-33 were significantly
higher after the transfer of CD4™ T cells and CD8" T cells
to Rag2 knockout mice than after the transfer of only CD4*
T cells. Moreover, these phenomena were seen in C57/B6
wild-type mice with Con A-induced hepatitis. Together,
these data strongly suggest that perforin expression by
CDS8™ T cells and IL-33 released by injured hepatocytes
are important elements for Con A-induced hepatitis in T
cell-transferred Rag2-deficient mice.

It has been shown that hepatic ILC2s are poised to
respond to the release of IL-33 upon liver tissue damage
through the expression of type 2 cytokines, thereby partic-
ipating in the pathogenesis of immune-mediated hepatitis
[6]. Consistently, we observed that ILC2s are an important
innate cell subset that can injure the liver when triggered
by Con A challenge. Importantly, we provide compel-
ling evidence for the first time that CD8" T cell-mediated
injured hepatocytes are a major source of IL-33 release,
which promotes the ILC2 development and response.

Regarding the cytokine profiles elicited by Con A
administration, proinflammatory cytokines, includ-
ing TNF-a, IFN-y, and IL-1, have been shown to play
a crucial role in the pathogenesis and development
of Con A-induced liver injury [2, 33]. However, it has

been proposed that type 2 cytokines such as IL-4, IL-5
and IL-10 also participate in the pathogenesis of Con
A-induced hepatitis [34, 35]. In addition to cytokines
that are triggered by Con A challenge, we have previ-
ously shown that alarm molecules such as HMGB1 and
IL-33 participate in the pathogenesis of Con A-induced
hepatitis [27, 28]. Here, we demonstrate that downstream
IL-33 elicits high levels of IL-5 and IL-13 production by
IL-33-stimulated ILC2s, and these type 2 cytokines also
injure the liver. Future studies are warranted to investigate
the balanced mechanisms by which IL-33 regulates innate
or adaptive immunity in hepatitis.

IL-33 is a pivotal alarm cytokine in infection and allergy
that directly stimulates not only ILCs but also macrophages,
osteoclasts, Th2 cells, mast cells, DCs, and other subsets
that express IL-33 receptors [36]. Just as one coin has two
sides, IL-33 may play different roles in various diseases
based its mechanisms of expression and delivery [37]. On
one hand, in the setting of Con A-induced hepatitis, IL-33
is released from injured hepatocytes as a proinflammatory
alarm cytokine by signaling liver tissue damage; on the other
hand, IL-33 exhibits a protective role as a Th2 cytokine
against Th1 proinflammatory cytokines, and these contrast-
ing roles depend on how IL-33 is administered and what
animal model is used [30, 38]. Supporting this idea, Oboki
et al. showed that IL-33 acts as a crucial alarmin for innate-
type, but not acquired-type, tissue injury-related inflamma-
tory responses, such as lipopolysaccharide (LPS)-induced
endotoxin shock [39].

Our unique T cell-transferred Rag2~~ Con A-induced
hepatitis model has the advantage over wild-type models
of being able to be used to define the cellular and molecu-
lar mechanisms underlying Con A-induced hepatitis. In
this model, we can clearly evaluate the functional contri-
butions of different immune cell subsets to Con A-induced
hepatitis because Rag2-deficient mice are devoid of adap-
tive immune cells, such as T cells and B cells, unlike
wild-type mice, while these Rag2 gene knockout mice do
have innate lymph cells, such as ILCs. Our results in T
cell-transferred Rag2-deficient mice point to a CD8* T
cell/injured hepatocyte IL-33 release/ILC2 axis in Con
A-induced hepatitis.

In contrast to the traditional concept of CD4% T cells
playing an essential role in Con A-induced hepatitis, a
novel finding of this study is that CD8* T cells play an
important role in the pathogenesis of Con A-induced liver
injury through promoting the development and response
of ILC2s via IL-33 released from injured hepatocytes.
Indeed, acute hepatitis A (AHA) involves severe CD8*
T cell-mediated liver injury. The severity of liver injury
in AHA patients correlates with activation of hepatitis A
virus (HAV)-unrelated virus-specific CD8* T cells and
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«Fig.7 ST2*% ILC2s promote inflammation by augmenting cytokine
expression by CD4* T cells in Con A-induced hepatitis in mice. ST2*
ILC2s were obtained by flow cytometric sorting from naive C57BL/6
mice, and the isolated ST2* ILC2s (2% 10°) were adoptively trans-
ferred to C57BL/6 mice; reconstituted mice were sequentially admin-
istered with Con A for 10 h. a HE staining used to evaluate hepati-
tis is shown (X200 and x4) for the various groups. b Sera levels of
ALT, IL-6 and IL-10 were examined in the various groups. ¢ Bar
graph showing that the numbers of CD4* T cells in the liver were
not significantly different between the Con A-treated groups with and
without ST2* ILC2 adoptive transfer. d The cytokine expression lev-
els of hepatic CD4" T cells were augmented after adoptive transfer of
ST2* T cells following Con A treatment. Values are the means + SD;
*p <0.05, ¥**p<0.01. All data shown here are representative of inde-
pendent experiments with similar results

the innate-like cytolytic activity of CD8" T cells, but not
the activation of HAV-specific T cells. Thus, host injury
in AHA is associated with innate-like cytotoxicity of
bystander-activated CD8* T cells, a result with implica-
tions for acute viral diseases [40]. In patients with hepati-
tis C virus (HCV) infection, for efficient control of HCV
infection, CD8* cytotoxic T cells (CTL) are pivotal, but

the persistence of activated T cells may lead to liver toxic-
ity [41]. A better understanding of how adaptive immunity
mediates pathogen clearance and tumor elimination may
lead to improved vaccinations and immunotherapy treat-
ment strategies of infectious diseases and cancer [42].

Currently, it was recognized that eosinophils are
recruited by IL-5 produced by ILC2s in many disease
conditions [19, 32, 43]. The relationship of CD8* T cells,
ST2* ILC2 and eosinophils is as follows: Con A-activated
CD8* T cells attack the hepatocytes, as a result, the injured
hepatocytes released large amount of IL-33 which acti-
vate ST2* ILC2 to produce IL-5 and IL-13. Consequently,
IL-5 produced by ST2* ILC2 and CD4* Th2 cells recruit
eosinophils to the sites of hepatitis to enhance inflamma-
tion (Fig. 8).

In conclusion, our data demonstrate for the first time
that CD8* T cells play an indispensable role in the patho-
genesis of Con A-induced liver injury in T cell-transferred
Rag2-deficient mice. Downstream of CD8* T cell cytotox-
icity, the IL-33-mediated innate ILC2 response is part of a
vicious circle that drives the execution of hepatic necrosis
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Fig.8 Schematic representation of the pathologic role of hepatic
CD8* T cells in Con A-induced hepatitis. Hepatic CD8* T cells were
activated by Con A challenge and destroyed hepatocytes, thus caus-
ing the release of IL-33. The latter stimulates ST2* ILC2s to secrete

CD8* T cells
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IL-5 and IL-13. These cytokines promote inflammation by causing
the accumulation of eosinophils and further enhancing IL-4 and IL-5
cytokine production by CD4* T cells in the liver, which promotes
Con A-induced liver damage
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and tissue damage. Our data highlight the CD8" T cell/
IL-33/ILC2 axis as a potential therapeutic target for treat-
ment of acute immune-mediated liver injury.
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