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Summary

Although type 1 innate lymphoid cells (ILC1) have been originally found as liver-resident ILC,
their pathophysiological role in the liver remains poorly investigated. Here we demonstrated that
carbon tetrachloride (CCly) injection into mice activated ILC1, but not natural killer (NK) cells, in
the liver. Activated ILC1 produced interferon-y (IFN-vy) and protected mice from CCls-induced
acute liver injury. IFN-y released from activated ILC1 promoted the survival of hepatocytes
through upregulation of Bcl-xL. An activating NK receptor, DNAM-1, was required for the
optimal activation and IFN-y production of liver ILC1. Extracellular adenosine triphosphate
accelerated interleukin-12-driven IFN-y production by liver ILC1. These findings suggest that
ILC1 are critical for tissue protection during acute liver injury.
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Introduction

Innate lymphoid cells (ILC), the most recently discovered group of innate lymphocytes, are
characterized by the lack of B cell receptors and T cell receptors, which are expressed on
adaptive immune cells; ILC are able to invoke immediate inflammation and innate immune
responses in tissues (Artis and Spits, 2015; Spits and Di Santo, 2011). As ILC are largely
tissue-resident innate immune cells, they sense proinflammatory cytokines in the context of
pathogen-derived and danger signals at local sites of pathogen invasion and tissue damage
and promptly mount local immune responses by producing cytokines (Artis and Spits, 2015;
Eberl et al., 2015; Spits and Di Santo, 2011; Vivier et al., 2018). The immune regulation
triggered by tissue-resident ILC contributes not only to inflammation for host protection
against pathogens but also to tissue repair, homeostasis, and metabolism (Artis and Spits,
2015; Colonna, 2018; Ebbo et al., 2017; Eberl et al., 2015; Klose and Artis, 2016; McKenzie
et al., 2014; Vivier et al., 2018). ILC are classified into 3 subsets (group 1, group 2, and
group 3) by the ability to produce effector cytokines and the requirement for specific
transcriptional programs for development (Artis and Spits, 2015; Eberl et al., 2015; Vivier et
al., 2018). Group 1 ILC respond to intracellular pathogens such as viruses, intracellular
bacteria, and certain parasites. They comprise natural Killer (NK) cells and type 1 ILC
(ILCY).

ILC1 were initially found in the liver of mice as an atypical subset of NK cells expressing
the TNF superfamily member TNF-related apoptosis-inducing ligand (TRAIL) or not
expressing an NK cell marker, CD49b (DX5), and were redefined as a subset distinct from
NK cells by the differential requirement for transcription factors Nfil3 and Eomes (Daussy et
al., 2014; Geiger et al., 2014; Seillet et al., 2014; Takeda et al., 2001). ILC1 and NK cells
share many common characteristics; they (i) produce large amounts of IFN-v, (ii) are
functionally dependent on the transcription factor T-bet, (iii) require interleukin-15 (IL-15)
for their development and homeostasis, and (iv) have considerably overlapping gene
expression signatures and expression profiles of NK cell receptors and cytokine receptors
(Colonna, 2018; Ebbo et al., 2017; Jiao et al., 2016; Robinette et al., 2015; Seillet et al.,
2016; Spits et al., 2016). The function of NK cell receptors on the surfaces of ILC1 remains
largely unknown (Colonna, 2018; Jiao et al., 2016; Seillet et al., 2016; Spits et al., 2016).
Despite the above common features, ILC1 and NK cells are developmentally,
phenotypically, and functionally distinct subsets. NK cells exert cytotoxicity and circulate in
the bloodstream, whereas ILC1 are weakly or non-cytotoxic and are largely tissue resident
(Colonna, 2018; Spits et al., 2016; Vivier et al., 2018).

Phenotypic definition of ILC1 is still controversial because of the lack of unique and stable
ILC1 markers to clearly distinguish them from NK cells (Colonna, 2018; Jiao et al., 2016;
Spits et al., 2016; Vivier et al., 2018). Mouse ILC1 are defined as non-T, non-B,
NK1.1*NKp46*CD49a*DX5~ lymphocytes with high capacity to produce IFN-vy in the
steady state, although these markers can be modulated by ILC1 activation status and
environmental factors in the resident tissues; ILC1 are found in the liver, intestines, salivary
glands, skin, thymus, lymph nodes, adipose tissues, peritoneal cavity, and uterus (Daussy et
al., 2014; Gasteiger et al., 2015; Klose et al., 2014; O’Sullivan et al., 2016; Peng et al.,
2013). It is increasingly evident that tissue-resident ILC1 not only play important roles in
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host defense against pathogens but also elicit prompt inflammation in response to tissue
damage in several organs. Intestinal ILC1 function as the first line of host defense against
certain intestinal pathogens such as Clostridium difficile, Listeria monocytogenes,
Salmonella enterica, and Toxoplasma gondii, they produce IFN-y and subsequently recruit
and activate inflammatory myeloid cell subsets (Abt et al., 2015; Geiger et al., 2014; Klose
etal., 2013, 2014; Reynders et al., 2011). Intestinal ILC1 also amplify mucosal
inflammation and exacerbate anti-CD40-induced colitis in mice, which is reminiscent of
ILC1 accumulation in inflamed intestines in individuals with Crohn’s disease (Bernink et al.,
2013; Fuchs et al., 2013). In the kidney, ILC1 mediate ischemia-reperfusion injury in mice
(Victorino et al., 2015), suggesting that ILC1 are involved in the pathology of tissue injury.
Adipose-resident ILC1 promote a shift toward an inflammatory environment; this shift is
mediated by IFN-y-driven proinflammatory macrophage polarization and cause obesity-
related insulin resistance (Boulenouar et al., 2017; O’Sullivan et al., 2016). Yet, although
ILC1 in the liver has recently been reported to limit the replication of mouse
cytomegalovirus (MCMV) at the early stage of infection in an IFN-y-dependent manner
(Weizman et al., 2017), little is known about their physiological roles in the liver injury,
homeostasis, and regeneration, in spite of the fact that ILC1 were originally discovered as a
liver-resident ILC subset and reside in the liver as the predominant ILC subset except for NK
cells (Daussy et al., 2014; Peng et al., 2013; Sojka et al., 2014; Takeda et al., 2001). In this
study, we investigated the role of liver ILC1 in the pathogenesis of drug-induced acute liver
injury by using carbon tetrachloride (CCly).

Liver ILC1 are activated and produce IFN-y after CCl4 injection

Increasing evidence indicates that the group 2 ILC (ILC2) and group 3 ILC (ILC3) subsets
orchestrate immune regulation during the injury, repair, and homeostasis of their resident
tissues (Artis and Spits, 2015; Ebbo et al., 2017; Eberl et al., 2015; Klose and Artis, 2016;
McKenzie et al., 2014; Vivier et al., 2018), strongly suggesting that these tissue-resident ILC
subsets have unique roles as the first responders to threats against the maintenance of their
resident tissue homeostasis; however, the pathophysiological role of ILC1 in liver injury
remains to be elucidated. We hypothesized that liver ILC1 are involved in the pathogenesis
of acute liver injury. To test this hypothesis, we intraperitoneally injected carbon
tetrachloride (CCly) into wild-type (WT) mice to induce acute liver injury (Knockaert et al.,
2012). Liver NK cells were identified as either NK1.1*TCRB~B220"DX5*CD49a"CD200R
~or NK1.1"NKp46*DX57CD49a"CD200R ™~ lymphocytes (Weizman et al., 2017), both
before and 18 h after CCly injection (Figures 1A and S1A). Under the same condition, liver
ILC1 were identified as either NK1.1*TCRB~B220"DX5-CD49a*CD200R* or
NK1.1*NKp46*DX5-CD49a*CD200R* lymphocytes and stably expressed CD200R,
illustrating that the ILC1 gating strategy based on DX5 and CD49a is not likely to include
contamination of liver NK cells in the experimental settings (Figures 1A and S1A). The
frequency and the absolute number of NK cells in the liver increased after CCly injection,
whereas those of ILC1 were not affected (Figure 1B). ILC1 but not NK cells showed
upregulation of the activation marker CD69 on their surfaces after CCly injection (Figures
1C, 1D, and S1B). In addition, after CCl, injection, the T cell activation marker CD25 was

Immunity. Author manuscript; available in PMC 2021 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nabekura et al.

Page 4

upregulated on ILC1 but not NK cells (Figures 1E, 1F, and S1C). The expression of CD69
and CD25 on ILC1 peaked on day 1 after CCl, injection (Figures S1B and S1C). The
CD25" ILC1 in CCly-injected mice displayed a more activated phenotype than did CD25~
ILC1 in the liver of naive and CCly-injected mice, as demonstrated by higher expression of
CD69 on liver CD25* ILC1 (Figures 1G and 1H). More importantly, liver CD25* ILC1 in
CCly-inejcted mice preferentially produced IFN-y and degranulated ex vivo (Figures 11-K
and S1D). Unlike liver ILC1, NK1.1*TCRB*DX5~ lymphocytes (mainly composed of NKT
cells), NK1.1"TCRB*DX5~ lymphocytes (conventional af T cells and MAIT cells), and
NK1.1"TCRB™DX5 lymphocytes which include -y8 T cells in the liver of CCly-injected
mice did not show obvious IFN-y production (Figure S1E). WT mice and Rag-1-deficient
(Rag1™") mice which lack adaptive immune cells showed similar concentrations of alanine
aminotransferase (ALT) in the plasma and expression of CD69 and CD25 on ILC1 18 h after
CCly injection (Figure S2). These results demonstrate that liver ILC1 but not NK cells are
activated and produce IFN-+y after CCly injection independently of adaptive immune cells,
suggesting a unique function of ILC1 during acute liver injury.

ILC1-derived IFN-y suppresses CCl-induced acute liver injury

Like liver ILC1 in WT mice (Figures 1F and S1C), those cells, but neither NK cells nor non-
group 1 innate lymphocytes (NK1.1"NKp46-DX5~ lymphocytes), in the liver of Rag1™/~
mice upregulated CD25 and increased in number after CCl, injection (Figures 2A and 2B).
To investigate the role of liver ILC1 in the development of CCl-induced acute liver injury,
we depleted activated CD25* ILC1 in RagZ~/~ mice by injecting a monoclonal antibody
(mADb) against CD25 (Figure 2B). CCly injection increased the IFN-y concentration in the
plasma of mice that had been injected with isotype-matched immunoglobulin (Ig), but not of
those injected with anti-CD25 mAb (Figure 2B), consistent with IFN-y production by
CD25* ILC1 after CCl, injection (Figures 11-K). In RagZ™'~ mice injected with anti-CD25
mAD, the increase in the plasma ALT after CCly injection was higher than that in mice
injected with isotype-matched Ig (Figure 2B). These results suggest that activated ILC1-
derived IFN-+y protects the liver from CCly-induced acute injury. To confirm these findings,
we depleted either NK cells alone by injecting the optimized dose of anti-asialo GM1
polyclonal antibody (pAb) or both ILC1 and NK cells by injecting a depletion mAb against
NKZ1.1 (Victorino et al., 2015) (Figures S3A and S3B). Depletion of NK cells and ILC1 in
the liver prevented an increase in IFN-y concentrations and elevated ALT in the plasma after
CCly injection (Figures S3C and S3D). On the contrary, preferential depletion of NK cells
elevated plasma concentrations of IFN-vy but not of ALT after CCly injection (Figures S3C
and S3D). These results indicate that activated ILC1 rather than NK cells in the liver are the
major source of IFN-y after CCl, injection. To confirm whether liver ILC1, but not NK
cells, are required for the amelioration of CCls-induced acute liver injury, we utilized Hobit-
deficient (Zfv683 ") mice that are severely reduced in liver ILC1 (Mackay et al., 2016), but
neither NK cells nor other peripheral ILC1 (Weizman et al., 2017), and NcréeEomesi/
mice that selectively lack NK cells (Gordon et al., 2012; Narni-Mancinelli et al., 2011), but
not tissue-resident ILC1 (Weizman et al., 2017). Zfp6837'~ mice, but not Neri¢eEomesi/fl
mice, showed increased ALT in the plasma after CCl, injection (Figures 2C and 2D).
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We further evaluated the protective effect of IFN-y secreted from activated ILC1 in CCly-
induced acute liver injury by using IFN-y-deficient (/fng~~) mice. Although liver ILC1
expressed both CD25 and CD69 at similar amounts in WT and /g7~ mice before and after
CCly injection (Figures 2E—H), /fng~'~ mice had significantly higher concentrations of ALT
and larger damaged areas around the central veins and the portal triads in the liver after CCly
injection in comparison with WT mice (Figures 21-K). Consistent with these results,
treatment with a neutralizing mAb against IFN-y significantly decreased IFN-y
concentrations and increased ALT concentrations after CCl, injection in comparison with
isotype-matched Ig (Figure 2L). Selective depletion of activated CD25* ILC1, depletion of
both ILC1 and NK cells, and neutralization of IFN-y partially increased concentrations of
IL-4 and IL-5 in the plasma after CCly injection (Figures S3E-G), suggesting that ILC1
partially but inadequately counterbalance T helper-2 (Th2) cell-associated cytokine-
mediated responses by producing IFN-y in CCls-induced acute liver injury. Depletion of
both ILC1 and NK cells, preferential depletion of NK cells, selective depletion of activated
CD25* ILC1, and neutralization of IFN-y did not affect the recovery of the acute liver injury
on day 3 after CCly injection, as compared with vehicle and isotype-matched Ig controls
(Figures S3H-J). Zfp683 '~ and Neri¢eEomes’Vf mice showed similar concentrations of
ALT at the recovery phase of the acute liver injury on day 3 after CCl, injection (Figures
S3K and S3L). Taken together, these results indicate that IFN-y derived from activated 1LC1
has a protective role in CCly-induced acute liver injury.

To confirm the protective effect of liver ILC1 in acute liver injury, we also established a low-
dose acetaminophen (APAP)-induced mild liver injury in RagZ~~ mice. The number of NK
cells in the liver slightly increased after APAP injection, whereas that of ILC1 was not
affected (Figure S3M). However, liver ILC1, but neither NK cells nor non-group 1 ILC,
upregulated CD25 after APAP injection (Figures S3N and S30). Liver CD25* ILC1 in
APAP-injected mice displayed a more activated phenotype than did liver CD25™ ILC1 and
NK cells in naive and APAP-injected mice, as demonstrated by the higher expression of
CD69 (Figure S3P). These liver CD25* ILC1 in APAP-injected mice preferentially
produced IFN-y ex vivo (Figure S3Q). Depletion of CD25* ILC1 by using anti-CD25 mAb
exacerbated the acute liver damage (Figure S3R). Consistent with findings in CCls-induced
acute liver injury, /fng~'~ mice had significantly higher concentrations of ALT after APAP
injection (Figure S3S). These results suggest that activated 1LC1-derived IFN-y protects the
liver from not only CCly-induce acute injury but also APAP-induced acute injury.

DNAM-1 and IL-7 are required for optimal activation of liver ILC1 after CCl, injection

Although ILC1 express a variety of NK cell receptors (Jiao et al., 2016; Seillet et al., 2016;
Spits et al., 2016), it is largely unknown whether signals though these receptors regulate
activation of ILC1. The activating NK receptor DNAM-1 (CD226) was expressed more
highly on liver ILC1 than on liver NK cells (Figure 3A). A DNAM-1 ligand, CD155, is
expressed in the liver (Ravens et al., 2003). We found that the expression of Pvrencoding
CD155 was strongly upregulated in the liver after CCly injection (Figure 3B), consistent
with previous reports that cellular stress such as reactive free radical-induced DNA double
strand break, which is the key mechanism of CCls-mediated hepatotoxicity (Knockaert et
al., 2012), increases CD155 expression (Soriani et al., 2014). When WT and DNAM-1-
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deficient (Cd2267'") mice were injected with CCly, liver ILC1 in Cd226~ mice expressed
smaller amounts of CD69 and CD25 than did WT mice (Figures 3C-F). In contrast, the
expression of these activation markers on NK cells did not change between WT and
Cd226™~ mice after CCly injection (Figures 3D and 3F). In line with these findings /7 vivo,
crosslinking DNAM-1 with anti-DNAM-1 mAb increased the expression of CD25 on liver-
derived ILC1 but not NK cells /in vitro (Figure 3G). These results indicate that DNAM-1 is
involved in the optimal activation of liver ILC1 after CCly injection.

Because DNAM-1 deficiency did not completely abolish the upregulation of CD25 on liver
ILC1 after CCl, injection, we searched for another factor that increases CD25 expression on
ILC1 but not NK cells after CCly injection. Unlike NK cells, all ILC subsets, including liver
ILC1, express IL-7Ra (Robinette et al., 2015; Sojka et al., 2014; Weizman et al., 2017);
IL-7 is dispensable for the development of ILC1 but not ILC2 and ILC3 (Daussy et al.,
2014; Klose et al., 2014). IL-7 is produced by hepatocytes and regulates the responses of
hepatic lymphocytes (Liang et al., 2012). We examined whether IL-7-1L-7R signaling affects
the generation of activated CD25* ILC1 after CCl, injection. The amount of //7transcripts
in the liver increased in response to CCly, injection (Figure 3H). Blockade of IL-7-IL-7R
signaling with a neutralizing mAb against IL-7Ra reduced the upregulation of CD25 on
ILC1 after CCly injection (Figure 31). Treatment with a neutralizing mAb against IL-7Ra
significantly increased ALT concentrations after CCly injection in comparison with isotype-
matched 1g (Figure 3J), consistent with exacerbated liver injury in mice depleted of activated
CD25" ILC1 (Figure 2B). IL-7 upregulated the expression of CD25 on ILC1 but not on NK
cells in vitro (Figure 3K). These findings indicate that activating signaling through DNAM-1
and IL-7R is required for activation of ILC1 in the liver after CCl, injection.

DNAM-1 is critical for IFN-y production by liver ILC1 after CCl, injection

DNAM-1 promotes IFN-y production by NK cells (Nabekura et al., 2014; Zhang et al.,
2015). After CCl, injection, the frequencies of CD25* and CD25~ ILC1 subsets producing
IFN-v in the liver were significantly lower in Cd2267'~ mice than in WT mice (Figures 4A
and 4B). Cd2267/~ 1LC1 were unable to upregulate /fng transcripts in response to CCl,
injection (Figure S4A). Consequently, the plasma concentrations of IFN-+y after CCly
injection were significantly lower in Cd2267~ mice than in WT mice (Figure 4C).
Consistent with our findings of low IFN-y concentrations concomitant with exaggerated
liver injury in mice with depleted CD25* ILC1, /fng”'~ mice, and anti-IFN-y mAb-treated
mice after CCly injection (Figures 2B, I, and L), CClg-induced liver injury was significantly
more severe in Ca2267'~ mice than in WT mice irrespective of the existence of adaptive
immune cells (Figure 4C). However, Ragl™'~ and Rag1™'~Cd226™'~ mice had similar
magnitude of liver injury after CCl, injection when CD25* ILC1 were depleted with anti-
CD25 mAb (Figure 4D). WT and Ca2267'~ mice showed similar concentrations of ALT at
the recovery phase of the acute liver injury on day 3 after CCly injection (Figure S4B).
Crosslinking DNAM-1 with anti-DNAM-1 mAb enhanced IFN-y production from freshly
isolated and cytokine-primed liver ILC1 (Figure 4E). Together, these results demonstrate
that DNAM-1 is critical for IFN-y production from activated CD25" ILC1 and suppresses
acute liver injury after CCly injection.
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Adenosine triphosphate (ATP) accelerates IL-12-driven IFN-y production by liver ILC1

We investigated which damage-associated molecular pattern (DAMP) molecule is
responsible for IFN-y production by liver ILC1 during CCls-induced acute liver injury.
Tissue injury, including acute liver injury, results in an immediate ATP release, which
regulates the activation and functions of myeloid cells and adaptive immune cells expressing
P2 purinergic receptors (Cekic and Linden, 2016; Savio et al., 2018). We found that liver
ILC1, but not NK cells, expressed the purinergic receptor P2RX7 (Figure 5A), consistent
with the previous reports (Robinette et al., 2015; Sojka et al., 2014). CCl, injection elevated
the concentration of extracellular ATP (Figure 5B). To assess the effect of ATP-P2RX7
signaling on the activation of and IFN-y production by ILC1, we treated mice with a
selective P2RX7 antagonist Brilliant Blue G (BBG) (Donnelly-Roberts and Jarvis, 2007)
before CCl, injection. BBG did not affect the upregulation of CD25 or CD69 on liver ILC1
after CCl, injection (Figures 5C and 5D). However, CD25* and CD25~ ILC1 from BBG-
treated mice showed attenuated IFN-y production, and these mice had more severe acute
liver injury after CCly injection (Figures 5E-G). These results indicate that ATP-P2RX7
signaling is required for optimal IFN-y production by liver ILC1 but not for activation of
ILC1 during CCls-induced acute liver injury.

IL-12 strongly drives IFN-y production by tissue-resident ILC1 (Bernink et al., 2013; Fuchs
etal., 2013; Klose et al., 2014; O’Sullivan et al., 2016; Weizman et al., 2017). CCl, injection
increased the amounts of //72aand //12b transcripts in the liver (Figure 5H), and these
increases were not affected by BBG (Figure S5A). To determine the major cellular source of
IL-12 in the liver after CCl, injection, we sorted myeloid cell subsets in the liver of naive
and CCly-injected mice and quantified the expression of //72transcripts (Figure S5B). In
CCly-injected mice, the //12b transcript was upregulated in the CD11b™ dendritic cell (DC)
subset (CD45.2*TCRB"B220"NK1.1"F4/80~CD11c*I-AP*CD11b~ cells), mainly including
conventional DC1 (Figure 51). Extracellular ATP alone did not induce IFN-y production by
liver ILC1 or NK cells isolated from the liver of naive mice, but a significantly higher
proportion of liver ILC1, but not NK cells, produced IFN-v in response to IL-12 and ATP
(Figure 5J), demonstrating that ATP enhances IL-12-driven IFN-y production by the liver
ILC1. When ILC1 were isolated from the liver of CCl-injected mice and stimulated with
IL-12 and ATP, the majority of CD25" ILC1 but not CD25~ ILC1 or NK cells produce IFN-
v (Figure 5K). Liver ILC1 displayed the greater responsiveness to IL-12 than liver NK cells
in vitroin their ability to produce IFN-y (Figures 5J and 5K), consistent with a prior study
(Weizman et al., 2017). In support of these results, we quantified the expression of IL-12
receptors in these cells. Liver ILC1 expressed larger amounts of //12rb transcripts than did
liver NK cells (Figure S5C). These results demonstrate that ATP accelerates IL-12-driven
IFN-y production by ILC1, especially CD25* ILC1, in CCls-induced acute liver injury.

IFN-y contributes to the survival of hepatocytes through upregulation of Bcl-xL after CCly

injection

IFN-+y suppresses the activation of hepatic stellate cells (HSC), which exacerbate acute and
chronic liver injury and fibrosis (Baroni et al., 1996; Grossman et al., 1998). To evaluate the
effect of IFN-y on HSC activation in the case of CCl-induced liver injury, we used a
neutralizing anti-IFN-y mAb and quantified the expression of the activation markers
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(Colial, ActaZ and Timpl) of HSC (Ghiassi-Nejad et al., 2013). However, neutralization of
IFN-y had little effect on activation of HSC following CCl, injection (Figure S6A). In
addition, it also had no obvious effect on the elevation of Th2 cell-associated cytokines and
the activation of HSC after CCly injection (Figures S3G and S6A). IFN-y deficiency did not
affect the recruitment of immune cell subsets after CCl, injection (Figure S6B). Therefore,
we directly investigated the effect of IFN-y on hepatocytes in naive and CCly-injected WT
and /fng~'~ mice. Hepatocytes expressed IFN-y receptor (Figure 6A) and Bcl-2 family
proteins Bcl-2, Bel-xL, and Mcl-1 (Figure 6B), which promote hepatocyte survival during
acute liver injury (Hikita et al., 2009; Kovalovich et al., 2001). After CCl, injection, the
hepatocytes of WT mice increased amounts of Bcl-2, and more obviously Bcl-xL, but not
Mecl-1, whereas the hepatocytes of /77~ mice did not (Figures 6B and 6C). Injection of a
neutralizing mAb against IFN-vy, but not isotype-matched g, prevented the upregulation of
Bcl-2 and Bcl-xL expressions (Figures S6C and S6D). Hepatocytes of Cd2267'~ mice, in
which liver ILC1 had an impaired ability to produce IFN-vy, also failed to increase the
amounts of Bcl-2 and Bcl-xL after CCly injection (Figures S6E and S6F). Together, these
results suggest that IFN-y helps the survival of hepatocytes damaged by CCly through
upregulation of Bcl-2 and Bcl-xL expressions.

To determine whether IFN-y directly promotes the survival of CCls-damaged hepatocytes,
we cultured hepatocytes in the presence or absence of IFN-y, CCly, or both. In the presence
of CCl, alone, hepatocytes decreased amounts of Bcl-xL (Figures 6D and 6E). However, in
the presence of both IFN-y and CCly, hepatocytes expressed significantly larger amounts of
Bcl-xL than in the presence of CCl, alone (Figures 6D and 6E). Only low concentrations of
IFN-y (0.1 and 1 ng/mL) restored the expression of Bcl-xL in CCls-damaged hepatocytes
(Figures 6D and 6E) and rescued the survival of CCls-damaged hepatocytes (Figure 6F).
IFN-vy did not affect the expression of Bcl-xL and the survival in the absence of CCly
(Figures 6D—F). These results demonstrate that IFN-y contributes to the survival of CCly-
damaged hepatocytes by upregulating Bcl-xL expression.

Liver ILC1-derived IFN-y is sufficient to ameliorate CCly-induced acute liver injury

To prove that activated liver ILC1 producing IFN-vy are necessary and sufficient for the
amelioration of CClg-induced acute liver injury, we purified liver ILC1
(NK1.1*NKp46*DX5-CD49a*TRAIL*CD69* lymphocytes) from RagZ~'~ B6 mice and
injected them together with or without IL-15 into the portal vein of Rag-2 and IL-2 receptor
common y chain double-deficient (RagZ™/~ 1/2rg~'~) mice, which lack all lymphocyte
subsets, including ILC1 (Song et al., 2010) (Figures 7A and S7A). Despite the low
frequency and the small number of donor ILC1 engrafted into the liver of recipient

Rag2”"~ 112rg'~ mice on day 1 post-transfer, donor ILC1 proliferated homeostatically, and
their frequency and number increased significantly in the liver of recipient mice by day 7
(Figures 7B and 7C). The homeostatic proliferation of donor ILC1 was enhanced by I1L-15
(Figures 7B and 7C). Donor ILC1 in the liver of recipient mice displayed the same
phenotype as naive liver ILCL, irrespective of the IL-15 supplementation (Figures 7B and
S7A). On day 7 post-transfer, the recipient mice were injected with CCl4 and donor ILC1 in
the liver were analyzed. CCly injection showed upregulation of CD25 on donor ILC1 in the
liver of recipient mice (Figures 7D and 7E), which was observed in the liver of WT mice as
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well (Figures 1E, 1F, and S1C). Donor-derived CD25* ILC1 in the liver of CCl-injected
recipient mice expressed larger amounts of CD69 than did donor-derived CD25~ ILC1 in the
liver of naive or CCly-injected mice (Figures 7F and 7G). These donor CD25* ILC1
produced more IFN-y ex vivothan did CD25™ ILC1 (Figures 7H-J).

Next, we injected a neutralizing mAb against IFN-y or isotype-matched Ig into the recipient
RagZ™!~ 112rg'~ mice that had been engrafted with donor ILC1, and then injected CCl,.
Neutralization of IFN-y had little effect on the activation of donor ILC1 by CCly, as
evidenced by normal upregulation of CD25 and CD69 on donor ILC1 after CCly injection
(Figures S7TB-E). Donor ILCL1 transfer significantly ameliorated acute liver injury after CCly
injection (Figure 7K). This therapeutic effect of donor ILC1 was partially abolished by
depletion of CD25* ILC1 with anti-CD25 mAb and neutralization of IFN-y (Figure 7K).
Ifng~ donor ILC1 also did not show sufficient therapeutic effect after CCl, injection
(Figure S7F). These results demonstrate that IFN-y from activated liver ILC1 is necessary
and sufficient for the amelioration of CCls-induced acute liver injury.

Discussion

In the current study, we investigated the role of ILC1 in acute liver injury. Whereas ILC1-
derived IFN-y amplifies inflammation in intestinal injury (Bernink et al., 2013; Fuchs et al.,
2013; Peters et al., 2016; Victorino et al., 2015), we found that IFN-y production by liver
ILC1 ameliorated CCls-induced acute liver injury. IFN-v is intricately involved in not only
the pathogenesis of liver injury but also liver tissue protection (Heymann and Tacke, 2016;
Horras et al., 2011). The detrimental role of IFN-y has been found in mouse models of
fulminant liver injury induced by concanavalin A or high doses of APAP (Ishida et al., 2002;
Kdsters et al., 1996). Yet, the protective effect of IFN-y was found in mild acute liver injury,
such as that induced by CCly injection or bile duct ligation (Cheng et al., 2011; Grossman et
al., 1998). Our finding is consistent with the protective role of liver ILC1-derived IFN-y in
CCly-induced and low dose APAP-induced acute liver injury. Fulminant and mild liver
injury models differ in the magnitude of elevation of IFN-y during the progression of acute
liver injury. In the present study, IFN-y concentrations after CCl, injection increased much
less than in fulminant liver injury models, most likely because liver ILC1 but not the other
lymphocyte subsets were activated and produced IFN-y. We showed that low concentrations
of IFN-y promoted survival of damaged hepatocytes /n vitro more efficiently than did high
concentrations; this is consistent with the magnitude and kinetics of IFN-y production
defining whether the effect of IFN-y on the pathogenesis of acute liver injury is protective or
deleterious. Elucidation of the spatiotemporal regulation of IFN-vy release from liver ILC1
would be key to understanding the mechanism underlying its protective effect in acute liver
injury. Activated ILC1 may also produce other-tissue protective molecules because
neutralization of IFN-y and IFN-vy deficiency in donor ILC1 in RagZ™~ 1/2rg™'~ mice do not
completely abolish the therapeutic effect of ILC1 on CCl-induced acute liver injury.

The varying biological effects of IFN-y are mediated through IFN-y receptor-JAK-STAT-1-
dependent and -independent signaling pathways and subsequent dynamic regulation of gene
expression (Ramana et al., 2002). We found that IFN-y positively regulates the amounts of
Bcl-xL in damaged but not healthy hepatocytes, suggesting that the different modes of
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action of IFN-y between healthy and damaged hepatocytes. One possible scenario is that a
molecule in damaged hepatocytes interacts with the IFN-y receptor signaling pathway and
modulates the amounts of Bcl-xL by affecting its degradation or post-translational
modifications. However, this hypothetical key molecule is still unidentified and further
analyses are required to better understand the molecular mechanism underlying this
previously unappreciated role of IFN-y.

Because ILC subsets provide the first line of host defense and elicit local inflammation in
their resident tissues, it is likely that DAMP molecules, such as ATP, IL-1, and IL-33,
critically affect the effector functions of ILC. For instance, proliferation and Th2 cell
cytokine production of ILC2 are triggered by epithelial-derived IL-33, IL-25, and TLSP in
the mucosal barrier (Hammad and Lambrecht, 2015). Extracellular ATP is released from
damaged tissue, and purinergic ATP receptor signaling regulates the effector functions of
both innate and adaptive immune cells (Cekic and Linden, 2016; Di Virgilio et al., 2017).
The role of ATP in ILC functions is poorly documented, and no studies have assessed
whether extracellular ATP affects the functions of liver ILC1. We found that ATP-P2RX7
signaling is required for optimal IFN-y production by liver ILC1 after CCl, injection.
P2RX7-deficient mice are highly susceptible to 7oxoplasma gondiiinfection and have
impaired IFN-y responses (Corréa et al., 2017). These findings support the hypothesis that
extracellular ATP at infection sites stimulates ILC1 to produce IFN-vy in a P2RX7-dependent
manner, and that ILC1-derived IFN-y contributes to clearance of the parasite, consistent
with an essential role of ILC1 in host protection against the parasite (Klose et al., 2014). We
also found that ATP accelerated IL-12-driven IFN-y production by naive and activated liver
ILCL. Liver ILCL1 rapidly produce IFN-vy in response to conventional DC1-derived IL-12
early in MCMV infection (Weizman et al., 2017). In accordance with this study, we
demonstrated that liver ILC1, but not NK cells, produced IFN-vy in response to CD11b™ DC-
derived IL-12 in CCls-induced acute liver injury. The selective responsiveness of liver ILC1
to IL-12 can be explained partly by the expression of P2RX7 on liver ILC1 but not NK cells
and by the rapid elevation of extracellular ATP concentrations in the liver after CCly
injection and presumably also after MCMYV infection. P2RX7 is an ATP-gated cation-
selective ion channel that allows the influx of calcium ions (Savio et al., 2018; Di Virgilio et
al., 2017), implicating that increased intracellular calcium concentrations might enhance
IL-12-driven IFN-y production in liver ILC1.

Although NK cells accumulated in the liver after CCly injection, these cells did not produce
appreciable amounts of IFN-y /n vivo following CCly injection, whereas liver ILC1
displayed sufficient IFN-y production. However, both liver NK cells and ILC1 had the
ability to produce IFN-+y in response to IL-12 /n vitro. The discrepancy in IL-12-driven IFN-
v production by NK cells in vivoand in vitro might be explained by different activation
status of and sensation of activating signals for liver NK cells from liver ILC1 after CCly
injection. Unlike liver ILC1, liver NK cells did not show any signs of activation, as
demonstrated by expression of CD69 and CD25, after CCl, injection partly because of no
IL-7Ra and low expression of DNAM-1 as compared with liver ILC1. In addition to lower
DNAM-1 expression, liver NK cells did not express P2RX7 in their ability to produce IFN-
. Furthermore, liver NK cells expressed smaller amounts of //22rbthan liver ILC1 both in
naive state and after CCl, injection. Therefore, insufficient activation status of and
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suboptimal activating signals for NK cells may render liver NK cells unresponsive to CCly-
induced acute liver injury in vivo.

ILC1 express a variety of NK cell receptors (Jiao et al., 2016; Seillet et al., 2016; Spits et al.,
2016). However, it largely remains to be elucidated whether these receptors regulate the
activation and function of ILC1. We revealed that the activating receptor DNAM-1 is
required for the optimal activation of and IFN-y production by ILC1 in CCls-induced acute
liver injury. Activating and inhibitory NK cell receptors, including DNAM-1, regulate
activation and the effector functions of NK cells as well as the adaptive immune features of
NK cells, i.e. antigen-specific proliferation of effector NK cells and differentiation into
memory NK cells (Nabekura and Lanier, 2016a, 2016b; Nabekura et al., 2014; Sun et al.,
2009). Proliferation activity and memory differentiation of ILC1 in an antigen-specific and
non-specific manner have not yet been examined. Further studies of the roles of NK cell
receptors on ILC1 are needed to better understand the regulation of activation, functions, and
adaptive immune features of ILC1; such studies might provide important insights into
therapeutic interventions which modulate the functions of tissue-resident ILC1 for the
prevention of tissue damage and organ failure.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Akira Shibuya (ashibuya@mad.tsukuba.ac.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—WT C57BL/6 (B6) mice were purchased from CLEA Japan (Tokyo, Japan). Rag-1-
deficient (RagZ~") mice (Mombaerts et al., 1992) and IFN-y-deficient (/f7g7'~) mice
(Dalton et al., 1993) on the B6 background and Rag-2 and IL-2 receptor common -y chain
double-deficient (Rag2'~ 1/2rg'~) mice (Song et al., 2010) were purchased from Jackson
Laboratory (Bar Harbor, Maine, USA). DNAM-1-deficient (Cd2267/~) mice on the B6
background were generated as described previously (Iguchi-Manaka et al., 2008). Rag-1 and
DNAM-1 double-deficient (RagZ™'~Cd2267'~) B6 mice were generated by crossing RagZ
B6 mice with Cd2267'~ B6 mice. Ner1¢¢Eomes’’f mice (Gordon et al., 2012; Narni-
Mancinelli et al., 2011) and Hobit-deficient (Zfv6837~) mice (Mackay et al., 2016) on the
B6 background were generated as described previously (Weizman et al., 2017). Male and
female mice between 6 and 22 weeks of age were used for experiments in a gender-matched
manner. All mice were housed and maintained under specific-pathogen-free conditions and
all procedures were approved by the University of Tsukuba animal ethics committee (17—
313, 18-279, 19-235) and the University of California, Los Angeles (UCLA) Institutional
Animal Care and Use Committee (ARC#2017-084-01F) and performed at the laboratory
animal resource centers of University of Tsukuba and UCLA in accordance with the
guidelines of the institutional animal ethics committees.

CClg-induced liver injury—Mice on the B6 background were intraperitoneally injected
with 10 pl of 10% CCly (Sigma-Aldrich, St. Luis, Missouri, USA) in corn oil (Fujifilm
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Wako Pure Chemical Corporation, Tokyo, Japan) per gram body weight. RagZ™~ 1/2rg™!~
mice exhibited severe acute liver injury (20,000-30,000 unit/L) 18 h after injection of the
same dose of CCly as that used for mice on the B6 background (data not shown). Thus, the
dose of CCly for Rag2™!~ 1/2rg™'~ mice was titrated down to the similar magnitude of acute
liver injury to that of mice on the B6 background (1,000-3,000 unit/L). RagZ™'~ 1/2rg™'~ mice
were intraperitoneally injected with 10 pl of 0.04% CCl, in corn oil per gram body weight.
Blood was collected 18 h (1 day), and 2 and 3 days after CCl, injection and plasma samples
were prepared by centrifugation at 2500 rpm (500 xg) for 15 min at 4°C. Concentrations of
ALT in the plasma were measured by using DRI-CHEM 7000V and GPT/ALT-PIII slides
(Fujifilm, Tokyo, Japan).

To deplete specific cell populations and block cytokine signaling, mice were
intraperitoneally injected with 200-250 pg depletion mAb against mouse CD25 (clone
PC61), a neutralizing mAb against mouse IFN-y (clone R4-6A2, Bio x Cell, West Lebanon,
New Hampshire, U.S.A.), a neutralizing mAb against mouse IL-7Ra (clone A7R34, Bio x
Cell), or isotype-matched immunoglobulins (Igs) (Bio x Cell) 6 h before and after the
injection of CCl,. Anti-mouse CD25 mADb (clone 7D4) was used for detection of CD25*
cells. Anti-mouse CD25 mAbs (clones PC61 and 7D4) do not compete with the other for
binding to CD25 (Moreau et al., 1987).

To deplete both NK cells and ILC1 or NK cells only, mice were intraperitoneally injected
with 200 pg depletion mAb against mouse NK1.1 (clone PK136, ATCC, Manassas, Virginia,
U.S.A)) or 10 pg anti-asialo GM1 rabbit pAb (Fujifilm Wako Pure Chemical Corporation),
respectively, or the same volume of PBS (vehicle control) 36 h before the injection of CCly.
The doses of anti-mouse NK1.1 mAb and anti-asialo GM1 rabbit pAb described above are
optimal for depletion of both NK cells (defined as NKp46*DX5*CD49a~ lymphocytes) and
ILC1 (defined as NKp46TDX5-CD49a* lymphocytes) and of NK cells but not ILC1 in the
liver, respectively (Figures S3A and B).

For selective blockade of the ATP receptor P2RX7, mice were intraperitoneally injected with
50 pg Brilliant Blue G (BBG, Sigma-Aldrich) in PBS per gram body weight 1 day before
CCly injection.

Low dose APAP-induced liver injury—Mice (female and 8-14 weeks of age for
evaluation of the acute liver injury) were fasted for 24 h with free access to water but not
bedding and feces. Fifteen mg per ml APAP (Sigma-Aldrich) was freshly prepared in 0.9%
isotonic sodium chloride solution (Otsuka Pharmaceutical, Tokyo, Japan) at 37°C. WT and
Ifng™"~ mice and RagZ™'~ mice were intraperitoneally injected with 100 and 150 mg/ kg
body weight of APAP, respectively, and had free access to food, water, bedding, and feces
after APAP injection. Blood was collected 18 h after APAP injection and plasma samples
were prepared by centrifugation at 2500 rpm (500 xg) for 15 min at 4°C. Concentrations of
ALT in the plasma were measured by using DRI-CHEM 7000V and GPT/ALT-PIII slides
(Fujifilm).

To deplete CD25™ cells, RagZ™~ mice were intraperitoneally injected with 250 pg mAb
against mouse CD25 (clone PC61) 6 h before and after the injection of APAP. Anti-mouse
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CD25 (clone 7D4) was used for staining CD25 after depletion of CD25* cells by using
PC61.

Preparation of liver lymphocytes—The liver of naive, CCly-injected, and APAP-
injected male or female mice at the indicated hours or days in Figure legends after the
injection was perfused with PBS, isolated, and mechanically homogenized by using a glass
homogenizer (Sanyo, Tokyo, Japan). Liver homogenates were washed with RPMI-1640
culture medium (Sigma-Aldrich) followed by PBS, resuspended with 40% Percoll PLUS
density gradient medium (GE Healthcare, Chicago, Illinois, USA), overlaid on 60% Percoll
PLUS medium, and centrifuged at 800 xg for 35-45 min at 20°C. Buffy coats were collected
and washed with RPMI-1640 medium followed by PBS supplemented with 5% fetal calf
serum (FCS, Thermo Fisher Scientific, Massachusetts, USA), and used as liver lymphocytes.
Liver NK cells were identified as either NK1.1*TCRB™B220"DX5*CD49a"CD200R™ or
NK1.1*NKp46*DX5*CD49a"CD200R ™~ lymphocytes, liver ILC1 were identified as either
NK1.1*TCRB™B220 DX5 CD49a*CD200R" or NK1.1*NKp46*DX5 CD49a*CD200R™*
lymphocytes. Liver T cells and NKT cells were identified as NK1.1"TCRB™ and
NK1.1*TCRB* lymphocytes, respectively. Non-group 1 innate lymphocytes in the liver of
RagI™'~ mice were identified as NK1.1"NKp46~DX5~ lymphocytes.

To purify NK cells and ILC1, liver lymphocytes from naive and CCl-injected male or
female mice were stained for cell surface molecules at the indicated hours in Figure legends
after the injection, and NK cells (NK1.1*NKp46*CD3e~DX5*CD49a~ lymphocytes),
CD25™ ILC1 (NK1.1"NKp46*CD3e"DX5 CD49a*CD25" lymphocytes), and CD25* ILC1
(NK1.1*NKp46*CD3e DX5 CD49a*CD25* lymphocytes) were sorted by using BD
FACSAria Il (BD Biosciences, San Jose, California, USA).

Preparation of liver myeloid cell subsets—The liver of naive and CCl-injected male
or female mice 18 h after the injection was isolated after tissue perfusion with PBS, cut into
small pieces in 5 ml Krebs-Ringer modified buffer with 5 mg collagenase type 1V (Sigma-
Aldrich) and 600 pg deoxyribonuclease | (Worthington Biochemical Corporation,
Lakewood, New Jersey, USA) per liver, and incubated at 37°C and for 30 min with rotation
at 7 rpm. The cell suspension was vortexed, and cells were collected by being passed
through a ¢100 um cell strainer (BD Biosciences). The remaining pieces of liver tissue were
homogenized in a glass homogenizer, and cells were collected by being passed through a
$100 um cell strainer. These cells were combined, centrifuged, and washed with PBS
supplemented with 5% FCS. Cells were stained for cell surface molecules, and myeloid cells
were gated on leukocytes with large FSC-SSC values followed by gating on CD45.2*TCRB
“B220"NK1.1™ cells, and CD11b~ DC (F4/80~CD11c*I-AP*CD11b~), CD11b* DC
(F4/80~CD11c*1-AP*CD11b*), Kupffer cells (KC: F4/80* and hidhcpD11¢~CD11b7), and
macrophages (M¢: F4/80*CD11¢c~CD11b"9"), and sorted by using BD FACSAria IIl.

In some experiments, myeloid cell subsets in the liver were gated on leukocytes with large
FSC-SSC values followed by gating on CD45.2*TCRB™NK1.1™ cells, and CD11b~ DC,
CD11b* DC, KC, M¢ and monocytes (Mono: F4/80*CD11c"CD11b* adhighy anqg
neutrophils (Neu: F4/80~CD11c™I-Ab~Ly-6G™) were analyzed. B cells in the liver were
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gated on leukocytes with small FSC-SSC values followed by gating on CD45.2*TCRB
“NK1.1" cells, and identified as F4/80"CD11c™Ly-6G~B220* cells.

Isolation of hepatocytes—Hepatocytes were isolated as described previously
(Mederacke et al., 2015) with some modifications. At 18 h after CCl, injection, the liver of
naive and CCly-injected male or female mice was perfused at 42°C with 20 ml Ca%* chelator
buffer (8 g NaCl, 0.4 g KCI, 0.1 g NaH,P0O4-2H,0, 0.12 g Na;HPOy, 0.35 g NaHCO3, 0.9 g
glucose, 2.38 g HEPES, 0.38 g EGTA per liter at pH 7.4) followed by 20 ml collagenase
liver perfusion buffer (10 mg collagenase type 1V, 8 g NaCl, 0.4 g KCI, 0.735 g
CaCly-2H,0, 0.078 g NaH,PO4-2H,0, 0.151 g Na,HPO4-12H,0, 0.35 g NaHCO3, 0.9 g
glucose, 2.38 g HEPES per liter at pH7.4) by using a 25G needle (Terumo Corporation,
Tokyo, Japan) and a Pharmacia Biotech Pump P-1 (GE Healthcare) at a flow rate of 20 (100
mL/ h) via the portal vein. The liver was transferred into a 10 cm dish with 10 ml PBS
supplemented with 10% FCS and incubated for 10 min at 42°C. The liver was shaken gently,
and pinched repeatedly with forceps to release hepatocytes, and the cell suspension was
collected by being passed a ¢100 pm cell strainer. The remaining liver tissues were ground
on the ¢$100 um cell strainer by using a plunger of 10 ml syringe, resuspended in PBS
supplemented with 10% FCS, and collected by being passed through the ¢100 pm cell
strainer. Both cell suspensions were combined, washed twice by centrifugation at 50 xg for 1
min, resuspended with 4 ml PBS, gently mixed with 5 ml 90% Percoll PLUS medium, and
centrifuged at 100 xg for 10 min at 20°C. The cell pellet was washed by centrifugation at 70
gfor 5 min with PBS supplemented with 10% FCS, gently resuspended with cold PBS
supplemented with 10% FCS, and used as hepatocytes. Hepatocytes were analyzed ex vivo
by flow cytometry or cultured in vitro.

Ex vivo culture of NK cells and ILC1—NK cells and ILC1 were enriched from the
liver of naive, CCls-injected, and APAP-injected male mice 15 h or the indicated hours in
Figure legends after the injection, and one million or the smaller number of cells were
cultured in 96-well cell culture plates for 5 h at 5% CO, and 37°C in the dark in RPMI-1640
culture medium supplemented with 10% FCS, 50 uM 2-mercaptoethenol, 2 mM L-
glutamine, 100 U penicillin, 0.1 mg/mL streptomycin (Sigma-Aldrich), 10 mM HEPES, 1
mM sodium pyruvate, and 100 uM MEM non-essential amino acids (Thermo Fisher
Scientific) in the presence of BD GolgiStop (BD Biosciences) and APC-conjugated anti-
mouse CD107a mAb (clone 1D4B, BioLegend, San Diego, California, USA). The cells were
then collected, washed, stained for surface molecules and intracellular IFN-y, and analyzed
by flow cytometry. Degranulation of NK cells and ILC1 was determined by the frequencies
of CD107a* cells.

In vitro culture of NK cells and ILC1—NK cells and ILC1 were enriched from the liver
of naive male or female mice, and one million or the smaller number of cells were cultured
in 96-well cell culture plates for 24 h at 5% CO, and 37°C in RPMI-1640 culture medium
supplemented with 10% FCS, 50 pM 2-mercaptoethenol, 2 mM L-glutamine, 100 U
penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, and 100 uM
MEM non-essential amino acids in the presence or absence of 25 ng/mL recombinant mouse
(rm) IL-7 (Bio-Techne Corporation, Minneapolis, Minnesota, USA).
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NK cells and ILC1 were enriched from the liver of naive male or female mice and were
stimulated by crosslinking DNAM-1 as described previously (Nabekura and Lanier, 2016b)
with some modifications. Wells of 96 -well cell culture plates were coated with 1 mg/mL
1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP; Cayman Chemical, Ann Arbor,
Michigan, USA) in 50% ethanol for 10 min at room temperature and washed with PBS. Ten
microgram purified anti-DNAM-1 mAb (TX42.1) (Iguchi-Manaka et al., 2008) or isotype-
matched Ig in 50 mM carbonate buffer (pH 9.6) was added to DOTAP-coated wells, and the
wells were incubated for 24 h at 4°C; they were then washed with RPMI-1640 culture
medium supplemented with 10% FCS and blocked with the same culture medium for 10 min
at room temperature. NK cells and ILC1 were enriched from the liver of naive male or
female mice and one million or the smaller number of cells were cultured in mAb-coated
wells of 96-well cell culture plates for 24 h at 5% CO, and 37°C in RPMI-1640 culture
medium supplemented with 10% FCS, 50 pM 2-mercaptoethenol, 2 mM L-glutamine, 100 U
penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, and 100 uM
MEM non-essential amino acids.

The cells were then collected, washed, stained for surface molecules, and analyzed by flow
cytometry.

Ex vivo stimulation of NK cells and ILC1—To prepare cytokine-primed NK cells and
ILC1, NK cells and ILC1 were enriched from the liver of naive male or female mice and
cultured in 96-well cell culture plates for 24 h at 5% CO» and 37°C in RPMI-1640 culture
medium supplemented with 10% FCS, 50 pM 2-mercaptoethenol, 2 mM L-glutamine, 100 U
penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES, 1 mM sodium pyruvate, and 100 pM
MEM non-essential amino acids in the presence or absence of 25 ng/mL rm IL-7 and 50
ng/mL rm IL-2 (BD Biosciences). For stimulation by crosslinking DNAM-1, one million or
the smaller number of freshly isolated naive or cytokine-primed cells were resuspended in
RPMI-1640 culture medium supplemented with 10% FCS, 50 uM 2-mercaptoethenol, 2 mM
L-glutamine, 100 U penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES, 1 mM sodium
pyruvate, and 100 UM MEM non-essential amino acids, and cultured for 5 h at 5% CO, and
37°C in the dark in the presence of BD GolgiStop in the wells of 96-well cell culture plates
coated with anti-DNAM-1 mADb or isotype-matched Ig, as described previously (Nabekura
and Lanier, 2016b).

For stimulation with IL-12, ATP, or both, NK cells and ILC1 were enriched from the liver of
naive and CClg-injected male or female mice 18 h after the injection and resuspended in
RPMI-1640 culture medium supplemented with 10% FCS, 50 uM 2-mercaptoethenol, 2 mM
L-glutamine, 100 U penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES, 1 mM sodium
pyruvate, and 100 uM MEM non-essential amino acids; one million or the smaller number
of NK cells and ILC1 from the liver of naive male or female mice were cultured in 96-well
cell culture plates for 5 h at 5% CO, and 37°C in the dark in the presence of BD GolgiStop
and stimulated with 10 ng/mL rm 1L-12 (BD Biosciences), 500 nM ATP (Sigma-Aldrich), or
both. Alternatively, one million or the smaller number of NK cells and ILC1 from the liver
of naive and CCly-injected male or female mice were cultured as above and stimulated with
25 ng/mL rm IL-12 and 500 nM ATP.
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After stimulation, cells were collected, washed, stained for surface molecules and
intracellular IFN-vy, and analyzed by flow cytometry.

Primary culture of hepatocytes—One hundred thousand hepatocytes were cultured at
37°C and 10% CO5 in DMEM/F12 culture medium (Sigma-Aldrich) supplemented with
10% FCS, 50 uM 2-mercaptoethenol, 4 mM L-glutamine, 100 U penicillin, 0.1 mg/mL
streptomycin, 20 mM HEPES, 100 nM dexamethasone, 0.2 mM L-ascorbic acid 2-
phosphate sesquimagnesium salt hydrate, and 2 pg/mL insulin from bovine pancreas
(Sigma-Aldrich) in the wells of 24-well cell culture plates coated with 5 pg/cm? mouse
natural collagen type 1V (Corning, Corning, New York, U.S.A.). Three hours after plating, to
remove floating dead hepatocytes, the culture medium was replaced with fresh medium
supplemented with 2 mM CCl, or the same volume of DMSO (vehicle control), and
adherent hepatocytes were cultured in the presence or absence of 0.1-100 ng/mL rm IFN-y
(BioLegend) for 24 h at 37°C and 10% CO,. Hepatocytes were washed twice with room
temperature PBS supplemented with 1 mM EDTA, and treated with 0.25% trypsin-EDTA
(Sigma-Aldrich) for 5 min at 37°C and 10% CO,, DMEM culture medium (Sigma-Aldrich)
supplemented with 10% FCS was then added, and cells collected by gentle pipetting, and
washed with PBS supplemented with 10% FCS. Hepatocytes were analyzed by flow
cytometry.

METHOD DETAILS

Flow cytometry—Fc receptors (CD16 and CD32) were blocked with mAb clone 2.4G2
(Tonbo Biosciences, San Diego, California, USA) before surface and intracellular staining
with the indicated fluorochrome-conjugated mAbs or isotype-matched control antibodies
(Thermo Fisher Scientific, Tonbo Biosciences, BD Biosciences, and BioLegend). mAbs
used were FITC-conjugated anti-mouse CD49b (clone DX5), FITC-conjugated anti-mouse
I-AP (clone AF6-120.1), PE-conjugated anti-mouse CD4 (clone RM4-5), PE-conjugated
anti-mouse CD8a (clone 53-6.7), PE-conjugated anti-mouse CD11b (clone M1/70), PE-
conjugated anti-mouse CD200R (clone OX-110), PE-conjugated anti-mouse P2RX7 (clone
1F11), PE-conjugated anti-mouse TRAIL (clone N2B2), PE-conjugated streptavidin,
PerCPCy5.5-conjugated anti-mouse B220 (clone RA3-6B2), PerCPCy5.5-conjugated anti-
mouse NK1.1 (clone PK136), PerCPCy5.5-conjugated anti-mouse NKp46 (clone 29A1.4),
APC-conjugated anti-mouse CD11b (clone HL3), APC-conjugated anti-mouse CD49a
(clone HMa1), APC-conjugated anti-mouse NK1.1 (clone PK136), Alexa Fluor (AF) 700-
conjugated anti-mouse Ly-6G (clone 1A8), AF700-conjugated anti-mouse NKp46 (clone
29A1.4), PECy7-conjugated anti-mouse B220 (clone RA3-6B2), PECy7-conjugated anti-
mouse CD3e (clone 145-2C11), PECy7-conjugated anti-mouse CD25 (clone PC61),
PECy7-conjugated anti-mouse F4/80 (clone BM8), PECy7-conjugated anti-mouse TCRp
(clone H57-597), Pacific Blue-conjugated anti-mouse CD3e (clone 145-2C11), Pacific
Blue-conjugated anti-mouse CD69 (clone H1.2F3), Brilliant Violet (BV) 421-conjugated
anti-mouse CD45.2 (clone 104), biotinylated anti-mouse B220 (clone RA3-6B2),
biotinylated anti-mouse CD25 (clone 7D4), biotinylated anti-mouse DNAM-1 (clone
TX42.1), biotinylated anti-mouse IFN-yR1 (clone GR20), biotinylated anti-mouse NK1.1
(clone PK136), biotinylated anti-mouse TCRp (clone H57-597), and Brilliant Violet 605-
conjugated streptavidin.
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For staining of intracellular IFN-y, liver NK cells and ILC1, cells were fixed and
permeabilized with BD Cytofix/Cytoperm solution (BD Biosciences), washed with
Intracellular Staining Perm Wash Buffer (BioLegend), and stained with PE-conjugated anti-
mouse IFN-y mAb (clone XMG1.2, BioLegend).

For staining of intracellular Bcl-2 family proteins, hepatocytes were fixed, permeabilized,
and washed with eBioscience Foxp3 / Transcription Factor Staining Buffer Set (Thermo
Fisher Scientific), and stained with PE-conjugated anti-mouse Bcl-2 mAb (clone BCL/10C4,
BioLegend), PE-conjugated anti-mouse Bcl-xL mAb (clone 7B2.5, Abcam, Cambridge,
United Kingdom), or PE-conjugated anti-mouse Mcl-1 (clone D2W9E, Cell Signaling
Technology, Massachusetts, U.S.A.). To exclude white blood cells, hepatocytes were defined
as cells with very large FSC (forward scatter) and SSC (side scatter) parameters. Hepatic
stellate cells were excluded as vitamin A- and retinol-positive cells by using a violet laser
and the Pacific Blue detection channel (450/50 nm filter) of BD LSRFortessa (BD
Biosciences). Cells were stained with Zombie NIR Fixable Viability Kit (BioLegend) and
living hepatocytes were defined as Zombie NIR-negative cells.

In all experiments, doublet cells were excluded by FSC-A and FSC-H gating followed by
SSC-A and SSC-W gating, and cells with bright autofluorescence including dead cells were
excluded by using AmCyan (525/50 nm filter) as a dump channel of BD LSRFortessa and
BD FACSAria I11. In some experiments, cells were stained with Zombie NIR Fixable
Viability Kit and living cells were defined as Zombie NIR-negative cells.

Samples were run on BD LSRFortessa, BD FACSAria I11, or BD FACS Calibur (BD
Biosciences) and the data were analyzed with FlowJo software (FlowJo, Ashland, Oregon,
US.A).

Measurement of cytokines in the plasma—Blood was collected 18 h after CCly
injection and plasma samples were prepared by centrifugation at 2500 rpm (500 xg) for 15
min at 4°C. Concentrations of IFN-vy, IL-4, and IL-5 in the plasma were measured with BD
Cytometric Bead Array Mouse Flex Sets for mouse IFN-y, mouse IL-4, and mouse IL-5
(BD Biosciences).

Quantitative reverse transcription (RT)-PCR—The liver of naive and CCly-injected
mice 18 h after the injection was isolated after tissue perfusion with PBS, 5 mm3 pieces of
the liver were excised, and homogenized in Isogen reagent (Nippon Gene, Tokyo, Japan) by
using frosted slide glasses (Matsunami Glass Industry, Osaka, Japan).

In some experiments, NK cells, CD25~ ILC1, and CD25* ILC1 purified from the liver of
naive and CCly-injected mice 12 h after the injection, or CD11b~ DC, CD11b* DC, KC, and
M¢ purified from the liver of naive and CClg-injected mice 18 h after the injection were
resuspended with TRIzol reagent (Thermo Fisher Scientific).

Total RNA was isolated using the Isogen or TRIzol and first-strand DNA was synthesized by
using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific).
Quantitative RT-PCR was performed on an ABI 7500 Fast real-time PCR system with ABI
Power SYBR Green PCR Master Mix (both from Thermo Fisher Scientific) and 50-250 nM
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primers. The primers were as follows: Acta2 forward, 5’-
GTCCCAGACATCAGGGAGTAA-3’; ActaZreverse, 5’-
TCGGATACTTCAGCGTCAGGA-3’; Actb forward, 5’-ACTGTCGAGTCGCGTCCA-3’;
Actbreverse, 5’-GCAGCGATATCGTCATCCAT-3’; Collal forward, 5’-
GCTCCTCTTAGGGGCCACT-3’; Collalreverse, 5’-CCACGTCTCACCATTGGGG-3’;
Ifng forward, 5’-ACAGCAAGGCGAAAAAGGATG-3’; /fng reverse, 5’-
TGGTGGACCACTCGGATGA-3’; //7forward, 5’-TTCCTCCACTGATCCTTGTTCT-3’;
/17 reverse, 5’-AGCAGCTTCCTTTGTATCATCAC-3’; //12aforward, 5’-
CCCTTGCCCTCCTAAACCAC-3’; /l12areverse, 5°-
AAGGAACCCTTAGAGTGCTTACT-3’; //12b forward, 5’-
GGAGACCCTGCCCATTGAACT-3’; /12breverse, 5°-
CAACGTTGCATCCTAGGATCG-3’; //12rb1 forward, 5’-
ATGGCTGCTGCGTTGAGAA-3’; /112rb1 reverse, 5°-
AGCACTCATAGTCTGTCTTGGA-3’; //12rb2 forward, 5’-
AGAGAATGCTCATTGGCACTTC-3’; /l12rb2reverse, 5’-
AACTGGGATAATGTGAACAGCC-3’; Pvrforward, 5°-
CAACTGGTATGTTGGCCTCA-3’; Purreverse, 5’-ATTGGTGACTTCGCACACAA-3’;
Timp1 forward, 5’-GCAACTCGGACCTGGTCATAA-3’; and 7impI reverse, 5’-
CGGCCCGTGATGAGAAACT-3’. Relative quantities and copy numbers of gene transcripts
were normalized to those of Actb transcripts.

Histology—The liver of naive and CCls-injected mice was fixed with formalin and
embedded in paraffin 18 h after the injection. Fixed histological sections were stained with
hematoxylin and eosin. Images were acquired under a BZ-X710 microscope (Keyence,
Osaka, Japan), and damaged areas around the central veins and the portal triads in one lobe
of the liver were quantified with BZ-X analyzer (Keyence).

Measurement of extracellular ATP in the plasma—Blood was collected from the
proximal inferior vena cava (after which the hepatic veins join) of naive and CCls-injected
mice 15 h after the injection. Plasma samples were prepared by centrifugation at 2500 rpm
(500 xg) for 15 min at 4°C. Concentrations of ATP were measured by a bioluminescence-
based assay using a Tissue ATP assay kit (Fujifilm Wako Pure Chemical) and a Turner
BioSystems Luminometer (Promega, Madison, Wisconsin, USA).

Adoptive transfer of liver ILC1—Lymphocytes were enriched from the liver of WT,
Ifng™!~, or Rag1~!~ B6 male or female mice by Percoll gradient centrifugation and stained
for surface molecules, and ILC1 were gated on NK1.1*NKp46*DX5-CD49a*TRAIL
*CD69* lymphocytes and sorted by using BD FACSAria I11. Thirty thousand purified donor
liver ILC1 were mixed with or without 2 ug rm IL-15 (BioLegend) and adoptively
transferred into recipient Rag2~'~//2rg~'~ mice via the portal vein. On days 1 and 7 post-
transfer, donor ILC1 were enriched from the liver of the recipient mice and analyzed by flow
cytometry.

Recipient mice that received donor liver ILC1 and IL-15 were injected with or without CCly
on day 7 post-transfer. In some experiments, they were intraperitoneally injected with 200-
250 g depletion mAb against mouse CD25, neutralizing mAb against mouse IFN-y, or an

Immunity. Author manuscript; available in PMC 2021 May 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nabekura et al.

Page 19

isotype-matched Ig 6 h before and 6 h after the injection of CCl,. Donor ILC1 were enriched
from the liver of naive and CCly-injected recipient mice 18 h after the injection and the
expression of cell surface molecules, including activation markers, on donor ILC1 were
analyzed by flow cytometry. To evaluate IFN-y production by donor ILC1, they were
enriched from the liver of naive and CCl4-injected recipient mice 9 h and 15 h after the
injection and cultured in 96-well cell culture plates for 5 h at 5% CO, and 37°C in the dark
in RPMI-1640 culture medium supplemented with 10% FCS, 50 uM 2-mercaptoethenol, 2
mM L-glutamine, 100 U penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES, 1 mM sodium
pyruvate, 100 puM MEM non-essential amino acids, BD GolgiStop, and APC-conjugated
anti-mouse CD107a mAb. Cells were collected, washed, stained for surface molecules and
intracellular IFN-vy, and analyzed by flow cytometry. Degranulation of ILC1 was determined
by the frequency of CD107a" cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical methods—The Student’s #test, the Mann-Whitney U'test, and one-way
Analysis of variance (ANOVA) were used to compare the data by using GraphPad Prism
software (GraphPad Software, San Diego, California, U.S.A.). p<0.05 was considered
statistically significant. Each data point represents the average of samples. Error bars show
s.d.
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Figurel. Liver ILC1 but not NK cellsare activated and produce | FN-y after CCly injection
(A) Gating strategy and expression of CD200R for NK cells and ILC1 from the liver of mice

before (naive) and 18 h after CCl, injection (n7= 2-5 for gating strategy and 7= 3-4 for
CD200R). (B) The percentages and the number of NK cells and ILC1 in the liver before
(naive) and 18 h after CCl, injection. Data were pooled from 6 experiments (7= 5-14). (C)
Expression of CD69 on NK cells and ILC1 in the liver before and 18 h after CCly injection
(n=2-5). (D) Mean fluorescence intensity (MFI) of CD69 on NK cells and ILC1 in the liver
before and 18 h after CCly injection. Data were pooled from 4 experiments (n = 4-14). (E)
Expression of CD25 on NK cells and ILCL1 in the liver before and 18 h after CCly injection
(n=2-5). (F) MFI of CD25 on NK cells and ILCL1 in the liver before and 18 h after CCl,
injection. Data were pooled from 2 experiments (7= 4). (G) Expression of CD69 on ILC1 in
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the liver of mice before CCly injection and on CD25~ ILC1 and CD25* ILC1 in the liver 15
h after CCly injection (7= 2-5). (H) MFI of CD69 on NK cells and ILC1 in the liver of mice
before CCl, injection and on NK cells, CD25~ ILC1, and CD25* ILC1 in the liver 15 h after
CCly injection. Data were pooled from 3 experiments (7= 9-13). (1) Kinetics of the
percentages of IFN-y* cells in NK cells, CD25~ ILC1, and CD25* ILC1 in the liver after
CCly injection (n=4). *p<0.05 vs. NK cells and CD25~ ILC1. (J) The percentages of IFN-
v* cells in ILC1 in the liver before CCly injection and those in CD25~ ILC1 and CD25*
ILC1 in the liver 15 h after CCly injection (7= 2-5). (K) The percentages of IFN-y* cells in
NK cells and ILC1 in the liver before CCly injection and those in NK cells, CD25™ ILC1,
and CD25* ILC1 in the liver 15 h after CCl, injection. Data were pooled from 3 experiments
(n=9-13). Data are representative of more than 20 (A, C, and E), 3 (G and J), and 2 (I, and
A (CD200R)) independent experiments. **p<0.005. Error bars show s.d. See also Figures
S1and S2.

Immunity. Author manuscript; available in PMC 2021 May 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Nabekura et al. Page 26
A 80 - Naive ILC1 CCI, ILC1 20 3 C 2500 - *
Y Isotype | Anti-CD25 (PC61) ~ J
< g0 4 im 2) 215 ~ 2,000
0 56 1.0 £ 2 4500
T) 80 [e)] c B b
8 40 A I £ 10 2
e} > 1,000 4
~ 40 Z 5 -
g9 21 2 o < 500 -
0 = [
0 Non 0 10° 10° 0 10* 10° 0 4 ) ¥ ) 0 - WT 20683
= > Isotype Ig Anti-CD25 P )
group1 NK ILC1 CD25 (7D4)-PECy7 et el
o Naive CCl,
B Isotype Ig —_—k D
» 80 - =83 2,500 -
T~ °2 128 1 [ ] 2,500
2 x Anti-CD25 ]
& 2 60 - g A MRE 3 2000 3 2,000
x
[alhed X > 30 = E 1,500
8% 40 - z= § 150 s
5 = G L 20 1,000 — 1,000 A
52 20 - 5 C - 7
2sc 8= 10 < 500 500
E c EO
S 0 A >3 0 0 4 T T | 0 A
= Non == CD25 CD25* Nerfere
" NK ILC1 Isotype Ig Anti-CD25 f VO
group 1 NK et et L Eomes'
Naive CCl,
E i n |NaTve Wi J |CCI4 g %00 e WI, |Na'|'ve wr |CCI u 4000
Ifng*- Ifng’- — 4,000 Ifng'- ing|~7%
1004 ™ 100 T 3,000
;\3 807 = 3,000 § 80 =3 -
PR § 2,000 = © § '
401 S 40
= 20% O 1,000 = 2 O 1,000
0.
4.5 0 0 3 " 4 5 0
0 10" 10 0 107 10 10 D25 CD25*
D25-PECY7 NK  ILC1 . c
CD25-PECy CD69-PacificBlue NK ILCA ILCA
%k
I 3000 - - T J Naive ccl, L
-~ — - ~6 A
| .
S 2,000 A £
= [)]
= 84 1
— | &
3 1.000 |l| — 251 -
0 T T T ] ‘ 0 4
WT  Ifng" WT Ifng" ; Isotype Anti-
Naive CCl, Ig IFN-y
K 2.2 g wk
60 4 3,000
S =
i s i
85 404 = 2,000
¥ =
/-
g2 2 ffng: 5 1,000 |
8% <
[a R
0 0

WT  Ifng” WT Ifng*
CCl,

Isotype Anti-
lg  IFN«y

Naive

Figure 2. IFN-y released from liver ILC1 hasa protectiverolein CClz-induced acute liver injury
(A) The percentages and number of CD25* cells in the liver of RagZ~/~ mice before (naive)

and 18 h after CCly injection. Data were pooled from 2 experiments (7= 4-6). (B) The
percentages of CD25* (7D4%) ILC1 (upper left) (n=3) and number of each lymphocyte
subset in the liver (lower left) and plasma concentrations of IFN-y (upper right) and ALT
(lower right) of RagZ~/~ mice that had been injected with a depletion anti-CD25 mAb
(PC61) or isotype-matched Ig (Isotype 1g) 18 h after CCly injection. Data were pooled from
2 (lower panels) (n=6) and 3 (upper right) (7= 6-10) experiments. (C) Plasma
concentrations of ALT of WT and Z£v6837~ mice 18 h after CCly injection. Data were
pooled from 2 experiments (/7= 4-8). (D) Plasma concentrations of ALT of Fomes’/f and
Ner1¢eEomesf! mice 18 h after CCly injection. Data were pooled from 2 experiments (/7=
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7). (E) Expression of CD25 on ILC1 in the liver of WT and /f7g7/~ mice before (naive) and
18 h after CCly injection (n=2-4). (F) MFI of CD25 on NK cells and ILC1 in the liver of
WT and /g™~ mice before and 18 h after CCly injection. Data were pooled from 2
experiments (7= 3-7). (G) Expression of CD69 on ILC1 in the liver of WT and /fng™'~ mice
before and 18 h after CCly injection (7= 2-4). (H) MFI of CD69 on NK cells, CD25~ ILC1,
and CD25* ILC1 in the liver of WT and /#7g™/~ mice before and 18 h after CCly injection.
Data were pooled from 2 experiments (n7= 3-7). (I) Plasma concentrations of ALT before
and 18 h after CCly, injection. Data were pooled from 3 experiments (1= 4-10). (J)
Histology of the liver (hematoxylin and eosin staining) before and 18 h after CCl, injection
(n=2-4). Scale bars represent 500 um. (K) Quantified damaged areas around the central
veins and the portal veins of mice before and 18 h after CCl, injection. Data were pooled
from 2 experiments (7= 3-7). (L) Plasma concentrations of IFN-y (upper) and ALT
(lower) of mice (that had been injected with a neutralizing anti-IFN-y mAb or isotype Ig 6 h
before and 6 h after CCl, injection) 18 h after CCl, injection. Data were pooled from 2
experiments (7= 8). Data are representative of 2 independent experiments (B (upper |eft),
E, G, and J). *p<0.05, **p<0.005. Error bars show s.d. See also Figure S3.
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Figure 3. DNAM-1 and IL-7 arerequired for optimal activation of liver ILC1 after CClyg
injection

(/-{) Expression of DNAM-1 on NK cells and ILC1 in the liver (7= 2-5). (B) Expression of
PvrmRNA in the liver of mice before (naive) and 18 h after CCly injection (n= 3-4). (C)
Expression of CD69 on ILC1 in the liver of WT and Ca2267/~ mice before and 18 h after
CCly injection. (D) MFI of CD69 on NK cells and ILC1 in the liver of WT and Cd2267/~
mice before and 18 h after CCly injection (7= 2-5). (E) Expression of CD25 on ILC1 in the
liver of WT and Cd2267/~ mice before and 18 h after CCl, injection. (F) MFI of CD25 on
NK cells and ILC1 in the liver of WT and Cd2267'~ mice before and 18 h after CCl,
injection (n=2-5). (G) Expression of CD25 on liver ILC1 (left) (7= 2-4) and MFI of
CD25 on liver NK cells and liver ILC1 (right) after crosslinking with isotype Ig or anti-
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DNAM-1 mAb. Data were pooled from 3 experiments (right) (n=8). (H) Expression of //7
MRNA in the liver of mice before and 18 h after CCly injection (7= 3-4). (1) Expression of
CD25 on ILC1 (left) (n=3) and MFI of CD25 on NK cells and ILC1 (right) in the liver of
mice (that had been injected with a neutralizing anti-IL-7Ra mAb or isotype Ig 6 h before
and 6 h after CCly injection) before and 18 h after CCly injection. Data were pooled from 2
experiments (right) (7= 3-6). (J) Plasma concentrations of ALT of mice (that had been
injected with a neutralizing anti-IL-7Ra mAb or isotype Ig 6 h before and 6 h after CCly
injection) before and 18 h after CCl, injection. Data were pooled from 2 experiments (7= 3—
6). (K) Expression of CD25 on liver ILC1 (left) (n=2) and MFI of CD25 on liver NK cells
and liver ILC1 (right) in the absence or presence of IL-7. Data were pooled from 3
experiments (right) (n7=4). Data are representative of 3 (A, G (left), and K (left)), 2 (B, H,
and | (left)), and 4 (C-F) independent experiments. *p<0.05, **p<0.01, ***p<0.005. Error
bars show s.d.
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Figure4. DNAM-1iscritical for IFN-y production by liver ILC1 after CCl4 injection
(A) The percentages of IFN-y* cells in ILC1, CD25~ ILCL, and CD25* ILC1 in the liver of

in WT and Cd2267'~ mice before (naive) and 15 h after CCl, injection (/7= 2-5). (B) The
percentages of IFN-y™* cells in NK cells, CD25 ILC1, and CD25* ILC1 in the liver of in
WT and Cd2267'~ mice before and 15 h after CCly injection. Data were pooled from 2
experiments (7= 5-9). (C) Plasma concentrations of IFN-y (left) and ALT (middle) of WT
and Cd2267'~ mice or Rag1™'~ and Ragl™'~Ca2267'~ mice (right) before and 18 h after
CCly injection. Data were pooled from 4 (left) (7= 4-15), 5 (middle) (n=5-17), and 3
(right) (7= 3-10) experiments. (D) Plasma concentrations of ALT of RagZ~'~ and
Rag1™'~Cd226™~ mice (that had been injected with a depletion anti-CD25 mAb or isotype
Ig) 18 h after CCl, injection (n=3). (E) The percentages of IFN-y* cells in liver ILC1 (that
had been primed with IL-2 and IL-7 /n vitro) (Ieft) (n=2-5) and those in naive or primed
liver NK cells and liver ILC1 (right) (n = 5-7) after crosslinking with anti-DNAM-1 mAb or
Isotype 1g. Data were pooled from 2 experiments (right). Data are representative of 2 (A and
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D) and 3 (E (left)) independent experiments. *p<0.05, **p<0.005. Error bars show s.d. See
also Figure S4.
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Figure5. ATP accelerates | L-12-driven | FN-y production by liver ILC1
(A) Expression of P2RX7 on NK cells and ILCL1 in the liver (7= 3-5). (B) Plasma

concentration of extracellular ATP from the proximal inferior vena cava before (naive) and
15 h after CCly injection. Data were pooled from 2 experiments (/7= 6-10). (C) Expression
of CD25 on NK cells and ILC1 in the liver of mice (that had been injected or not with BBG)
before and 18 h after CCly injection (7= 2-5). (D) Expression of CD69 on NK cells, CD25~
ILC1, and CD25* ILC1 in the liver of mice (that had been injected or not with BBG) before
and 18 h after CCly injection (7= 2-5). (E) The percentages of IFN-y* cells in ILC1,
CD25" ILC1, and CD25* ILC1 in the liver of mice (that had been injected or not with BBG)
before and 15 h after CCl, injection (7= 2-5). (F) The percentages of IFN-y™* cells in NK
cells, CD25” ILC1, and CD25* ILC1 in the liver of mice (that had been injected or not with
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BBG) before and 15 h after CCly injection. Data were pooled from 2 experiments (1= 5-
10). (G) Plasma concentration of ALT in mice (that had been injected or not with BBG)
before and 18 h after CCly injection. Data were pooled from 2 experiments (/7= 4-8). (H)
Expression of //12aand //120 mRNA in the liver before and 18 h after CCl, injection (n=
3-4). (1) Expression of //12aand //120 mRNA in myeloid cell subsets (CD11b™ DC, CD11b
* DC, Kupffer cells (KC), and macrophages (M¢)) in the liver before and 18 h after CCly
injection. Data were pooled from 3 experiments (/7= 4-5). (J) The percentages of IFN-y*
cells in liver NK cells and liver ILC1 after stimulation with or without I1L-12, ATP or both.
Data were pooled from 2 experiments (7= 6). (K) The percentages of IFN-y* cells in liver
NK cells, liver CD25 ILC1, and liver CD25" ILC1 (isolated from mice before (naive) and
18 h after CCly injection) after stimulation with or without I1L-12 and ATP. Data were pooled
from 3 experiments (/7= 10-16). Data are representative of 7 (A) and 2 (C, D, E, and H)
independent experiments. *p<0.05, **p<0.005. Error bars show s.d. See also Figure S5.
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Figure 6. IFN-y contributesto the survival of hepatocytes through upregulation of Bcl-xL
(A) Expression of IFN-yR1 on hepatocytes (/7= 2). (B) Expression of intracellular Bcl-2,

Bcl-xL, and Mcl-1 in hepatocytes of WT and /#7g7/~ mice before (naive) and 18 h after CCl,
injection (n=2-3). (C) MFI of intracellular Bcl-2, Bcl-xL, and Mcl-1 in hepatocytes of WT
and /fng~ mice before and 18 h after CCly injection. Data were pooled from 2 experiments
(n=2-6). (D) Expression of Bcl-xL in hepatocytes cultured in the presence or absence of
CCly, IFN-y, or both (7= 3). (E) MFI of Bcl-xL in hepatocytes cultured in the presence or
absence of CCl4 IFN-vy, or both (7= 3). (F) Survival of hepatocytes cultured in the presence
or absence of CCly, IFN-y, or both (/7= 4). The percentages of living hepatocytes are shown.
Data are representative of 3 (A, D, E, and F) and 2 (B) independent experiments. *p<0.05.
**<0.01, ***p<0.005. Error bars show s.d. See also Figure S6.
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Figure7. Liver ILC1-derived | FN-y is sufficient to ameliorate CCls-induced acute liver injury
(A) Experimental design of ILC1 transfer into Rag2~/~ //2rg'~ mice. (B) Phenotypical

characterization of donor-derived ILC1 in the liver of recipient RagZ™~1/2rg™!~ mice that

had been transferred with purified donor ILC1 together with or without IL-15 (7= 2-4). (C)

The number of donor-derived ILC1 in the liver of recipient Rag2~'~ 1/2rg~'~ mice that had

been transferred with purified donor ILC1 together with or without 1L-15. Data were pooled
from 4 experiments (7= 4). (D) Expression of CD25 on donor-derived ILC1 in the liver of

RagZ™ !~ 112rg~'~ mice (that had been transferred with purified donor ILC1 together with

IL-15) before (naive) and 18 h after CCl, injection on day 7 post-transfer (n= 2-3). (E) MFI
of CD25 on donor-derived ILC1 in the liver of RagZ™/~ 1/2rg™'~ mice (that had been
transferred with purified donor ILC1 together with IL-15) before and 18 h after CCl,
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injection on day 7 post-transfer. Data were pooled from 2 experiments (1= 4). (F)
Expression of CD69 on donor-derived ILC1, CD25~ ILC1, and CD25" ILC1 in the liver of
RagZ™!~ 112rg™'~ mice (that had been transferred with purified donor ILC1 together with
IL-15) before and 18 h after CCly injection on day 7 post-transfer (1= 2-3). (G) MFI of
CD69 on donor-derived CD25~ ILC1 and CD25* ILC1 in the liver of Rag2™/~ 1/2rg™'~ mice
(that had been transferred with purified donor ILC1 together with IL-15) before and 18 h
after CCly injection on day 7 post-transfer. Data were pooled from 2 experiments (1= 4).
(H) Kinetics of IFN-y* cells in donor-derived CD25~ ILC1 and CD25* ILC1 in the liver of
Rag2”!~ 112rg'~ mice (that had been transferred with purified donor ILC1 together with
IL-15) after CCl, injection. Data were pooled from 4 experiments (7= 5-15). *p<0.005 vs.
CD257 ILCL1. (1) The percentages of IFN-y™* cells in donor-derived ILC1, CD25~ ILC1, and
CD25* ILC1 in the liver of RagZ™~ I/2rg™"~ mice (that had been transferred with purified
donor ILC1 together with IL-15) before and 15 h after CCly injection (/7= 4-6). (J) The
percentages of IFN-y* cells in donor-derived CD25~ ILC1 and CD25" ILC1 in the liver of
RagZ™"= 112rg'~ mice (that had been transferred with purified donor ILC1 together with
IL-15) before and 15 h after CCly injection (n=4-6). (K) Plasma concentrations of ALT in
Rag2™!~ 112rg'~ mice (that had been transferred or not with purified donor ILC1 together
with IL-15) before and 18 h after CCl, injection on day 7 post-transfer, which were also
injected with a depletion anti-CD25 mAb (left), a neutralizing anti-IFN-y mAb (right), or
isotype Ig 6 h before and 6 h after CCl, injection. Data were pooled from 2 (left) (7= 4-5)
and 3 (right) (n= 6-7) experiments. Data are representative of 4 (B) and 3 (D, F, I, and J)
independent experiments. *p<0.05, **p<0.01, ***p<0.005. Error bars show s.d. See also
Figure S7.
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