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SUMMARY

We report sexual dimorphism in hepatic interleukin 22
expression in human beings and mice with nonalcoholic
fatty liver disease (NAFLD). Lack of interleukin 22–receptor
signaling exacerbated fibrosis in female, but not male, mice
with NAFLD, suggesting a sex-dependent hepatoprotective
role of this pathway in NAFLD-related liver injury.

BACKGROUND & AIMS: Nonalcoholic fatty liver disease
(NAFLD) is a major health problem with complex patho-
genesis. Although sex differences in NAFLD pathogenesis
have been reported, the mechanisms underlying such dif-
ferences remain understudied. Interleukin (IL)22 is a pleio-
tropic cytokine with both protective and/or pathogenic
effects during liver injury. IL22 was shown to be hep-
atoprotective in NAFLD-related liver injury. However, these
studies relied primarily on exogenous administration of IL22
and did not examine the sex-dependent effect of IL22. Here,
we sought to characterize the role of endogenous IL22-
receptor signaling during NAFLD-induced liver injury in
males and females.
METHODS: We used immunofluorescence, flow cytometry,
histopathologic assessment, and gene expression analysis to
examine IL22 production and characterize the intrahepatic
immune landscape in human subjects with NAFLD (n ¼ 20; 11
men and 9 women) and in an in vivo Western high-fat
diet–induced NAFLD model in IL22RA knock out mice and
their wild-type littermates.

RESULTS: Examination of publicly available data sets from 2
cohorts with NAFLD showed increased hepatic IL22 gene
expression in females compared with males. Furthermore, our
immunofluorescence analysis of liver sections from NAFLD
subjects (n ¼ 20) showed increased infiltration of IL22-
producing cells in females. Similarly, IL22-producing cells
were increased in wild-type female mice with NAFLD and the
hepatic IL22/IL22 binding protein messenger RNA ratio
correlated with expression of anti-apoptosis genes. The lack of
endogenous IL22-receptor signaling (IL22RA knockout) led to
exacerbated liver damage, inflammation, apoptosis, and liver
fibrosis in female, but not male, mice with NAFLD.

CONCLUSIONS: Our data suggest a sex-dependent hep-
atoprotective antiapoptotic effect of IL22-receptor signaling
during NAFLD-related liver injury in females. (Cell Mol
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onalcoholic fatty liver disease (NAFLD) has become
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Nthe most prevalent chronic liver disease as a result
of the increase in obesity, insulin resistance (IR), and type 2
diabetes mellitus.1,2 Although, the prevalence of NAFLD
seems to be higher in males than in females, this sex dif-
ference likely is inconclusive and could be cofounded by
age.3,4 Sex differences in NAFLD pathogenesis are reported
but the underlying mechanisms remain understudied.4–6

NAFLD spans a wide spectrum of liver disease ranging
from hepatic steatosis, nonalcoholic steatohepatitis (NASH),
advanced fibrosis, cirrhosis, and, ultimately, hepatocellular
carcinoma.7,8 NASH-induced inflammation can enhance
activation of hepatic stellate cells (HSCs), thus accelerating
fibrosis progression.7,9 Importantly, liver-related mortality
increases exponentially with the increase in fibrosis stage in
patients with NAFLD.10 Currently, there are no approved
therapies for NASH, but many interventional studies are
ongoing.7,8

Interleukin (IL)22 is a pleiotropic cytokine with both in-
flammatory and protective effects during injury and repair in
various tissues including the liver.11 IL22 is a member of the
IL10 cytokine family and is producedbymultiple immune cells
including helper T cell (Th)17, Th22, Tc22, and gd-T cells,
natural killer (NK) cells, innate lymphoid cells 3 (ILC3s),
macrophages, and neutrophils.11–14 The IL22 receptor (IL22R)
is composed of 2 subunits: IL22RA1 and IL10RB2.11,15 The
IL10RB2 subunit is expressed constitutively throughout the
body, but expression of the IL22RA1 subunit is limited mainly
to epithelial cells and some fibroblasts.11,16,17 Thus, although
IL22 is produced by many immune cells, its effect(s) is
restricted mainly to epithelial cells.11,16

IL22 was reported to be hepatoprotective in various
models of liver injury.18–22 This effect is mediated by
enhancing signal transducer and activator of transcription 3
(STAT-3) downstream signaling, including induction of the
anti-apoptotic proteins (B-cell lymphoma 2 [BCL] and BCL-
extra large), mitogenic proteins (c-myelocytomatosis protein
and cyclin D1), and antioxidant proteins (metallothionein
[MT]2), leading to prevention of hepatocyte death and
enhancing hepatocyte proliferation.18–22 IL22 also induces
intrinsic antimicrobial activity in the liver through
increased expression of antimicrobial peptides such as
lipocalin 2 and serum amyloid A 2.23 Furthermore, IL22
promotes liver regeneration, and was reported to induce
senescence of activated HSCs and thus reduce liver fibrosis
progression.24–26 Finally, emerging evidence has identified
IL22 as a mitochondrial protector against liver injury.27 A
recombinant fusion protein of human IL22 dimer (IL-22Fc)
was safe in phase 1 clinical trials,28,29 and decreased in-
flammatory markers along with amelioration in model for
end-stage liver disease scores in a phase 2 trial in alcoholic
steatohepatitis.30
IL22 also may be proinflammatory during hepatitis B
virus infection and in hepatitis B virus transgenic mouse
models.31,32 We and others have shown that IL22-producing
cells were enriched significantly in liver tissue samples with
advanced fibrosis, in particular, in patients with viral hep-
atitis, suggesting a profibrogenic role of IL22 during chronic
liver injury.33,34 Furthermore, we validated this finding
in vivo in the carbon tetrachloride (CCl4)- and
thioacetamide-induced chronic liver injury models, in which
a lack of endogenous IL22 signaling in IL22RA1 knockout
(IL22ra1-/-) mice led to reduced hepatic fibrosis.33 In
contrast, other studies have reported that exogenous IL22
administration in the chronic CCl4 model was hep-
atoprotective and resulted in fibrosis resolution.24,25 The
profibrogenic role of IL22 also was documented in other
organs such as the pancreas.35 These different observations
highlight the dual nature of IL22 that likely is dictated by
multiple factors including the tissue involved, pathologic
environment, endogenous vs exogenous IL22 level, and the
time of exposure.24,25,32,33,36

IL22 activity is regulated by the IL22 binding protein
(IL22BP or IL22RA2), which is a soluble decoy IL22 receptor
that acts as an endogenous high-affinity inhibitor of IL22.11,15

Indeed, a proinflammatory role of IL22 has been observed in
ischemia-reperfusion and acetaminophen-induced liver
injury models using IL22BP-deficient mice (IL22BP-/-).37 The
lack of IL22BP in these models resulted in uncontrolled
regulation of IL22 signaling and exacerbation of hepatocyte
death, which was associated with increased chemokine
(C-X-C motif) ligand expression in hepatocytes and promoted
infiltration of inflammatory monocytes to the liver.37 In
contrast, another study in subjects chronically infected with
Schistosoma japonicum reported that IL22 transcripts were
increased, while IL22BP transcripts were reduced. This was
associated with decreased hepatic fibrosis, suggesting a
protective role of IL22 in these subjects.38

Most studies have reported a hepatoprotective role and
beneficial metabolic effects of IL22 in NAFLD. IL22
decreased body weight, ameliorated glucose intolerance,
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improved insulin sensitivity, and reduced adiposity and
hepatic triglyceride (TG) levels in various NAFLD mod-
els.39–42 IL22Fc ameliorated neutrophil-induced oxidative
stress via STAT-3–mediated induction of MT1 and MT2
antioxidant proteins and subsequently reduced NASH-
related inflammation and fibrosis.22 However, these effects
were observed with high levels of exogenously administered
IL22 (eg, IL22Fc).22 Studies investigating the role of
endogenous IL22 are limited. Rolla et al43 showed that
endogenous IL22 produced by Th22 cells antagonized
inflammation development and fibrosis progression in a
methionine-choline–deficient diet–induced NASH model, but
only in the absence of IL17 (IL17-/- mice). However, this
model lacks metabolic abnormalities associated with NAFLD
and does not completely recapitulate human NASH. Finally,
these studies were limited to male mice and thus data
regarding the sex-based immunologic difference between
males and females in the context of NAFLD remain elusive.

Here, we investigated the role of endogenous IL22-
receptor signaling in NAFLD-related liver injury in both
males and females using a combination of human samples
and an in vivo mouse model using IL22ra1-/- mice and their
wild-type (WT) littermates. We report that hepatic IL22
expression had sexually dimorphic differences in both hu-
man beings and mice with NAFLD, in which it was increased
in females vs males. This was associated with an increase in
hepatic IL22BP expression in female mice with NAFLD
compared with males. In addition, the hepatic IL22/IL22BP
messenger RNA (mRNA) ratio correlated positively with
IL22 downstream target genes (anti-apoptotic and antioxi-
dant genes) in those females. Lack of endogenous IL22-
receptor signaling in female mice with NAFLD, but not
males, exacerbated liver injury, inflammation, and fibrosis.

Results
Increased Intrahepatic IL22-Producing Cells in
Female Subjects With NAFLD as Compared With
Males

To evaluate the endogenous role of IL22 in human
subjects with NAFLD, we queried 2 publicly available
microarray data sets (GSE106737 and GSE151158) and
compared the hepatic IL22 expression between females and
males with NAFLD.44,45 We detected a marked up-regulation
of Il22 mRNA expression in livers of females compared with
males (Figure 1A and B). Next, we conducted immunofluo-
rescence (IF) staining to quantify IL22-producing cells in
situ in liver biopsy samples from a third cohort of NALFD
patients (n ¼ 20) recruited at our institution (Tables 1 and
2). There was no difference in either the nonalcoholic fatty
liver disease activity score (NAS) or the fibrosis scores be-
tween female and male subjects (Table 1), indicating that
both groups had comparable NAFLD severity profiles. In line
with IL22 transcriptomic data, IL22-producing cells were
increased significantly (P ¼ .0002) in the livers of females
compared with males (Figure 1C and E). To identify IL22-
producing cells in female subjects with NAFLD, we per-
formed multiplex IF staining of IL22 and either the T-cell
marker (CD3þ) or the neutrophil marker (CD66bþ).
Surprisingly, CD3þ T cells identified in situ by IF did not
colocalize with IL22 (Figure 1F), while the majority of IL22-
producing cells co-expressed CD66bþ, suggesting that they
may be neutrophils (Figure 1G). Nevertheless, the lack of
detection of IL22-producing T cells by IF in those females
was inconclusive because we could not further characterize
IL22-producing cells by other techniques such as flow
cytometry because we did not have access to fresh liver
biopsy specimens from these subjects. Overall, these results
suggest a sexual dimorphic expression of IL22 in the context
of NAFLD.
Increased Intrahepatic IL22-Producing Cells in
High-Fat Diet–Fed Female Mice as Compared
With Males

Next, we sought to validate our observation of sexual
dimorphic expression of IL22 in an in vivo model of NAFLD.
WT C57BL/6N mice, including males and females, were
placed on either a high-fat diet (HFD) that simulates West-
ern diet, or a control diet for 30 weeks as described in the
Materials and Methods section. To assess the hepatic infil-
tration of IL22-producing cells, we quantified IL22 cyto-
kine/protein expression in situ using IF, and gene
expression using quantitative polymerase chain reaction
(qPCR). Interestingly, endogenous IL22 expression was
increased significantly at both the protein and mRNA levels
in livers of WT female mice compared with males (P < .001
and P < .0001, respectively) after 30 weeks on a HFD
(Figure 2A–D). Because IL23 is established as a key inducer
of IL22 production by different innate and adaptive immune
cells,13,46 we examined hepatic Il23 gene expression. Similar
to IL22, we observed substantial up-regulation of Il23
expression in the livers of HFD-fed WT female mice
compared with their male littermates (Figure 2E). To
identify the cellular sources of IL22 in HFD-fed WT female
mice, we performed multiplex IF staining of IL22 and either
the T-cell marker (CD3þ) or the neutrophil marker (Ly6Gþ).
As observed in our human study, CD3þ T cells identified in
situ by IF did not colocalize with IL22 (Figure 2F), but
neutrophils (Ly6Gþ cells) were one of the IL22 cellular
sources, although they were not the major source
(Figure 2G). To better characterize IL22-producing T cells in
our NAFLD model, we extracted the intrahepatic lympho-
cytes from HFD-fed WT female or male mice and examined
their capacity to produce IL22 by flow cytometry after
stimulation with phorbol myristate acetate (PMA)/ion-
omycin. We observed Th17 (IL22þ IL17Aþ CD4þ), Th22
(IL22þ IL17A- CD4þ), and gd-T cells (IL22þ CD3þ T cell
receptorgdþ) as the major IL22-producing cells, and, to a
lesser extent, ILC3s (CD3-NKp46þ) (Figure 3A and D). In
addition, the IL22 production by these cells was signifi-
cantly higher in HFD-fed WT female mice compared with the
controls (P < .05) (Figure 3C–E). Moreover, the HFD-fed WT
female mice showed increased IL22 production by these
lymphocyte subsets compared with the same cells in male
mice (Figure 3A and B). This further validates the high level
of hepatic IL22 observed in female mice by IF and qPCR
(Figure 2A, C, and D). Notably, we did not observe a



Figure 1. Increased levels of IL22D cells in livers of female vs male patients with NAFLD. (A and B) IL22 mRNA expression
from publicly available microarray data sets (GSE151158 and GSE106737) of 2 different cohorts of NAFLD patients. Il22mRNA
levels were normalized and expressed as read counts and robust multiple-array average (RMA) values in GSE151158 and
GSE106737, respectively. (C) Representative IF images of liver sections stained with anti-IL22 (red). Lower panels: Magnified
insets. White arrowheads indicate IL22þ cells. Scale bars: 70 mm (upper panel) and 35 mm (lower panel); original magnification,
20�. (D) Representative liver tissue heatmaps of IL22þ cells (scale: blue ¼ 0 [low] to red ¼ 3 [high] cells/100-mm diameter). Scale
bar: 3000 mm. (E) Total density quantification (counts per mm2) of hepatic IL22þ cells in our cohort (n ¼ 20; females ¼ 9 and
males ¼ 11) performed by FIJI software. (F) IL22þ cells did not co-express the T-cell marker (CD3). Representative IF images of
CD3 (red) and IL22 (green) in liver biopsy (Formalin-Fixed Paraffin-Embedded liver section) from a female patient with NAFLD.
Merge: No colocalization between IL22þ cells and CD3þ. Scale bars: 50 mm; original magnification, 20�. White arrowheads
indicate CD3þ T cells (magenta) or IL-22þ cells (green). (G) IF detection of CD66b (red) and IL22 (green) in liver biopsy specimen
(Formalin-Fixed Paraffin-Embedded liver section) from a female patient with NAFLD. Yellow rectangles and/or yellow arrowheads
in the merge section of panel F indicate IL22-producing neutrophils (CD66bþ IL22þ). Scale bar: 35 mm; original magnification,
20�. Data are expressed as means ± SD for 9–24 patients per group: Mann–Whitney test. *P < .05 and ***P < .001. Each dot on
the bar graphs represent 1 male (triangle) or female (circle) patient. DAPI, 40,6-diamidino-2-phenylindole.

1272 Abdelnabi MN et al Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 6
difference in the hepatic frequency of IL17A-producing
Th17 (IL17Aþ IL22- CD4þ) between HFD-fed female mice
compared with controls (mean, 1.1 vs 0.80; P ¼ .5714)
(Figure 3D and E), which may suggest a low grade of NASH-
related inflammation. However, the frequency of IL22-
producing Th17 (IL22þ IL17Aþ CD4þ) was significantly
different between these 2 groups (P< .05) (Figure 3D and E).
Altogether, these data suggest that IL22 expression is



Table 1.NAFLD Patient Demographics and Clinical Characteristics

Women patients (n ¼ 9) Men patients (n ¼ 11)

Age, y 50.11 ± 14.39 49.09 ± 11.65

Weight, kg 88.89 ± 20.92 96.86 ± 23.57

ALT level, IU/L 66.67 ± 28.18 75.33 ± 60.64

NAS score criteria
Hepatic steatosis 1.889 ± 0.928 1.917 ± 0.793
Lobular inflammation 1.444 ± 0.527 1 ± 0.8528
Hepatocyte ballooning 1.444 ± 0.8819 1.083 ± 0.793
Total NAS score 4.889 ± 1.616 4 ± 2.045

Fibrosis score
NASH CRN criteria 2.778 ± 1.093 1.917 ± 1.165

NOTE. Data are presented as means ± SD.
CRN, Clinical Research Network.
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up-regulated in livers of HFD-fed female mice compared
with males with heterogenous cellular source(s), including
T cells.
HFD-Fed IL22ra1-/- Female and/or Male Mice
Developed Weight Gain and Other Metabolic
Alterations

Several studies have reported a protective role of IL22
against obesity, adiposity, glucose intolerance, and IR in
different HFD-induced NAFLD models.39–42 Therefore, we
first explored whether endogenous IL22-receptor signaling
protects against metabolic abnormalities associated with
NAFLD in our model. IL22ra1-/- female mice started to show
significantly higher weight gain after 9 weeks (mean
Table 2. Individual Demographics and Clinical Characteristics o
This Study

Patient Diagnosis Sex Age, y Weight, kg ALT level

Men (N ¼ 11)
LB051 NAFLD M 62 62 53
LB054 NASH M 41 124 249
LB059 NASH M 52 80 66
LB078 NASH M 57 93.2 195
LB084 NAFLD M 33 76 138
LB099 NAFLD M 66 N/A 12
LB102 NASH M 38 101 65
LB123 NAFLD M 52 102 35
LB125 NAFLD M 43 140 196
LB130 NAFLD M 35 81 115
LB133 NAFLD M 61 109.4 16

Women (N ¼ 9)
LB062 NASH F 59 100.4 58
LB076 NASH F 25 100 138
LB079 NAFLD F 52 55 23
LB093 NASH F 37 N/A 19
LB097 NASH F 62 89 204
LB118 NASH F 40 120 45
LB119 NASH F 73 93 51
LB128 NASH F 51 63 94
LB131 NASH F 52 90.7 46
difference, 1.843; P ¼ .025) on HFD and up to the termi-
nation point (30 weeks) (mean difference, 2.160; P ¼ .004)
compared with WT (Figure 4A). This was associated with
worsened glucose intolerance and insulin resistance at 30
weeks (Figure 4C and E). In males, significantly higher
weight gain also was observed in IL22ra1-/- male mice
compared with WT, starting from 12 weeks (mean differ-
ence, 2.567; P ¼ .019) and up to 30 weeks (mean difference,
2.956; P ¼ .006) (Figure 4B). Although this was associated
with increased insulin resistance at 30 weeks, there was no
difference in glucose intolerance (Figure 4D and F). More-
over, HFD-fed IL22ra1-/- female mice had markedly higher
fat mass, liver index, and hepatic steatosis compared with
WT (Figure 5A, E, and G), with no difference in their lean
mass (Figure 5C). Similar to females, HFD-fed IL22ra1-/-
f 20 Patients (9 Women and 11 Men) With NAFLD Analyzed in

, IU/mL
Fibrosis grade (Clinical
Research Network)

H&E (total
NAS score)

IF
IL22þ cells

F2 6 O
F3 5 O
F0 1 O
F2 2 O

F1–F2 5 O
F1 2 O
F0 3 O
F3 5 O
F3 6 O
F2 6 O
F1 1 O

F4 5 O
F1 6 O
F4 2 O
F2 6 O

F3–F4 3 O
F2 5 O
F4 6 O
F2 7 O

F3–F4 4 O



Figure 2. Increased density of IL22D cells in livers of WT HFD-fed female mice compared with males. C57BL/6N male
(triangle) and female (circle) mice were fed a HFD or chow diet (CD) for 30 weeks as described in the Materials and Methods
section. (A) Representative IF images of liver sections stained with anti-IL22 (red). Lower panels: Magnified insets. White ar-
rowheads indicate IL22þ cells. Scale bars: 70 mm (upper panel) and 35 mm (lower panel); original magnification, 20�. (B)
Representative liver tissue heatmaps of IL22þ cells (scale: blue ¼ 0 [low] to red ¼ 3 [high] cells/100-mm diameter). Scale bar:
300 mm. (C) Total density quantification (counts per mm2) of hepatic IL22þ cells performed by FIJI software. (D and E) Hepatic
Il22 and Il23 mRNA expression normalized to ribosomal 28s. Data are expressed as fold change. White arrowheads indicate
CD3þ T cells (Red) or IL-22þ cells (green). (F) IL22þ cells did not co-express the T-cell marker (CD3). Representative IF images
of CD3 (red) and IL22 (green) in Formalin-Fixed Paraffin-Embedded liver sections of HFD-fed WT female mice for 30 weeks.
Merge: No colocalization between IL22þ cells and CD3þ. Scale bars: 35 mm; original magnification, 20�. (G) IF detection of
IL22þ (green) and Ly6Gþ (red) cells in liver section (Formalin-Fixed Paraffin-Embedded section) of WT female mouse fed a HFD
for 30 weeks. The rectangle in the middle panel shows the IL22-producing neutrophils (Ly6Gþ IL22þ) in the merge. Scale bar:
35 mm; original magnification, 20�. White arrowheads indicate CD3þ T cells (Red) or IL-22þ cells (green). Data are expressed
as means ± SD (n ¼ 5–12 mice per group, data were pooled from 3 independent experiments). Mann–Whitney test. **P < .01,
***P < .001, and ****P < .0001. DAPI, 40,6-diamidino-2-phenylindole.
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male mice developed higher adiposity and lean mass
compared with WT at 30 weeks, although the difference in
fat mass did not reach statistical significance (Figure 5B and
D). In addition, no difference was detected between HFD-fed
IL22ra1-/- male mice and WT in terms of liver index and
hepatic steatosis (Figure 5F and H). Taken together, these
data suggest that a lack of endogenous IL22-receptor
signaling likely promotes metabolic abnormalities, espe-
cially weight gain and insulin resistance, associated with
NAFLD in female and male mice.



Figure 3. Intrahepatic T cells are major producers of IL22 in HFD-fed WT female mice. Representative flow cytometry
plots showing intrahepatic IL22-producing cells: CD4þ T cells (IL22þCD3þCD4þ), gd–T cells (IL22þCD3þT cell receptorgdþ),
and ILC3s (IL22þCD3-NKp46þ) and their frequencies in WT (A) female and (B) male mice. The intrahepatic lymphocytes were
extracted from livers of HFD or chow diet (CD)-fed WT female mice at 30 weeks, and then stimulated with/without PMA/
ionomycin (PMA/Iono) for 5 hours. (C) The frequency quantification of IL22-producing CD4þ T cells, gd–T cells, or ILC3s in
panel A. (D) Representative flow cytometry plots showing frequencies of IL22 and/or IL17A CD4þ T cells, including Th17 (IL22þ

IL17Aþ CD4þ and/or IL17Aþ IL22- CD4þ) and Th22 (IL22þ IL17A- CD4þ), in livers of HFD-fed IL22ra1-/- female mice and their
WT littermates. (E) The frequency quantification of panel D. Data are expressed as means ± SD (n ¼ 3–5 mice per group).
Mann–Whitney test. *P < .05.
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Loss of IL22-Receptor Signaling Exacerbates
Liver Injury and NASH-Related Inflammation in
HFD-Fed Female Mice

The hepatic inflammatory response is a key driver of
human and murine NASH progression because it promotes
advancement of hepatic fibrogenesis, which eventually can
lead to cirrhosis.7 Given that the role of endogenous IL22 in
NASH-related inflammation remains unknown, we asked
whether the increase in endogenous IL22 expression in the
fatty livers of WT female mice protected against NASH-
related liver injury and inflammation. Interestingly, HFD-
fed IL22ra1-/- female mice developed more pronounced
liver injury compared with WT, as shown by serum alanine
aminotransferase (ALT) and histologic assessment of total
NAS score (Figure 6A–C). However, there was no significant
difference in the individual pathologic categories that make
up the NAS score (steatosis, lobular inflammation, and he-
patocyte ballooning) between these 2 groups (Figure 6C).



Figure 4. HFD-fed IL22ra1-/- female and/or male mice developed significant weight gain and insulin resistance
compared with their WT littermates at 30 weeks. IL22ra1-/- female (circle) or male mice (triangle) and their WT littermates
were fed a HFD or chow diet (CD) for 30 weeks. (A and B) Measurements of total body weight gain (in grams) over time. (C and
D) Intraperitoneal glucose tolerance test at 30 weeks. (E and F) Measurements of serum insulin at 30 weeks for (A, C, and E)
female and (B, D, and F) male mice. Data are expressed as means ± SD for 8–22 mice per group/sex (data were pooled from 3
independent experiments). (A and B) A 2-way repeated-measures analysis of variance followed by a post hoc test (Holm–Sidak
multiple comparisons test) was used. (C and D) Regular 2-way analysis of variance followed by a post hoc test (Holm–Sidak
multiple comparisons test) was used. *P < .05, **P < .01, and ***P < .001. BW, body weight.
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One of the characteristic hallmarks of NASH-associated
inflammation is the hepatic infiltration of macrophages
and neutrophils.7,22,47–49 An increase in macrophages/
Kupffer cells is associated positively with NASH severity in
human beings and mice with NAFLD.48,50 Activation of
macrophages/Kupffer cells promotes release of several
proinflammatory cytokines (eg, IL6) and profibrogenic cy-
tokines (eg, tumor growth factor b (TGF-b) that exacerbate
the inflammatory response in NASH and enhance fibrosis
progression by inducing HSC activation.7,49,50 Furthermore,
neutrophil infiltration in NASH is associated with increased
expression of the myeloperoxidase (MPO) enzyme, which
promotes fibrosis progression via activation of HSCs and
aggravation of hepatocyte death.9,22,47,51 Therefore, using IF,
we examined the hepatic infiltration of macrophages (F4/
80þ) and neutrophils (MPOþ) in our NAFLD model. Hepatic
F4/80 and MPO-positive areas were significantly higher in
HFD-fed IL22ra1-/- female mice compared with WT
(Figure 6A, D, and E). In contrast, we did not observe major
differences in liver injury (ALT levels and NAS scores)



Figure 5. HFD-fed female and/or male mice developed
adiposity and hepatic steatosis at 30 weeks. (A and B)
Measurements of fat mass (in grams), (C and D) lean mass (in
grams), (E and F) liver index (liver/body weight ratio), and (G
and H) liver TG level (ug/mg liver weight) at 30 weeks for (A, C,
E, and G) female and (B, D, F, and H) male mice. Data are
expressed as means ± SD (n ¼ 4–18 mice per group/sex,
data were pooled from 3 independent experiments).
Mann–Whitney test. *P < .05, **P < .01, ***P < .001, and ****P
< .0001. CD, chow diet.
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(Figure 7A–C) and inflammation (F4/80þ and MPOþ areas)
between male HFD-fed IL22ra1-/- mice vs WT (Figure 7A, D,
and E). Then, we sought to determine the makeup of other
immune cells in the livers and spleen of HFD-fed IL22ra1-/-

and WT female or male mice by flow cytometry (Figures 8
and 9). There was a large increase in the numbers of all
CD3þ T-cell subsets, CD19þ B cells, and NK–T cells (CD3þ

NK1.1þ), but not NK cells (CD3-CD19-NK1.1þ), in the livers
and spleens of HFD-fed IL22ra1-/- female mice, but not
males, compared with WT (Figure 8B–E). Intriguingly, this
was in parallel with an increase in the number of macro-
phages (CD11bþ Ly6C- Ly6G- and F4/80þ), monocytes
(CD11bþ Ly6Chi Ly6G-), and neutrophils (CD11bþ Ly6Cintþ

Ly6Ghiþ) in the livers and spleens of HFD-fed IL22ra1-/-

female mice, but not males, compared with WT
(Figure 9B–E). On the other hand, there was no change in
the number of dendritic cells (CD11bþ Ly6Clow Ly6G- F4/
80- CD11cþ) in any of the 4 groups of mice studied
(Figure 9B–E). Furthermore, the hepatic mRNA expression
of proinflammatory cytokines (Il6, tumor necrosis a, Il1b)
and inflammatory (C-X-C motif) and (C-C motif) chemokine
ligands (Cxcl-1, Cxcl-10, Ccl2, and Ccl3) were remarkably
higher in HFD-fed IL22ra1-/- female mice than WT
(Figure 10A, C, and E). Nonetheless, both HFD-fed IL22ra1-/-

male mice and WT had generally comparable profiles of
hepatic proinflammatory gene expression except Ccl2 and
Ccl3 (Figure 10B, D, and F). Collectively, these findings
suggest that a lack of endogenous IL22-receptor signaling
exacerbates NASH-related liver injury and inflammation in
HFD-fed female mice, but not males.
Lack of IL22-Receptor Signaling Promotes
Progression of NASH-Related Fibrosis in HFD-
Fed Female, but Not Male, Mice

Hepatic fibrosis is initiated by activation of HSCs to
transdifferentiate into myofibroblasts characterized by
marked up-regulation of type I collagen, a-smooth muscle
actin (Actin alpha 2 Acta2), and desmin.52,53 Thus, based on
our findings (Figures 6–10), we sought to determine
whether lack of endogenous IL22-receptor signaling in fe-
male or male mice will modulate progression of NASH-
related fibrosis. As expected, HFD-fed IL22ra1-/- female
mice developed advanced NASH-related fibrosis (chicken
wire–like perisinusoidal fibrosis) compared with WT, as
illustrated by collagen type I deposition, a-smooth muscle
actin (a-SMA), and desmin-positive areas measured by
picrosirius red (PSR) staining and IF, respectively
(Figure 11A, B, D, and E). In addition, the fibrosis grade was
evaluated blindly by an expert pathologist and was consis-
tent with PSR-positive area data (Figure 11C). In male mice,
there was no difference in liver fibrosis markers and grade
between HFD-fed IL22ra1-/- and WT mice (Figure 12A–E).
Next, we examined the mRNA expression levels of the pro-
fibrogenic genes Col1a1, Tgfb, Acta2, and Loxl2 in all groups



Figure 6. Lack of IL22-receptor signaling exacerbates liver injury and degree of inflammation-induced NASH in HFD-
fed female mice. IL22ra1-/- female or male mice and their WT littermates fed on either HFD or chow diet (CD) for 30 weeks. (A)
Representative microscopic view of liver sections from IL22ra1-/- and WT female mice stained with H&E and IF staining of
macrophage marker F4/80þ (red cells are delineated by arrowheads) and the neutrophil marker, MPOþ (green cells delineated
by arrows). Scale bars: 100 mm; original magnification, 20�. The right-most panels are magnified insets. Scale bars of insets
50 mm for the H&E image and 35 mm for both MPOþ and F4/80þ IF images. (B) Measurements of serum ALT level. (C) Blinded
pathologic evaluation of NAS score (steatosis grade, lobular inflammation, and hepatocyte ballooning) by an expert pathol-
ogist. (D and E) Visiopharm quantification of (D) F4/80þ and (E) MPOþ areas in livers of female mice. Data are expressed as
means ± SD for 5–22 mice per group (data were pooled from 3 independent experiments). Mann–Whitney test. *P < .05, **P <
.01, ***P < .001, and ****P < .0001. DAPI, 40,6-diamidino-2-phenylindole.
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Figure 7. HFD-fed IL22ra1-/- male mice have a comparable profile of inflammation-induced NASH compared with their
WT littermates. (A) Representative microscopic view of liver sections of IL22ra1-/- and WT male mice stained with H&E stain
and IF staining of macrophage marker F4/80þ (red cells delineated by arrowheads) and the neutrophil marker MPOþ (green
cells delineated by arrowheads). Scale bars: 100 mm; original magnification, 20�. (B) Measurements of serum ALT level. (C)
Blinded pathologic evaluation of NAS score (steatosis grade, lobular inflammation, and hepatocyte ballooning) by an expert
pathologist. Visiopharm quantification of (D) F4/80þ and (E) MPOþ areas in livers of male mice. Data are expressed as means ±
SD for 5–20 mice per group (data were pooled from 3 independent experiments). Mann–Whitney test. *P < .05, ***P < .001,
and ****P < .0001. CD, chow diet; DAPI, 40,6-diamidino-2-phenylindole.
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Figure 8. HFD-fed IL22ra1-/- female mice, but not males, develop an increase in the absolute number of adaptive im-
mune cells in their livers and spleen compared with their WT littermates at 30 weeks. IHLs and splenocytes were
extracted from fatty livers and spleen of IL22ra1-/- and WT female or male mice, respectively, and analyzed by flow cytometry.
(A) Representative FACS plot showing an outline for the gating strategy of B cells (CD45þ CD19þ CD3-), T cells (CD45þ CD3þ

CD19-), NK cells (CD45þ CD19- CD3- NK1.1þ NKp46-), CD4þ T cells (CD3þ CD19- CD4þ), CD8þ T cells (CD3þ CD19- CD8þ), T
cell receptorgd T cells (CD3þ CD19- T cell receptorgdþ), and NK–T cells (CD3þ CD19- NK1.1þ). The indicated numbers of cell
subsets of (B and C) IHLs and (D and E) splenocytes represent cell number/g of liver and splenocyte number/106 cells for (B
and D) female and (C and E) male mice, respectively. Data are expressed as means ± SD for 10–13 mice per group/sex (data
were pooled from 3 independent experiments). Mann–Whitney test. *P < .05 and **P < .01. SSC, side scatter characteristics.
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studied. Consistent with the histologic data, these genes
were highly up-regulated in the livers of HFD-fed IL22ra1-/-

female mice, but not males, compared with WT
(Figures 11F–J and 12F–J). Overall, the endogenous IL22-
receptor signaling likely delays NASH-related fibrosis pro-
gression in HFD-fed female mice, while in males, IL22-
receptor signaling seems to play an insignificant role dur-
ing progression of NASH-related fibrosis.
Endogenous IL22-Receptor Signaling Protects
Against HFD-Induced Liver Apoptosis in Female,
but Not Male, Mice

Cell death, including apoptosis, is one of the fundamental
triggers of NASH progression and has been correlated
positively with the development of NASH and fibrosis pro-
gression.7,54,55 In addition, IL22 induces different anti-
apoptotic signals in various experimental models of liver



Figure 9. HFD-fed IL-22ra1-/- female mice, but not males, developed an increase in the absolute number of innate
immune cells in their livers and spleen compared with their WT littermates at 30 weeks. IHLs and splenocytes were
extracted from fatty livers and spleen of IL22ra1-/- and WT female or male mice, respectively, and analyzed by flow cytometry.
(A) Representative zebra plots showing an outline for the gating strategy of granulocytes (CD45þ CD11bþ), neutrophils
(CD11bþ Ly6Cint Ly6Gþ), monocytes (CD11bþ Ly6Chi Ly6G-), macrophages (CD11bþ Ly6C- Ly6G- F4/80þ), and dendritic cells
(DCs) (CD11bþ Ly6C- Ly6G- F4/80- CD11cþ). The indicated numbers of cell subsets of (B and C) IHLs and (D and E) sple-
nocytes represent the cell number/gram of liver and splenocyte number/106 cells for (B and D) female and (C and E) male mice,
respectively. Data are expressed as means ± SD for 10–13 mice per group/sex (data were pooled from 3 independent ex-
periments). Mann–Whitney test. *P < .05, **P < .01, and ***P < .001. SSC, side scatter characteristics.
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injury, leading to protection of hepatocytes from apoptosis
and enhancement of their survival.19,21,22 Thus, to better
understand the mechanism(s) underlying the severe liver
injury observed in HFD-fed IL22ra1-/- female mice, we
examined whether hepatocyte cell death is involved. First,
we measured the hepatic expression of IL22 downstream
target genes Bcl2, Bcl-xL, Sod1, and Mt2. Bcl2 and Bcl-xL are
anti-apoptotic genes, while Sod1 (superoxide dismutase 1)
and Mt2 are antioxidant genes.19,21,22,42 Interestingly, the
mRNA expression levels of these genes were reduced sub-
stantially in HFD-fed IL22ra1-/- female mice, but not males,
compared with WT (Figure 13A and B). Notably, the hepatic
expression of these genes was up-regulated in HFD-fed WT
female mice compared with those in the chow control group
(Figure 13A). Based on these data, we asked whether the
IL22 cytokine, detected in livers of females, was biologically
active. We therefore measured the hepatic expression of its
regulator IL22BP, and it was significantly up-regulated in
livers of HFD-fed female mice compared with males,
suggesting tight regulation of IL22 activity by IL22BP
(Figure 13C). Nevertheless, the IL22/IL22BP mRNA ratio,
which should reflect biologically active IL22, correlated
significantly with expression of downstream target genes of
IL22 such as Bcl2, Mt2, and Sod1 (Figure 13D), suggesting
that this regulation process did not limit the overall IL22
activity.

Next, by using the terminal deoxynucleotidyl
transferase–mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) assay, we explored liver cell death in
our NAFLD model. Consistent with serum ALT data, the
livers of HFD-fed IL22ra1-/- female, but not male, mice
showed increased cell death compared with WT (Figure 14A
and B). This was reflected by a significant increase in the
number of apoptotic bodies observed in HFD-fed IL22ra1-/-

females compared with WT (Figure 14C). In contrast, we did
not detect a difference in the number of apoptotic bodies in
the livers of HFD-fed IL22ra1-/- male mice compared with
WT (Figure 14D). Altogether, these results highlight that the



Figure 10. Absence of IL22-receptor signaling results in significant dysregulation of hepatic inflammatory genes in
HFD-fed female mice, but not males. Bar graphs of (A and B) proinflammatory chemokine and/or (C and D) cytokine gene
expression (normalized to r28s) as indicated and represented as fold change for (A and C) female and (B and D) male mice. (E
and F) Heatmaps representing a summary of gene(s) expression in panels A–D for (E) females and (F) males. (E and F) As-
terisk(s) indicate statistical significance between the HFD-fed IL22ra1-/- group and their WT littermates. Data are expressed as
means ± SD for 5–13 mice per group/sex (data were pooled from 3 independent experiments). Mann–Whitney test. *P < .05,
**P < .01, ***P < .001, and ****P < .0001. CD, chow diet.
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lack of IL22-receptor signaling augments HFD-induced liver
cell apoptosis and consequently accelerates the liver injury
in female, but not male, mice with NAFLD.
Discussion
In this study, we report sexual dimorphism in hepatic

IL22 expression in human beings with NAFLD, in which
females expressed higher levels of IL22 gene and protein
compared with males. We further validated these findings in
HFD-fed mice with NAFLD. The lack of IL22 receptor
signaling in female, but not male, mice exacerbated liver
injury, apoptosis, inflammation, and, consequently, liver
fibrosis. These results suggest a sex-dependent, hep-
atoprotective role of IL22 in NAFLD.

We showed that IL22 was increased significantly in the
livers of female subjects and female mice with NAFLD
compared with males. In line with this, other in vivo studies
have reported relatively low serum and hepatic IL22 levels
in HFD-fed male mice compared with controls.39,41 Inter-
estingly, a recent report showed a comparable plasma IL22
profile between male subjects with NAFLD and healthy
controls.56 These observations may suggest a regulation of
IL22 expression by the female sex hormone estrogen.
Indeed, estrogen is known to modulate inflammatory re-
sponses in NAFLD, but the underlying mechanisms remain
undefined.57 For example, significant infiltration of macro-
phages along with an increase in inflammatory mediators
(eg, tumor necrosis factor-a) and liver fibrosis progression
were reported in livers of ovariectomized female mice with
NAFLD compared with controls.58 Furthermore, several
observations have suggested cross-regulation between es-
trogen and IL22. Women with polycystic ovary syndrome,
characterized by dysregulated female sex hormones, show
significantly lower serum IL22 levels than healthy con-
trols.59 In addition, testosterone or dihydrotestosterone
reduced IL22 production by female murine splenocytes af-
ter stimulation by either lipopolysaccharide or aCD3/
CD28.60 Moreover, in the imiquimod-induced psoriasis
model, administration of estrogen agonists significantly
modulated Th-derived IL22, thus aggravating psoriasis
symptoms.61 Further in vivo studies are warranted to
investigate whether endogenous estrogen regulates hepatic
IL22 expression in the context of NAFLD.

We showed that endogenous IL22 was produced by
heterogenous cellular populations including Th17, Th22,
gd–T cells, ILC3s, and neutrophils in the livers of HFD-fed
Figure 11. (See previous page). Loss of IL22-receptor sign
female mice. IL22ra1-/- female mice and their WT littermates
Representative microscopic and IF images of liver sections of IL2
(collagen shown in red), a-smooth muscle actin (a-SMA; sho
magnification, 20�. (B) FIJI quantification of PSRþve area in liv
fibrosis grade of female mice by an expert pathologist. Visioph
livers of IL22ra1-/- and WT female mice after HFD or CD treatme
data of profibrogenic gene expression (normalized to r28s) a
indicate statistical significance between the HFD-fed IL22ra1-/

means ± SD for 5–22 mice per group (data were pooled from 3
***P < .001, ****P < .0001. DAPI, 40,6-diamidino-2-phenylindole
female mice, where IL22-producing T cells were major
producers. In addition, we showed that HFD-fed IL22ra1-/-

female mice had relatively higher frequencies of Th17
(IL17AþIL22-CD4þ) compared with WT, suggesting an
exacerbation of NASH-related inflammation in the absence
of IL22-receptor signaling, in parallel with worsening pro-
gression of liver fibrosis. In agreement with this, Rolla
et al43 reported a hepatoprotective effect of Th22 and
amelioration of NASH-related fibrosis, but only in the
absence of IL17 (IL17-/- male mice). Thus, our results and
those of Rolla et al43 support opposite roles of IL22 (pro-
tective) and IL17A (pathogenic) during NASH. However, in
comparison with Rolla et al,43 we observed multiple cellular
sources of IL22 in the livers of HFD-fed females, not only
Th22, which could reflect sex differences and/or utilization
of different NASH models (HFD vs a methionine-chol-
ine–deficient diet).

We observed beneficial metabolic effects of IL22-
receptor signaling against weight gain and IR in HFD-fed
WT female or male mice. Wang et al39 observed similar
metabolic alterations during diet-induced obesity in IL22R1
knockout, but not in IL22 knockout mice. These data suggest
that other IL22RA1 ligands such as IL20 and IL24 may
partially mediate these metabolic disorders in IL22ra1-
deficient mice upon feeding a HFD.11,39 Although ALT
levels often correlate with body weight and/or fat mass,62

we did not observe a significant difference in ALT levels
between HFD-fed IL22ra1-/- and WT male mice. This may be
owing to the significant increase in the lean mass in HFD-fed
IL22ra1-/- mice compared with WT, while the fat mass was
comparable between the 2 groups. In addition, we showed
that HFD-fed IL22ra1-/- female mice showed exacerbated
hepatic apoptosis and fibrosis progression compared with
WT, which seems to be driven by loss of IL22–induced
antiapoptotic (Bcl2) and antioxidant signals (Sod1 and Mt2).
In addition, we observed an up-regulation of the IL22/
IL22BP mRNA ratio, reflecting biologically active IL22, in
the livers of HFD-fed WT females, which significantly
correlated with IL22 target gene expression (Bcl2, Mt2, and
Sod1). These data suggest that IL22 still can play a protec-
tive role in this NAFLD model, even when it is tightly
regulated. In line with this, IL22Fc alleviated oxidative
stress–induced hepatocyte death via STAT-3–activating Mt1
and Mt2 in a HFDþCxcl1-induced NASH model, resulting in
amelioration of NASH-related fibrosis.22 In addition, our
observations support the findings of Zai et al42 using liver-
targeted delivery of the IL22 gene in a NASH mouse
aling induces severe NASH-related fibrosis in HFD-fed
were fed either a HFD or chow diet (CD) for 30 weeks. (A)
2ra1-/- female mice and their WT littermates stained with PSR
wn in red), or desmin (green). Scale bars: 100 mm; original
ers of female mice. (C) Blinded pathologic evaluation of liver
arm quantification of (D) a-SMA and (E) desminþve areas in
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Figure 13. A positive correlation between the hepatic IL22/IL22BP ratio and IL22-induced anti-apoptotic genes in WT
female mice. Female (circle) and male (triangle) mice were fed a HFD or chow diet (CD) for 30 weeks. RNA was extracted from
fatty livers of WT female and male mice, converted to cDNA, followed by qPCR. The expression of anti-apoptotic and anti-
oxidant genes as indicated in livers of IL22ra1-/- (A) female or (B) male mice and their WT littermates at 30 weeks. Data were
normalized to r28s and represented as fold change. (C) Il22BPmRNA expressions were normalized to r28s and represented as
fold change. (D) Spearman correlation graphs between the IL22/IL22BP ratio (mRNA) in livers of HFD-fed WT female mice and
IL22 downstream target genes: Bcl2, Sod1, and Mt2 mRNA. Data are expressed as means ± SD for 5–12 mice per group/sex
(data were pooled from 3 independent experiments). Mann–Whitney test. *P < .05, **P < .01, ***P < .01, and ****P < .0001.

Figure 12. (See previous page). HFD-fed IL22ra1-/- male mice have comparable profiles of NASH-related fibrosis
compared with their WT littermates. (A) Representative microscopic and IF images of liver sections of IL22ra1-/- male mice
and their WT littermates stained with PSR (collagen in red), a-smooth muscle actin (a-SMA; red), or desmin (green). Scale bars:
100 mm; original magnification, 20�. (B) FIJI quantification of PSRþve area in livers of male mice. (C) Blinded pathologic
evaluation of liver fibrosis grade of male mice by an expert pathologist. Visiopharm quantification of (D) a-SMA and (E)
desminþve areas in livers of IL22ra1-/- and WT female mice after HFD or chow diet (CD) treatment for 30 weeks. (F and G) Bar
graphs and heatmap of qPCR data of profibrogenic gene expression (normalized to r28s) as indicated and represented as fold
change. (G) Asterisk(s) indicate statistical significance between HFD-fed IL22ra1-/- group and HFD-fed WT group. Data are
expressed as means ± SD for 5–20 mice per group (data were pooled from 3 independent experiments). Mann–Whitney test.
**P < .01, ***P < .001, and DAPI, 40,6-diamidino-2-phenylindole.
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Figure 14. Endogenous IL22-receptor signaling protects against hepatic apoptosis in HFD-fed WT female mice, but not
male mice. Representative microscopic view of liver sections stained with TUNEL of IL22ra1-/- and WT (A) female or (B) male
mice after HFD treatment for 30 weeks. Scale bars: 100 mm. Black arrowheads indicate apoptosis. FIJI quantification of
apoptotic bodies (count/field) for IL22ra1-/- and WT (C) female or (D) male mice. Data are expressed as means ± SD for 5–13
mice per group/sex (data were pooled from 3 independent experiments). Mann–Whitney test. **P < .01, ***P < .001, and ****P
< .0001. CD, chow diet.
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model, where IL22 activated STAT-3–induced BCL 2 and
Nuclear factor erythroid 2-related factor 2-induced super-
oxide dismutase 1 pathways, resulting in increased hepa-
tocyte survival and proliferation.42 Furthermore, our data
support the in vitro work from Hamaguchi et al,63 who
showed that IL22 inhibited palmitate-induced apoptosis of
primary hepatocytes. On the other hand, unlike females, we
did not observe significant differences in liver apoptosis or
fibrosis between HFD-fed IL22ra1-/- male mice and WT,
likely owing to low levels of endogenous IL22 in the livers of
HFD-fed male mice. Altogether, our study supports a hep-
atoprotective function of endogenous IL22-receptor
signaling against liver injury in female mice with NAFLD,
while the endogenous IL22-receptor signaling appears to
play no role against liver injury in male mice with NAFLD.

We and others previously have shown that IL22 has a
pathogenic profibrogenic function in human beings and in
the CCl4 and thioacetamide models of chronic toxic liver
injury.33,34 This effect is mediated through enhancement of
TGF-b signaling in HSCs in a p38 mitogen-activated protein
kinase-dependent manner.33 The different results obtained
here, showing a hepatoprotective effect of IL22 in a physi-
ological HFD-induced NAFLD model, may reflect the rela-
tively mild to moderate inflammation and heterogenous
fibrosis induced in this NAFLD model, in contrast to a toxin-
induced model. This is supported by the low TGF-b mRNA
expression in the livers of HFD-fed WT females and could
represent a context-dependent function(s) of IL22.

There were a few limitations to this study. First, we used
a total body IL22ra1-/- mouse model. Because the IL22RA1
receptor has several ligands such as IL22, IL20, and IL24,
our results may have been mildly influenced by a lack of
signaling from other IL22RA1 ligands. Future investigation
using an IL22-/- model may clarify this issue. Second, the
IL22/IL22RA1 axis is crucial for maintaining gut homeo-
stasis, which may have been altered in our model.11,64 Mi-
crobial translocation and microbial-derived products,
resulting from gut dysbiosis, have worsened NASH-related



1288 Abdelnabi MN et al Cellular and Molecular Gastroenterology and Hepatology Vol. 14, No. 6
inflammation in human beings and mice.65,66 Therefore, we
cannot exclude a potential influence of gut dysbiosis in the
promotion of NASH in this model. Further investigation
evaluating the microbiome is needed.

In summary, we provide novel evidence of sexual
dimorphism in IL22 expression in both human beings and
mice with NAFLD. Our data extend previous observations by
showing a hepatoprotective function of IL22 in the context
of NAFLD, in which IL22-receptor signaling acts in a
sex-specific manner and mitigates liver injury, apoptosis,
NASH-related inflammation, and fibrosis in female mice.
These findings should be considered in clinical trials testing
IL22-based therapeutic approaches in treatment of female
vs male subjects with NAFLD.28

Methods
Patients

NAFLD patients (n ¼ 20; females ¼ 9 and males ¼ 11)
were enrolled through the Hepatology Clinic at the Centre
Hospitalier de l’Université de Montréal (CHUM) (Montreal,
Canada). This study was approved by the institutional ethics
committee (protocol SL09.228) and all participants signed
informed consent. The main inclusion criteria of the cohort
included a history of alcohol consumption, absence of other
chronic liver hepatitis (eg, viral, autoimmune, alcoholic
hepatitis), and the NAS score evaluation of liver biopsy
specimens. The NAFLD diagnosis was confirmed by an in-
dependent pathologist. The demographics and clinical
characteristics of the study subjects are summarized in
Table 1 and detailed in Table 2. The NAS score and fibrosis
grade of participants’ liver biopsy specimens were evalu-
ated blindly by an independent pathologist according to the
NASH Clinical Research Network criteria.

Microarray Data Sets
Publicly available microarray data sets (GSE151158 and

GSE106737) were obtained from 2 published studies,
including 2 different cohorts of NAFLD patients.44,45 The
number of NAFLD patients in GSE151158 and GSE106737
data sets are 9–22 per group and 15–24 per group,
respectively. The diagnoses of NAFLD in both studies were
based on liver biopsy. Gene expression data along with gene
name annotations were downloaded from the Gene
Expression Omnibus repository. The normalized values of
IL22 mRNA data were expressed as read counts and robust
multiple-array average values in GSE151158 and
GSE106737, respectively. We stratified the NAFLD patients
into females and males in each data set and then assigned
the IL22 mRNA normalized value to its corresponding
NAFLD patient.

Mice
IL22ra1-/- mice and their WT littermates, of C57BL/6N

background, were rederived originally as previously
described.33 Heterozygote couples (IL22ra1þ/- �
IL22ra1þ/-) were used for breeding to generate IL22ra1-/-
mice and WT littermates. Six- to 8-week-old IL22ra1-/- and
their WT littermates, including male and female mice, were
fed a HFD (40% kcal fat, cat. D17010102I; Research Diets)
or chow diet (6.2% kcal fat, Teklad global 18% protein ro-
dent diet; ENVIGO) for 30 weeks. All of the mice were killed
at 30 weeks by using pentobarbital (400 mg/kg) and 2%
xylocaine. After dissection, the liver, spleen, and blood
samples were harvested. All of the animal experimental
procedures were approved by the Centre de Recherche du
Centre Hospitalier de l’Université de Montréal (CRCHUM)
Animal Ethics Committee, Comité Institutionel de Protection
des Animaux (protocol IP18035NSs).

Histology
Human liver biopsy samples were fixed in formalin and

processed at the Pathology Laboratory of the CHUM. For
mice, liver specimens were fixed in Tissue Fix (cat. no. T-50;
Chaptec, Montreal, Quebec, Canada) overnight at 4�C, and
finally embedded in paraffin for sectioning (BZ-Histo Ser-
vices, Inc, Montreal, Quebec, Canada). The 5-mm–thick
Formalin-Fixed Paraffin-Embedded (FFPE) sections were
deparaffinized and rehydrated, then stained with PSR stain
(cat. no. 365548-5G; Sigma-Aldrich) with Fast green (cat. no.
F7252; Sigma-Aldrich) or H&E. The H&E stain was per-
formed by BZ-Histo Services, Inc. TUNEL staining was per-
formed using the TUNEL Assay Kit (horseradish-
peroxidase–3,30-diaminobenzidine tetra hydrochloride kit,
ab206386; Abcam) according to the manufacturer’s
instructions.

IF Staining and Image Analysis
The IF technique and image analysis were performed as

previously described.67 Briefly, FFPE liver sections (human
beings or mice) were deparaffinized and rehydrated. For the
antigen retrieval step, the sections were immersed in so-
dium citrate solution (pH 6) for 10 minutes (with exception
to mouse macrophage F4/80 antibody, the incubation was
20 minutes) in an electric high-pressure cooker (Salton).
Then, the sections were incubated in 0.1 mol/L glycine for
15 minutes at 25�C to reduce autofluorescence, followed by
blocking with 10% human serum, 1% bovine serum albu-
min, 0.1% Tween 20, and 0.3% Triton-X 100 in phosphate-
buffered saline (PBS) solution for 30 minutes. The sections
then were incubated with primary antibodies (Table 3)
overnight in 1% bovine serum albumin, 0.1% Tween 20,
and 0.3% Triton-X 100 in PBS solution at 4�C. After this, the
sections were washed in PBS–Tween and then incubated
with the appropriate secondary antibodies (Table 3) in
blocking buffer for 1 hour at 25�C. The sections were
mounted in Slow fade Gold mounting media with 40,6-
diamidino-2-phenylindole (cat. no. S36938; Thermo Fisher
Scientific, Fremont, CA). Finally, the images were acquired at
the CRCHUM molecular pathology platform using a whole
slide scanner (BX61VS; Olympus). For quantification of
IL22-producing cells, FIJI software (version 1.52a, US Na-
tional Institutes of Health, Bethesda, MD) was used. For all
other image analyses, Visiopharm software (Broomfield, CO)



Table 3.List of IF Primary and Secondary Antibodies

Antibodies Supplier Catalog number Concentration

Primary antibodies
Anti-human IL22 Cloud-Clone Corp MAC032Hu22 1:100
Anti-human CD66b Novus Biotechnologies G10F5 1:100
Anti-mouse IL22 Santa Cruz Biotechnology SC-14436 1:100
Anti-mouse Ly6G BioLegend 127602 1:50
Anti-mouse CD3 Abcam Ab16669 1:100
Anti-human/mouse MPO R&D AF3667 1:100
Anti-mouse F4/80 Synaptic System,

Germany
397004 1:50

Anti–mouse–a-SMA Sigma-Aldrich A2547 1:100
Anti-mouse desmin Thermo Fisher Scientific,

Massachusetts, US
PA5-1670 1:100

Secondary antibodies
Donkey anti-mouse CF568 Sigma-Aldrich SAB4600315 1:500
Donkey anti-mouse A647 Thermo Fisher Scientific A31571 1:500
Donkey anti-mouse IgM A488 Jackson ImmunoResearch 715-545-020 1:300
Donkey anti-goat A568 Thermo Fisher Scientific A11057 1:500
Chicken anti-rat A678 Thermo Fisher Scientific A21472 1:250
Donkey anti-rabbit A678 Thermo Fisher Scientific A31573 1:500
Donkey anti-rabbit A488 Thermo Fisher Scientific A21206 1:500
Donkey anti- guinea pig A678 Jackson ImmunoResearch 706-605-148 1:500

a-SMA, a-smooth muscle actin.
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was used, including tissue detection (tissue vs nontissue),
identification, and automatic calculation of the area of in-
terest. Threshold settings based on pixel value was used for
generating the calculation of the area of interest.
Body Composition Analysis
Fat/Lean Mass
At 30 weeks, body composition of experimental mice

was measured using an EchoMRI-100 Body Composition
Analyzer (version 2008.01.18, EchoMRI LLC) at the Rodent
Cardiovascular Core Facility of CRCHUM.
Table 4.List of Flow Cytometry Antibodies

Antibody Supplier Catalog number

CD45-BV650 BioLegend 103151

CD3-PECF594 BD Bioscience 562286

CD4-BUV496 BD Bioscience 612952

CD8-A700 BioLegend 100730

T cell receptorgd-BV421 BD Bioscience 744118

CD19-APC-H7 BD Bioscience 560143

NK1.1-A488 BioLegend 108718

NKp46-SB600 ebioscience 63-3551-82

CD11b-BV421 ebioscience 63-0112-82

Ly6C-PECF594 BD Bioscience 562728

Ly6G-A488 BioLegend 127626

F4/80-BUV395 BD Bioscience 565614

CD11c-Phycoerythrin BD Bioscience 565592

IL17A-Allophycocyanin eBioscience 17-7177-81

IL22-Phycoerythrin eBioscience 12-7227-82
Intraperitoneal Glucose Tolerance Test and
Insulin Assay

At 30 weeks, experimental mice were food-deprived for
5 hours with ad libitum access to water. A bolus of glucose
(1.5 g/kg) was administered via intraperitoneal injection
and glycemia was measured from blood sampled at the tail
vein using an Accu-check Performa glucometer (ROCHE) at
T0 (before injection), and then at 15, 30, 45, 60, 90, and 120
minutes. Tail vein blood samples were collected via a
capillary for insulin assays at 0, 15, and 30 minutes.

Measurement of Liver Triglyceride Levels
Hepatic TG content was evaluated by saponification

technique using the Bio-protocole223 (Sigma-Aldrich).68

Briefly, liver samples (100–300 mg) were digested in an
ethanolic KOH solution overnight at 55�C. After neutraliza-
tion with MgCl2, a triacylglycerol glycerol phosphate oxidase
kit (cat. no. F6428; Sigma-Aldrich) was used to measure the
glycerol content of the samples. Calculations were per-
formed to estimate TG levels, which are presented as a ratio
of total liver protein.

Measurement of Serum ALT Levels
Blood samples were drawn using cardiac puncture of the

mice and the serum ALT levels were measured at the
OPTILAB of the CHUM.

Fibrosis and Apoptosis Quantification
The fibrotic area (PSR-positive area) was determined on

the total liver section area and the PSR-positive area was
calculated by applying a threshold method in the green
channel using FIJI (version 1.52a; US National Institutes of
Health) image analysis software. For apoptosis, the number



Table 5.List of Primer Sequences

Gene name Forward, 5’-3’ Reverse, 5’-3’ Reference

Il22 ATGAGTTTTTCCCTTATGGGGAC GCTGGAAGTTGGACACCTCAA 67

Il6 AGGATACCACTCCCAACAGACCT CAAGTGCATCATCGTTGTTCATAC 68

Il1b GGCAGGCAGTATCACTCATT GAGGATGGGCTCTTCTTCAAA 69

Tnf-a ACTCCAGGCGGTGCCTATGT GTGAGGGTCTGGGCCATAGAA 70

Il23 p19 CCCCCTTCTCCGTTCCAA GGGCAGCTATGGCCAAAAA 71

Cxcl1 GGATTCACCTCAAGAACATCCAG ATCTTTTGGACAATTTTCTGAACC 72

Cxcl10 CTTCTGAAAGGTGACCAGCC GTCGCACCTCCACATAGCTT 73

Ccl2 TCTGGACCCATTCCTTCTTGG TCAGCCAGATGCAGTTAACGC 22

CCl3 GTGGAATCTTCCGGCTGTAG ACCATGACACTCTGCAACCA 74

Bcl2 ATGCCTTTGTGGAACTATATGGC GGTATGCACCCAGAGTGATGC 76

Bcl-xL GCTGCATTGTTCCCGTAGAG GTTGGATGGCCACCTATCTG 77

Sod1 GAGACCTGGGCAATGTGACT GTTTACTGCGCAATCCCAAT 78

Mt2 GCCTGCAAATGCAAACAATGC AGCTGCACTTGTCGGAAGC 22

28s CGAGATTCCCACTGTCCCTA GGGGCCTCCCACTTATTCTA 79

Acta2 QT00140119 N/A
Col1a1 QT00162204
Tgfb QT00145250
Loxl2 QT00129052
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of apoptotic bodies per field were counted in the total liver
section area using FIJI software (version 1.52a; US National
Institutes of Health), and the average number of apoptotic
bodies/field was calculated.

Mouse Intrahepatic Leukocyte Isolation
Intrahepatic leukocytes (IHLs) were isolated from mice

livers using a Percoll gradient (cat. no. P1644; Sigma-
Aldrich) in isotonic solution. Briefly, mice livers were cut
into small pieces and digested in collagenase D (0.025 IU/
mL, cat. no. 110088866001; Roche, Laval, Quebec, Canada)
and benzonase (10 IU/mL, cat. no. 70664-10KUN; EMD
Millipore, Darmstadt, Germany) at 37�C with rotation for 25
minutes. Then, liver tissues were passed through a 70-mm
cell strainer (cat. no. 22363548; Thermo Fisher Scientific)
followed by centrifugation. The cell pellet then was resus-
pended in Percoll 40% in 1% Hank’s balanced salt solution
in sterile water (vol/vol) and layered over Percoll 80% in
1% Hank’s balanced salt solution in sterile water (vol/vol),
followed by centrifugation without brakes for 25 minutes.
Next, IHLs were washed, and red blood cells were lysed
using Ammonium-Chloride-Potassium lysing buffer (cat. no.
A10492-01; Thermo Fisher Scientific). IHLs were directly
stained for surface markers or stimulated with PMA/ion-
omycin (50 ng/mL, cat. no. P1585 and 1 mg/mL, cat. no. I-
0634; Sigma-Aldrich, respectively) in the presence of bre-
feldin A (5 mg/mL, cat. no. B6542; Sigma-Aldrich) and
monensin (5 mg/mL, cat. no. M5273; Sigma-Aldrich) for 5
hours before intracellular cytokine staining.

Mouse Splenocyte Isolation
Mouse spleens were digested by direct passing through a

40-mm cell strainer (cat. no. 22363547; Fisher). Then, the
cell suspension was centrifuged and resuspended in
Ammonium-Chloride-Potassium lysing buffer to lyse red
blood cells. Splenocytes then were resuspended in RPMI
media and filtered. The cells were counted using a hemo-
cytometer and then directly stained for flow cytometry
analysis.

Flow Cytometry
IHL and splenocytes were stained as previously

described.33 Briefly, freshly isolated IHLs and splenocytes
were washed with flow cytometry buffer (1% heat-
inactivated fetal bovine serum and 0.01% azide in PBS),
followed by incubation with primary antibodies (Table 4) at
4�C for 30 minutes. Next, the cells were washed with FACS
buffer and fixed with 1% paraformaldehyde in PBS and
filtered using polystyrene tubes with a cell strainer (Corning
Science, Mexico). For intracellular cytokine staining, surface
staining was performed first and then the cells were fixed
and permeabilized using forkhead box P3 fixation buffer
(cat. no. 005523-00; eBioscience). Then, cells were washed
twice with washing buffer (eBioscience) and incubated with
antibodies for intracellular antigens at 4�C for 30 minutes.
For detection of live cells, the Aqua Live/Dead Fixable Dead
Cell Stain kit was used (cat. no. L34966; Life Technologies,
Burlington, Ontario, Canada). Data were acquired using a
multicolor BD LSRII flow cytometer (BD Bioscience)
equipped with FACS DIVA software version 8 and analyzed
using FlowJo software, version 10 (BD Bioscience).

Real-Time qPCR
Total RNA was isolated and purified from mouse livers

using the RNeasy Mini kit plus (cat. no. 74134; QIAGEN,
Germany) according to the manufacturer’s instructions.
Then, 1 mg RNA was reverse-transcribed to complementary
DNAs (cDNAs) using the Transcriptor Universal cDNA
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Master (cat. no. 05893151001; Roche, Germany) kit. cDNAs
were diluted 1:10 with ultrapure water and the relative
expression of the mRNA level was measured using real-time
qPCR with the Light Cycler 480 SYBR Green I system (cat.
no. 04707494001; Roche). r28S was used as the standard
housekeeping gene and the 2�DDCt method was applied to
calculate the mRNA level. The list of primer sequences used
for real-time qPCR are listed in Table 5. Primers for Tgfb,
Col1a1, Acta2, and Loxl2 genes were purchased from
QIAGEN.
Statistical Analysis
GraphPad Prism 7 (La Jolla, CA) and Sigma plot 14

(version 1.0.23) were used. The Mann–Whitney test was
applied to determine differences between 2 groups. Two-
way analysis of variance followed by the Holm–Sidak post
hoc test was used to determine the differences between
groups for glucose intolerance and IR data of mice. Corre-
lations were tested using the Spearman rank correlation and
2-way repeated-measures analysis of variance, followed by
the Holm–Sidak post hoc test was used for determining the
longitudinal difference in weight gain of mice.
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