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SUMMARY
The exponential rise in metabolic dysfunction-associated steatotic liver disease (MASLD) parallels the ever-
increasing consumption of energy-dense diets, underscoring the need for effective MASLD-resolving drugs.
MASLD pathogenesis is linked to obesity, diabetes, ‘‘gut-liver axis’’ alterations, and defective interleukin-22
(IL-22) signaling. Although barrier-protective IL-22 blunts diet-induced metabolic alterations, inhibits lipid
intake, and reverses microbial dysbiosis, obesogenic diets rapidly suppress its production by small intes-
tine-localized innate lymphocytes. This results in STAT3 inhibition in intestinal epithelial cells (IECs) and
expansion of the absorptive enterocyte compartment. These MASLD-sustaining aberrations were reversed
by administration of recombinant IL-22, which resolved hepatosteatosis, inflammation, fibrosis, and insulin
resistance. Exogenous IL-22 exerted its therapeutic effects through its IEC receptor, rather than hepatocytes,
activating STAT3 and inhibiting WNT-b-catenin signaling to shrink the absorptive enterocyte compartment.
By reversing diet-reinforced macronutrient absorption, the main source of liver lipids, IL-22 signaling resto-
ration represents a potentially effective interception of dietary obesity and MASLD.
INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease

(MASLD) incidence has increased dramatically in the past 20–

30 years, paralleling the exponential rise in dietary sugar and

fat intake, making it one of the most common metabolic disor-

ders.1 MASLD is associated with lipotoxicity, insulin resistance,

type 2 diabetes (T2D), metabolic activation of liver-stressing in-

flammatory and immune pathways, and microbial dysbiosis2,3

and is a common Crohn’s disease (CD) comorbidity.4 The

‘‘gut-liver axis,’’ which delivers luminal microbial metabolites

and inflammatory mediators to the liver via the portal vein, has

been proposed to be a key player in MASLD pathogenesis,5

along with behavioral and dietary factors, including excessive

consumption of energy-dense and ultra-processed foods.2,6
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Despite extensive efforts, only one MASLD-resolving drug has

been clinically approved,7 in addition to GLP1 receptor agonists,

which resolve hepatosteatosis but not liver fibrosis.8,9

Interleukin-22 (IL-22) is a barrier-protective, antimicrobial

cytokine produced by innate lymphocytes and Th17/22 cells,10

whose signaling to intestinal epithelial cells (IECs) is inhibited

by barrier-disruptive fructose- and fat-rich diets.11 Endogenous

IL-22 was suggested to prevent diet-induced metabolic disor-

ders and inhibit lipid metabolism while shaping the gut micro-

biota.12 Recombinant IL-22Fc fusion protein ameliorates T2D,

MASLD, and related metabolic diseases in animal models13

and is being assessed in phase II dose-escalation safety and ef-

ficacy studies in alcoholic hepatitis,14 although its mechanism of

action is not clear. As IL-22Fc is protective in models of acute

hepatitis and high-fat diet (HFD)-induced hepatosteatosis,
m 36, 2341–2354, October 1, 2024 Published by Elsevier Inc. 2341
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where it reduced lipogenic enzyme expression,15–17 it was sur-

mised to directly affect hepatocytes. However, IL-22 also rein-

forces the intestinal epithelial barrier and normalizes dysbiosis,10

effects that could also contribute to the resolution of hepatostea-

tosis and metabolic dysfunction-associated steatohepatitis

(MASH). Having found that an MASH-inducing high-fructose

diet (HFrD) suppresses colonic IL-22 signaling,11 we used addi-

tional diet-induced MASLD models and conditional ablations of

the IL-22 receptor a1 subunit (IL-22Ra1) in hepatocytes or

IECs to further investigate the dietary effects on IL-22 signaling

and determine where and how IL-22Fc exerts its therapeutic ac-

tivity. Here, we describe a vicious cycle in which prolonged

intake of energy-dense diets suppresses IL-22 expression in

small intestine (SI) innate lymphoid type 3 cells (ILC3s) and alters

IEC differentiation and maturation to increase fat and sugar up-

take, effects that are reversed by exogenous IL-22Fc to result

in MASLD resolution.

RESULTS

Diet-induced MASLD is resolved by exogenous IL-22
We used two diet-induced MASLD models that, due to lower

fructose content than our previously used HFrD model,11 are

more similar to energy-dense human diets. The first model em-

ployed an HFD in which 60% of the calories are provided by

fat, 25% by carbohydrates, and 15% by protein, supplemented

with a 30% fructose drink. The second model was based on a

Western diet (WD) in which 40.1% of the calories are derived

from fat, 44.4% from carbohydrates (34% sucrose by weight),

and 15.5% from protein, as well as 0.2% cholesterol, which

was also supplemented with a 30% fructose drink. HFD + fruc-

tose drink and, to a lesser extent, WD + fructose strongly and

rapidly suppressed SI mRNA and protein expression of IL-22,

IL-17a, Reg3b, and Reg3g, as well as STAT3 phosphorylation,

and more modestly reduced Il23 and Il7 mRNAs, whose prod-

ucts expand IL-17- and IL-22-producing cells18 (Figures 1A

and S1A–S1D). To test whether exogenous IL-22 can resolve

diet-inducedMASLD, mice that were kept for 12 weeks on either

diet and displayed hepatosteatosis accompanied by different

degrees of inflammation and fibrosis were intraperitoneally

(i.p.) injected with 10 mg IL-22Fc or Fc isotype control every
Figure 1. Exogenous IL-22 resolves diet-induced hepatosteatosis and

(A) Quantitative real-time PCR of the indicated SI mRNAs collected from C57BL/6

feeding (NCD 2 weeks, n = 4; NCD 16 weeks, n = 3; HFD 2 weeks, n = 4; HFD 4 w

(B–M) C57BL/6 mice were placed on NCD (n = 5) or HFD + 30% fructose water for

dose/3 days) for the last 4 weeks.

(B) Representative H&E, oil red O (ORO), and Sirius red staining and Col1a1, aSM

(C) Body weight (BW).

(D) Food intake.

(E) Liver weight and liver/body weight ratio.

(F) Liver and serum TG.

(G) NASH CRN scores.

(H) Quantification of ORO staining in (B).

(I) Quantification of Col1a1 staining in (B) and relative Col1a1, Col3a1, and Col4a

(J) Serum ALT and AST concentrations.

(K) Serum lipopolysaccharide (LPS).

(L) Blood insulin and glucose.

(M) Gating strategy and percentage of M1 (CD80+) and M2 (CD206+) Kupffer ce

LIN�F4/80�CD11bHi) from NCD- (n = 4) or HFD-fed mice treated with Fc (n = 4)

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ****p < 0.0001 (unpair
3 days for a total of 4 weeks, during which the obesogenic diets

were continued (Figure S1E). At the end of these regimens, the

mice were culled and their livers were analyzed. Compared

with normal chow diet (NCD)-fed mice, mice maintained on

either obesogenic diet and that had received Fc control showed

pronounced hepatosteatosis, accompanied bymild to extensive

fibrosis, and modest liver damage, marked by elevated circu-

lating amounts of the liver enzymes ALT and AST (Figures 1B–

1J and S1F–S1K). IL-22Fc treatment blunted body weight (BW)

gain in both models and reduced food intake (Figures 1C, 1D,

S1F, and S1G); resolved hepatosteatosis, hepatic stellate cell

(HSC) activation/expansion, liver fibrosis, and fibrogenic gene

expression; and markedly reduced endotoxemia and insulin

resistance in the HFD + 30% fructose drink model (Figures 1B–

1L). IL-22Fc also resolved hepatosteatosis and inhibited liver

damage, hyperlipidemia, and insulin resistance in mice kept on

a WD + 30% fructose drink (Figures S1F–S1N). In addition, IL-

22Fc treatment reduced M1-type Kupffer cells (KCs) and mono-

cyte-derived macrophages in both models but had no effect on

total KC number (Figures 1M and S1O). Administration of

either Fc control or IL-22Fc had insignificant effects on BW,

liver weight, and liver histology in NCD-fed BL6 mice

(Figures S1P–S1R).

MASLD resolution depends on IL-22 signaling in IECs
rather than hepatocytes
Given the key role of the gut-liver axis in MASLD/MASH devel-

opment,11 we examined whether IL-22Fc exerts its beneficial

effects in hepatocytes or IECs. We used Il22ra1f/f mice,19

crossed with either AlbuminCre (AlbCre/Il22ra1f/f) or VillinCre

(VillinCre/Il22ra1f/f) mice, to ablate IL-22Ra1 in either hepato-

cytes (Il22ra1DHep) or IECs (Il22ra1DIEC). Either ablation selec-

tively blocked IL-22Fc-induced STAT3 phosphorylation as

well as Il22ra1 mRNA expression in the respective cell type,

while Il22ra1DHep mice did not show Lcn2 mRNA induction in

the liver and Il22ra1DIEC mice did not exhibit Reg3g mRNA in-

duction in the SI (Figures S2A–S2E). Curiously, only IEC-spe-

cific, but not hepatocyte-specific, IL-22Ra1 ablation blocked

IL-22Fc-induced MASLD resolution in HFD + 30%-fructose-

fed mice (Figures 2A–2D). Il22ra1DIEC mice also did not respond

to IL-22Fc with reduced body and liver weights, lower liver
fibrosis

mice at the indicated times after initiation of NCD or HFD + 30% fructose drink

eeks, n = 4; HFD 8 weeks, n = 4; HFD 12 weeks, n = 6; HFD 16 weeks, n = 5).

16 weeks and treated with Fc isotype control (n = 12) or IL-22Fc (n = 12) (10 mg/

A, and F4/80 IHC of liver sections. Scale bars, 100 and 200 mm (inset).

1 mRNA amounts.

lls (CD45+LIN�F4/80+CD11bint) and monocyte-derived macrophages (CD45+-

or IL-22Fc (n = 5).

ed two-tailed t test).
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Figure 2. IL-22Fc signals in IECs to resolve MASLD

Il22ra1f/f (Fc, n = 10; IL-22Fc, n = 10), Il22ra1DHep (Fc, n = 7; IL-22Fc, n = 8), and Il22ra1DIEC (Fc, n = 8; IL-22Fc, n = 7) mice were placed on an HFD + 30% fructose

water for 16 weeks and treated with Fc or IL-22Fc, as above.

(A) BW, liver weight, and liver/body weight ratio.

(B) Liver TG, serum ALT, and AST.

(C) Representative H&E, ORO, and Col1a1 IHC of liver sections and quantification. Scale bars, 100 and 200 mm (inset).

(D) NASH CRN scores of above mice.

Data are presented as mean ± SEM. n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired two-tailed t test).
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damage, and decreased collagen 1a1 (Col1a1) accumulation

compared with Fc-treated mice, while hepatocyte-specific

IL-22Ra1 ablation had little effect on any of these parameters.

To validate the surprisingly nonessential role of hepatocyte

IL-22Fc signaling, we used hepatocyte-specific Stat3 knockout

mice (AlbCre/Stat3f/f, Stat3DHep) kept on HFD + 30% fructose.

Treatment of these mice with IL-22Fc still led to resolution of

MASLD, along with reduced body and liver weights and inhibi-

tion of Lcn2 mRNA induction (Figures S2F–S2M).
2344 Cell Metabolism 36, 2341–2354, October 1, 2024
Given previous reports that IL-22Fc reduces hepatic gluco-

neogenesis, a hepatocyte-intrinsic process,20 we tested its abil-

ity to signal in hepatocytes, usingmulti-lineage spheroids (MLSs)

consisting of hepatocytes, HSCs, andmacrophages/KC.21 Incu-

bation of MLS in ‘‘NASH medium,’’ containing fatty acids, fruc-

tose, and endotoxin, upregulated genes encoding fibrogenic

proteins, inflammatory cytokines, and lipogenic enzymes, an ef-

fect that was blocked by IL-22Fc, which induced b-oxidation

genes (Figures S3A and S3B). MLS generated with Il22ra1DHep



Figure 3. IL-22Fc signaling in IECs inhibits macronutrient uptake and metabolism

(A and B) Quantitative real-time PCRof indicatedmRNAs (A) and immunoblot of indicated proteins (B) in SI of C57BL/6mice at the indicated times after initiation of

NCD or HFD + 30% fructose water feeding (NCD 2 weeks, n = 4; NCD 16 weeks, n = 3; HFD 2 weeks, n = 4; HFD 4 weeks, n = 4; HFD 8 weeks, n = 4; HFD

12 weeks, n = 6; HFD 16 weeks, n = 5).

(C) Relative mRNA amounts of indicated genes in the SI of NCD- (n = 5) or HFD + fructose-drink-fed mice treated with Fc (n = 7) or rIL-22Fc (n = 8), as above.

(D) IB analysis of SI proteins in above mice.

(E and H) Serum TGs after olive oil gavage of Fc- or IL-22Fc-treated C57BL/6 mice (E) or Il22ra1DIECmice (H) that were HFD fed for 2 weeks (E, Fc, n = 7; IL-22Fc,

n = 7; H, Fc, n = 5; IL-22Fc, n = 6).

(F) Blood glucose after 20% lactose gavage of Fc- or IL-22Fc-treated C57BL/6 mice (Fc, n = 5; IL-22Fc, n = 8).

(G) Quantitative real-time PCR of indicated genes in SI of HFD + 30%-fructose-fed Il22ra1f/f and Il22ra1DIEC mice treated with Fc or IL-22Fc, as above.

Data are presented as mean ± SEM. n.s., not significant; *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired two-tailed t test).
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hepatocytes reacted to NASHmedium like wild-type MLS but no

longer responded to IL-22Fc (Figures S3A and S3B). These re-

sults indicate that although IL-22 can certainly modify the

expression of liver metabolism and fibrogenesis genes, these ef-

fects are irrelevant to the resolution of diet-induced MASLD,

which depends on the gut-liver axis and IL-22 signaling in

IECs. We therefore checked whether hepatocyte IL-22Ra1

signaling has a role in a different in vivo model of liver injury

induced by ethanol, which acts directly on hepatocytes rather

than being absorbed by SI IECs and delivered to the liver via

the portal vein (Figure S3C). This time, hepatocyte-specific
Il22ra1 ablation blocked the protective effect of IL-22Fc (Fig-

ure S3D), while the IEC-specific ablation had no effect (Fig-

ure S3E). These results illustrate that IL-22 signaling in hepato-

cytes is of protective relevance as long as the corresponding

challenge acts directly on hepatocytes and not via other

cell types.

IL-22Fc can suppress macronutrient absorption
independently of the microbiota
As lipid and sugar absorption, which sustain BW gain and hepa-

tosteatosis, take place in the SI, we examined whether IL-22Fc
Cell Metabolism 36, 2341–2354, October 1, 2024 2345



Figure 4. IL-22Fc resolves MASLD in microbiota-depleted mice

(A–C) The fecal microbiome of the indicatedmice (Il22ra1f/f [Fc, n = 10; IL-22Fc, n = 10], Il22ra1DHep [Fc, n = 7; IL-22Fc, n = 8], Il22ra1DIEC [Fc, n = 8; IL-22Fc, n = 7],

and C57BL/6 + Abx [Fc, n = 6; IL-22Fc, n = 6]), which were HFD + fructose fed and treated with Fc or IL-22Fc, as above, was investigated by 16S sequencing.

(A) Chao richness.

(B) Shannon diversity.

(C) Simpson diversity.

(D–N) C57BL/6 mice were fed HFD + fructose for 16 weeks and treated with Abx for the last 5 weeks, followed by Fc (n = 6) or IL-22Fc (n = 6) treatments as above.

(D) Food intake.

(E) Liver weight and liver/body weight ratio.

(F) eWAT weight.

(G) Spleen weight.

(H) Colon length.

(I and J) Serum ALT (I), TG, and cholesterol (J).

(K) NASH CRN scores.

(legend continued on next page)
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affected expression of SI proteins involved in macronutrient ab-

sorption and catabolism, some of which were reported to be

modulated by endogenous IL-22 during short-term dietary chal-

lenges.12,22,23 HFD + fructose feeding increased the mRNA and

protein amounts of the lipid transporters CD36, FATP2, and

FATP4; the sugar transporters Glut2 and Glut5; and the sugar

mobilizing and metabolizing enzymes ketohexokinase (KHK)

and lactase (LCT), along with inhibition of basal STAT3 phos-

phorylation (Figures 3A and 3B). These effects, which were

also seen in WD + fructose-fed mice, were reversed by IL-

22Fc (Figures 3C and S3F), which also inhibited their protein

expression (Figure 3D). IL-22Fc also inhibited TG transport

from the SI to the blood in mice given HFD for 1 week followed

by olive oil gavage and reduced blood glucose in mice gavaged

with a 20% lactose solution (Figures 3E and 3F), suggesting inhi-

bition of lactose hydrolysis and uptake. Suppression of lipid

transporters and TG uptake was dependent on IL-22Ra1

engagement in IECs (Figures 3G and 3H). Consistent with the in-

hibition of lipid absorption, steady-state metabolomic analysis

revealed that IL-22Fc treatment reduced the hepatic amounts

of storage lipids (TGs, diacylglycerols [DGs], and cholesterols),

phosphotadylcholine (PC), phosphatidylethanolamine (PE), and

arachidonoylithio-PC and reversed the MASLD-related increase

in lyso-phosphatidylethanolamine (LPE)24 in mice fedWD + fruc-

tose (Figure S4A). Curiously, the ratio of lyso-phosphatidylcho-

line (LPC) to LPE, which is reduced in MASLD,24 was increased

in the livers of IL-22Fc-treated mice, as were the amounts of he-

patic retinoids, which were also reported to decrease in

MASLD.25 These results are consistent with the ability of reti-

noids to reduce hepatosteatosis.26

As expected,27 IL-22Fc treatment reduced barrier perme-

ability and increased the expression of tight junction protein

(TJP) mRNAs in HFD + fructose-fed mice (Figures S4B and

S4C). However, counter to the known ability of IL-22 to restore

microbial homeostasis,28 microbiome (16S) sequencing showed

the rathermodest effects of IL-22Fc on total fecal microbiome di-

versity in HFD + fructose-fed mice, although these effects were

somewhat obscured by differences in microbiome composition

between the 3 mouse strains (Figures 4A–4C, S4D, and S4E).

To functionally examine the contribution of the intestinal micro-

biota to the therapeutic effects of IL-22Fc, mice were fed

HFD + fructose drink for 16 weeks, followed by 5 weeks’ treat-

ment with an antibiotics cocktail (Abx), which markedly reduced

(90%) fecal bacterial 16S RNA and serum endotoxin amounts

(Figures S4F and S4G). After 1 week on Abx, themice were given

IL-22Fc or Fc for 4 weeks and analyzed. Abx treatment tran-

siently reduced BW gain, which was eventually restored in Fc-

treated mice, and further enhanced and sustained in IL-22Fc-

treated mice, which, in addition to lower BW, showed a further

decrease in fecal 16S RNA and serum endotoxin (Figures S4G

and S4H). Notably, IL-22Fc treatment decreased food intake—

as well as liver, eWAT, and spleen weights—while increasing co-

lon length and suppressing hepatosteatosis, Col1a1 expression,

liver damage, and serum lipids in Abx-treated HFD + fructose-
(L) Representative H&E, ORO, and Col1a1 IHC of liver sections and their quantifi

(M) IB analysis of indicated SI proteins.

(N) TG in feces from the indicated mice.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0
fed mice (Figures 4D–4L, S4I, and S4J). IL-22Fc also continued

to reduce SI CD36, FATP2, and KHK expression and increase

fecal triglycerides (Figures 4M and 4N), an effect consistent

with inhibition of lipid absorption. We conclude that, despite its

well-established effect on microbial homeostasis, many of the

therapeutic effects of IL-22Fc are retained in microbiota-

depleted mice.

IL-22Fc reverses diet-induced expansion of mature
absorptive enterocytes
Re-analysis of a previous single-cell RNA sequencing (scRNA-

seq) study showed that HFD feeding altered the steady-state

composition of the SI epithelium,29 expanding the mature enter-

ocyte and enterocyte progenitor compartments (Figure S5A). To

determine the effect of IL-22Fc on the same subpopulations, we

conducted an scRNA-seq study of SI IECs from mice fed HFD +

fructose for 16 weeks and treated with Fc or IL-22Fc for the last

4 weeks. Intriguingly, IL-22Fc treatment had the opposite effect

to continuous HFD + fructose feeding, minimizing the stem cell

and mature enterocyte compartments and expanding transit-

amplifying enterocyte progenitors (Figures 5A–5C). Moreover,

IL-22Fc suppressed Lct and Cd36 mRNA expression in mature

enterocytes and increased gasdermin C2 (Gsdmc2) mRNA, a

transit-amplifying cell marker, in enterocyte progenitors (Fig-

ure 5C), effects opposite to those of HFD feeding (Figure S5B).

Gene Ontology (GO) and gene set enrichment analysis (GSEA)

revealed that, opposite to HFD, IL-22Fc suppressed FA meta-

bolism and transport genes (Figures 5D, 5E, and S5C). The effect

of IL-22Fc on IEC homeostasis was confirmed by quantitative

real-time PCR analysis of mature enterocytes, enterocyte pro-

genitors, and intestinal stem cell markers and IHC of CD36 and

sucrase isomaltase (SIS) (Figures S5D and S5E). IL-22Fc also

decreased SOX9 protein expression in the stem cell compart-

ment and increased crypt length (Figure S5E). Expansion of

enterocyte progenitors expressing Prom1 and Prss2 mRNAs

by IL-22Fc was dependent on IL-22Ra1 expression in IECs

(Figure S5F).

STAT3 activation andWnt-b-catenin-signaling inhibition
mediate IL-22 action
We investigated how IL-22Fc restores IEC homeostasis. An

HFD + fructose feeding markedly suppressed activating Y705

STAT3 phosphorylation in SI IECs, as well as degradation-

inducing S33/37 and T41 b-catenin phosphorylation, while

modestly increasing GSK3b S9 phosphorylation, which inhibits

substrate binding, and strongly inducing CD36, FATP2, and

KHK protein expression (Figure 6A). Consistent with the above

and a previous report,30 HFD + fructose feeding stimulated

expression of b-catenin-responsive Bmp4, Jag1, Lgr5, Lrp6,

and Tcf1 mRNAs (Figure 6B). IL-22Fc treatment reversed these

effects, decreasing GSK3b S9 phosphorylation and Axin2,

Wnt3, Lrp5, and Cd44 mRNAs, while enhancing degradative

b-catenin phosphorylation and reducing its nuclear amounts

(Figures 6C and 6D). Inhibition of b-catenin signaling was also
cation. Scale bar, 100 mm.

.0001 (unpaired two-tailed t test).
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Figure 5. IL-22Fc restores diet-perturbed IEC homeostasis, reducing mature absorptive enterocytes and increasing enterocyte progenitors

The SI of C57BL/6 mice fed HFD + fructose and treated with Fc or IL-22Fc, as above, was isolated and single-cell suspensions of crypt epithelial cells were

subjected to RNA sequencing.

(A) t-distributed stochastic neighbor embedding (t-SNE) plots depicting color-coded clustering of 17,213 and 14,660 single epithelial cells from Fc- and rIL-22Fc-

treated mice, respectively (n = 2 mice per group), based on known marker genes. The bar graphs show frequencies of different epithelial subsets.

(legend continued on next page)

ll
OPEN ACCESS Article

2348 Cell Metabolism 36, 2341–2354, October 1, 2024



ll
OPEN ACCESSArticle
evident from the scRNA-seq data, which showed reduced SI

b-catenin signature transcripts in the IL-22Fc-treated group

(Figure 6E).

Given the inhibition of STAT3 activation by HFD + fructose and

its stimulation by IL-22Fc, we interrogated its role as an IL-22

effector by ablating the Stat3 gene in IECs.31 Stat3DIEC mice fed

with HFD + fructose drink no longer responded to IL-22Fc with

reduced food intake, body, and liver weights, and although IEC

STAT3 ablation modestly increased liver damage, it prevented

its reversal by IL-22Fc (Figures 7A and S6A–S6F). In Stat3DIEC

mice, IL-22Fc no longer decreased SI CD36 and SOX9 (Fig-

ure S6G). By contrast, STAT3 ablation in hepatocytes had no ef-

fect on the IL-22Fc-mediated suppression of intestinal CD36,

FATP2, and KHK in HFD + fructose-fed mice and the induction

of Reg3b and Reg3g mRNAs (Figures S6H and S6I). Consistent

with its presumed role in suppression of lipid and sugar absorp-

tion and catabolism, IEC-specific STAT3 ablation markedly

increased Cd36, Fatp2, Lct, and Khk SI mRNAs in NCD-fed

mice and extinguished Il22 mRNA while increasing Il22ra1

mRNA (Figure 7B). The latter results suggested that inhibition of

IEC STAT3 may account for the diet-induced suppression of

Il22mRNA expression through a poorly understood communica-

tion between IECs and IL-22-producing cells.32 Indeed, scRNA-

seq analysis of SI CD45+ cells from HFD + fructose-fed and IL-

22Fc-treated mice showed that IL-22Fc signaling in IECs

restored Il22 mRNA in ILC3 cells, Il17a mRNA in Th17 cells, and

Il23a mRNA in macrophages and dendritic cells (DCs)

(Figures 7C and 7D). IL-22Fc treatment also altered the composi-

tion of SI CD45+ cells, increasing the number of Th17 cells, DCs,

andCD8+Tcells and reducing thenumber of plasmacells, aswell

as reversing the HFD-induced reduction in IL-22+ ILC3 cells

(Figures 7C and 7E). Curiously, HFD + fructose feeding partially

reduced Cd36, Fatp2, Lct, and Khk mRNAs in Stat3DIEC mice,

but IL-22Fc no longer modulated their expression (Figure 7B).

STAT3 ablation also abrogated expression of Lgr5, Olfm4, and

Wnt3 mRNAs and partially decreased Axin2 mRNA in NCD-fed

mice (Figure 7B), suggesting that STAT3 activation is not the

main cause of Wnt-b-catenin-signaling inhibition by IL-22Fc.

To further interrogate the role of IEC STAT3, we examined Vil-

lin-gp130Act mice (gp130Act-IEC), which express a constitutively

active variant of IL-6ST (gp130) in IECs,33 whichwereHFD fed for

16 weeks (Figure S7A). Surprisingly, gp130Act-IEC mice were

resistant to HFD-induced MASLD, although they consumed

more HFD thanWTmice (Figures S7B–S7I). Like IL-22Fc-treated

mice, the SI of gp130Act mice showed STAT3 and YAP1 activa-

tion while expressing lower amounts of CD36, FATP2, FATP4,

and KHK (Figures S7J and S7K). Taken together, these data un-

derscore the notion that intestinal STAT3 signaling is a key

downstream mediator of IL-22Fc’s ability to resolve MASLD.

DISCUSSION

The beneficial metabolic effects of exogenous IL-22 are well es-

tablished,13,34 supporting the clinical development of IL-22Fc
(B) Heatmap of top 25 genes for each cell cluster.

(C) Expression of individual mRNAs in the indicated cell clusters.

(D) Top 20 downregulated Gene Ontology terms (Biological Process) for the Fc-

(E) Gene set enrichment analysis (GSEA) focusing on hallmark fatty acidmetabolis
fusion proteins for the treatment of MASLD and alcoholic hepa-

titis.14 However, the cellular targets for the therapeutic effects of

IL-22 and its mechanism of action remained largely unknown.

Here, we show that, counter to previous expectations that IL-

22’s hepatoprotective effects are solely mediated via its hepato-

cyte receptor, the resolution of diet-induced mouse MASLD by

IL-22Fc entirely depends on IL-22Ra1 engagement and STAT3

activation in IECs. These results underscore the previously

described critical role of the intestinal mucosa and the gut-liver

axis in MASLD/MASH pathogenesis4,11,35 and the dependence

of hepatosteatosis on dietary fat and sugar intake rather than he-

patocyte-intrinsic de novo lipogenesis and defective b-oxida-

tion.36 Nonetheless, these results are model and insult specific.

In the case of alcohol, which is readily absorbed in the stomach

and SI without a need for specialized transporters and reaches

the liver to cause hepatocyte injury and fat deposition, the pro-

tective effect of IL-22Fc does depend on engagement of its he-

patocyte receptor. Moreover, ex vivo studies using MLSs as a

model clearly demonstrate that exogenous IL-22 can modulate

the expression of metabolically relevant hepatocyte genes.

However, in diet-induced MASLD, which depends on lipid and

sugar absorption in the SI and delivery to the liver via the portal

circulation, as well as fructose-induced endotoxemia,11 the pro-

tective effect of IL-22Fc is mediated via IL-22Ra1 signaling in

IECs rather than hepatocytes. These findings also apply to

STAT3, one of the major conduits through which IL-22 exerts

its protective activity. Although hepatocyte-specific STAT3 abla-

tion, previously shown to be needed for IL-22-mediated protec-

tion from alcohol-induced liver injury,16 does not abrogate

MASLD resolution by IL-22, its ablation in IECs does block the

MASLD protective effect of IL-22. It is also likely that intestinal

IL-22 signaling is responsible for the reduction in lethal infections

in patients with alcoholic hepatitis.14

IL-22 is a unique cytokine produced by Th17/22, gd T, and

ILC3 cells that affects epithelial cells rather than other immune

cells.10 IL-22, along with IL-17A, reduces barrier permeability

and maintains microbial homeostasis.27,37 Although short-term

studies have shown that endogenous IL-22 and IL-17A can con-

trol occasional and temporary increases in fat or sugar

intake,12,22,23,38 we observed that endogenous IL-22 and IL-

22Ra1 did not protect mice from the long-term effects of en-

ergy-dense diets, similar to those that drive the obesity and

MASLD epidemic. As demonstrated, this is due to the rapid

decline in IL-22 expression by ILC3, which is accompanied by

a decline in the mRNA amounts of other barrier-protective cyto-

kines; IL-17A, which ismainly expressed in Th17 cells; and IL-23,

which is expressed by lamina propria macrophages and DCs.

The decline in endogenous Il22 and Il17a mRNAs is paralleled

by the marked inhibition of STAT3 phosphorylation in SI IECs

of HFD- or WD-fed mice. At this point, it is not clear what hap-

pens first—the decline in IL-22 and IL-17A expression or the in-

hibition of STAT3 activation—but our study shows that exoge-

nous IL-22Fc can restore the expression of endogenous Il22

and Il17a mRNAs and that the effect is STAT3 dependent.
and IL-22Fc-treated cell clusters.

m (left) and transporter (right) genes in the Fc- and IL-22Fc-treated cell clusters.
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Figure 6. IL-22Fc inhibits Wnt-b-catenin signaling

(A and B) IB (A) and quantitative real-time PCR (B) analyses of indicated SI proteins and mRNAs from C57BL/6 mice kept on NCD (n = 7) or HFD + 30% fructose

drink (n = 11) for 16 weeks.

(C and D) Whole-cell and nuclear proteins (C) and mRNA (D) analyses of SI from HFD + fructose-fed C57BL/6 mice treated with Fc (n = 6) or IL-22Fc (n = 6)

as above.

(E) GSEA of the indicated cell clusters (from Figure 5) focusing on hallmark Wnt pathway.

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 (unpaired two-tailed t test).

ll
OPEN ACCESS Article
Moreover, STAT3 ablation in IECs reduced Il22 mRNA expres-

sion, while constitutive activation of STAT3 in the IECs of

gp130Act-IEC mice was protective. IL-22Fc administration fully

reversed the effects of obesogenic diets on IEC homeostasis,

which included expansion of stem cells and mature absorptive

enterocytes and induction of lipid29 and sugar transporters and

metabolizing enzymes. IL-22Fc contracted the stem cell and

mature enterocyte compartments, expanded transit-amplifying

enterocyte progenitors, and decreased the expression of indi-

vidual lipid and sugar transporters and catabolizing enzymes in

all enterocytes. These effects reduced lipid and sugar transport

to the liver, with a consequent decrease in hepatic lipid deposi-

tion, confirmed by oil red O (ORO) staining and metabolomic

analysis. In addition to reducing macronutrient absorption, IL-

22Fc blunted barrier permeability and endotoxin translocation.

Some of these effects could be related to the marked suppres-

sion of IEC KHK expression, which we have shown to account

for production of the cytotoxic and barrier-disruptive fructose

metabolite fructose-1 phosphate (F1P), which triggers IEC endo-

plasmic reticulum (ER) stress and downregulates barrier-main-

taining TJPs.11 These effects were STAT3 dependent and corre-

lated with suppression of Wnt-b-catenin signaling, which is

important for intestinal homeostasis and expansion of both in-

testinal stem cells and mature, differentiated enterocytes. In

addition to the resolution of hepatosteatosis, the diminished ab-

sorption of dietary lipids and sugars reduced liver damage,
2350 Cell Metabolism 36, 2341–2354, October 1, 2024
inflammation, and fibrosis, as well as lipidemia, and inhibited

weight gain and even led to weight loss in WD + fructose-fed

mice. The induction of weight loss in mice fed obesogenic diets

seems to be a direct corollary of the reduced consumption of

such diets, which could be due to IL-22-mediated modulation

of the appetite controlling peptide YY (PYY).34 Curiously, the lipid

transporters whose expression is suppressed by IL-22Fc and

STAT3 are upregulated in CD,39 a disease that greatly increases

MASLD risk.

As mentioned above, ablation of STAT3 in IECs replicated the

effects of the obesogenic diets and suppressed Il22 mRNA

expression by ILC3, which was restored by IL-22Fc-induced

STAT3 activation. This suggests that the communication be-

tween ILC3 and IEC32 is reciprocal and that IECs are the primary

nutrient sensors, although the mechanism by which the HFD or

WD inhibits STAT3 activation remains unknown. Restoration of

Il22 mRNA expression correlated with increased Il23a mRNA in

mucosal macrophages and DCs, but more studies are needed

to fully understand how STAT3 in IECs controls IL-22 production

by immune cells. Surprisingly, and despite the robust induction

of antimicrobial peptides, the effect of IL-22Fc on intestinal mi-

crobiota diversity in HFD + fructose-fed mice did not reach sta-

tistical significance, although it likely exerted stronger effects on

individual bacterial species, whose significance needs to be

evaluated. Nonetheless, IL-22Fc continued to activate IEC

STAT3 and suppress lipid transporters and sugar catabolizing



Figure 7. The MASLD remedial effects of IL-22Fc require STAT3 expression in IECs

(A and B) Stat3DIEC mice were kept on NCD (n = 2) or HFD + 30% fructose water for 16 weeks and treated with Fc (n = 4) or IL-22Fc (n = 7) as above.

(A) Representative H&E and ORO staining and Col1a1 IHC of liver sections from above mice and quantification. Scale bar, 100 mm.

(B) Quantitative real-time PCR of the indicated SI mRNAs from above mice.

(C and D) SI of C57BL/6mice fed HFD + fructose and treated with Fc or IL-22Fc was isolated as above and single-cell suspensions of lamina propria lymphocytes

were subjected to RNA-seq.

(C) t-SNE plots depicting color-coded clustering of 12,862 and 12,360 single CD45+ immune cells from Fc- and IL-22Fc-treatedmice, respectively (n = 2mice per

group), based on known marker genes.

(D) Heatmaps and dot plots of Il22, Il17a, and Il23a mRNA amounts in the designated immune cell populations revealed by scRNA-seq.

(E) Flow cytometric analysis of IL-22 expression in ILC3 (CD45+LIN�CD3�TCRb�TCRg�RORgt+) from the SI of C57BL/6 mice treated with NCD (n = 4), HFD + Fc

(n = 4), or HFD + IL-22Fc (n = 4).

Data are presented as mean ± SEM. n.s., not significant; *p < 0.05 (unpaired two-tailed t test).
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enzymes in Abx-treated mice that lost >90% of their microbiota.

Although the ability of IL-22Fc to induce weight loss, reduce food

consumption, and restore liver health was demonstrated inmice,

future efforts should focus on development of IEC-selective IL-

22R1 agonists, which may be as effective as GLP1 receptor ag-

onists in the treatment of obesity and MASLD, as well as

reducing liver fibrosis.
Limitations of the study
Our study, which was conducted in mice, indicates that exog-

enous IL-22 reverses diet-induced MASLD by binding to its in-

testinal receptor to inhibit macronutrient absorption through a

STAT3-dependent and microbiome-independent signaling.

However, how energy-dense diets inhibit IL-22 (and IL-17A)

production and how STAT3 in IECs controls IL-22 production

by immune cells have not been investigated. Due to the

absence of human clinical specimens and suitable publicly

available datasets, we could not demonstrate that consumption

of obesogenic diets also reduces IL-22 (and IL-17A) production

in the human SI. It also needs to be established that IL-22

administration results in MASLD resolution and reversal of die-

tary obesity in humans. Such conclusions await the completion

of ongoing clinical trials.
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Stat3DIEC Dr. David Brenner N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
C57BL/6 mice were obtained from Charles River Laboratories. Il22ra1f/f mice19 were obtained from Prof. Jay Kolls at Tulane Univer-

sity and crossed with either AlbuminCre mice (AlbCre/Il22ra1f/f) or VillinCre mice (VillinCre/Il22ra1f/f) to ablate IL-22Ra1 in either hepa-

tocytes (Il22ra1DHep) or IEC (Il22ra1DIEC). Stat3DHep and Stat3DIEC mice40 were received from Prof. David Brenner at UCSD. gp130Act

mice, generated by the Karin lab, were previously described.33 Mice were randomly allocated to different experimental groups based

on their genotypes. In preliminary experiments we found that separate housing of Fc and IL-22Fc treatedmice resulted inmore robust

differences between the two treatment groups. Only male mice were used and kept in filter-topped cages on autoclaved food and

water at constant temperature (23 �C ± 2 �C) and humidity (50%–60%), in a pathogen-free controlled environment with a standard

12-h light–12-h dark cycle. Experiments were performed in accordance with UCSD Institutional Animal Care and Use Committee and

NIH guidelines and regulations. Animal protocol S00218 (M.K.) was approved by the UCSD Institutional Animal Care and Use Com-

mittee. Male mice (10 weeks-old) were fed NCD, HFD (Bio-Serv, F3282) or WD (TestDiet, AIX-76A Western Diet). Both the HFD and

WDwere supplemented by 30% fructose water. After 12 weeks, the mice were intraperitoneally (i.p.) injected with 10 mg/mouse mFc

(Chimerigen, CHI-MF-120IG2A-0000) or mIL-22-Fc (Chimerigen, CHI-MF-12022-0000) every 3 days for 4 more weeks on the same

diet as before the treatment. Body weight and food consumption weremonitored weekly throughout the entire 16 weeks period, after

which the mice were euthanized for blood and tissue collection. The number of mice per experiment was selected based on power

calculations and is indicated in the figure legends.

For antibiotics treatment, male C57BL/6 mice (10 weeks-old) were fed HFD+30% fructose water for 16 weeks and were i.p. in-

jected with 10 mg mFc or IL-22Fc /mouse for the last 4 weeks as above. During the last 5 weeks 9i.e. one week prior to Fc or IL-

22Fc treatments), 1 g/L ampicillin (Sigma, A0166), 0.5 g/L vancomycin (VWR, VWRV0990), 1 g/L neomycin sulfate (VWR,

VWRV0558), and 1 g/L metronidazole were added into 30% fructose water that was changed every 2 days.

METHOD DETAILS

Olive oil and lactose absorption
For measurement of olive oil absorption, C57BL/6 mice, Il22ra1f/f or Il22ra1DIEC were HFD fed for 2 weeks, and during the second

week of feeding, the mice were treated with Fc or IL-22Fc (10 mg/dose/3d). After 4h fast, mice were intravenously (i.v.) injected

with tyloxapol (0.5g/kg) 30 min before intragastrical (i.g.) administration of 15ml/kg olive oil. Then the blood triglycerides concentra-

tion from the tail vein wasmeasured from 0 to 6 hours. For measurement of lactose absorption, C57BL/6mice were treated with Fc or

IL-22Fc (10 mg/dose/3d) for 1 week. After 12h fast, themice were i.g. administered 400 ml of 20% lactose solution. Blood glucose was

measured before injection and every 30 min thereafter, for up to 2 h.
Cell Metabolism 36, 2341–2354.e1–e6, October 1, 2024 e3

https://www.moleculardevices.com/
https://imagej.nih.gov/ij/
https://www.graphpad.com/scientificsoftware/prism/
https://imagej.net/software/fiji/
https://www.flowjo.com/
https://dev.qiime2.org/latest/
https://www.r-project.org/
https://www.10xgenomics.com/
https://www.10xgenomics.com/
https://www.gsea-msigdb.org/gsea/index.jsp


ll
OPEN ACCESS Article
Measurements of metabolites and hormones
Liver TG, serum TG and serum cholesterol were measured with Triglyceride Colorimetric Assay Kit (Cayman Chemical #10010303)

and Cholesterol Fluorometric Assay Kit (Cayman Chemical #10007640), respectively, according to manufacturer protocols. ALT and

AST assays were performed with ALT(GPT) Reagent (Thermo Scientific, TR71121) and AST/GOT Reagent (Thermo Scientific,

TR70121), respectively, according to the manufacturer’s protocol. Serum LPS and insulin were measured with Mouse Lipopolysac-

charides (LPS) ELISAKit (CUSABIO, CSB-E13066m) and Insulin ELISA KIT (Invitrogen, EMMINS), respectively, according to theman-

ufacturer’s protocol.

GTT and ITT
For GTT, B6 mice that were fed WD for 16 weeks with Fc or IL-22Fc treatments for the last 4 weeks, were fasted for 12-14 h and then

given 1 g/kg glucose by i.p. injection. Blood glucose wasmeasured before the injection and every 30min thereafter with a glucometer

(OneTouch Ultra 2, One Touch) on blood from superficial tail incision. For ITT, B6 mice that were fed and treated as above, were

fasted for 2-4 h and then injected with 0.5 U/kg insulin. Blood glucose was measured before injection and every 30 min thereafter,

up to 2 h.

Measurement of intestinal permeability
C57B6 mice were fed with NCD or HFD+30% fructose water for 16 weeks and treated with Fc or IL-22Fc for the last 4 weeks. After a

5 h fast, the mice were gavaged with 50mg/kg FITC-Dextran (FD4). Serumwas collected at 0 and 5 h later and FD4 fluorescence was

measured at 530 nm with excitation at 485 nm.

Primary mouse hepatocyte isolation and culture
Primary hepatocytes were isolated from 8 weeks-old Il22ra1f/f and Il22ra1DHep males using a two-step collagenase perfusion as

described.41 Briefly, mouse livers were perfused with perfusion buffer (HBSS (Thermo Fisher, 14175095) with 0.5mM EDTA and

25mMHEPES) and digested with digestion buffer (HBSSwith Ca2+ Mg2+ (Thermo Fisher, 24020117), 25mMHEPES and 1mg/ml Lib-

erase (Roche, 5401127001)). Hepatocytes were spun down at 50x g for 3 min at 4 �C then purified on a Percoll gradient. The hepa-

tocytes were counted and directly collected or plated on collagen-coated plates for 6 h in plating medium (DMEM low glucose, 5%

FBS and 1% Penicillin-streptomycin (PS)). After cell attachment, the plating medium was replaced with maintenance medium (Will-

ams E medium, 2 mM glutamine and 1% PS) for further use.

Multi-lineage spheroids (MLS) assay
The MLS assay was described previously.21 Hepatocyte from Il22ra1f/f and Il22ra1DHep mice and stellate cell (SC) and non-paren-

chymal cells (NPCs) from C57BL/6 mice were isolated. Spheroid composition: cells per well of 96-well ultra-low attachment plate

Hep:SC:NPC=1600:400:600. Every 3 days, 50% of the medium is replaced by serum free medium. Fibrogenesis was stimulated

by a NASH medium containing fatty acids, fructose and LPS. Spheroids were treated with 100ng/ml Fc or rIL-22 for 48 h then har-

vested for qRT-PCR analysis.

Immunoblot analysis and nuclear extraction
Cells were harvested and lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate,

0.1% SDS, 1 mM EDTA) supplemented with complete protease inhibitor cocktail. Livers and SI were homogenized in a Dounce ho-

mogenizer (Thomas Scientific, NJ) with 30 strokes in RIPA buffer supplemented with complete protease inhibitor cocktail. The pro-

teins were separated by SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) membranes, blocked in 5% nonfat milk, and

incubated with the indicated primary antibodies overnight. Second antibodies were added for another 1 h and detected with Clarity

Western ECLSubstrate (Biorad). Nuclear extractionwas performedwith theNE-PERNuclear andCytoplasmic Extraction Reagent kit

(Thermo Fisher, 78833), following manufacturer’s instructions. After extraction, nuclear and cytoplasmic extracts were separated by

SDS-PAGE and analyzed by immunoblotting as above.

Histology
SI or liver tissues were dissected and fixed in 4% paraformaldehyde in PBS and embedded in paraffin. 5 mm thick sections were

stained with hematoxylin and eosin (H&E) (Leica, 3801615, 3801571). For frozen block preparation, livers were embedded in

Tissue-Tek OCT compound (Sakura Finetek), sectioned, and stained with Oil Red O to visualize TG accumulation. For IHC, after

xylene de-paraffinization and rehydration through graded ethanol antigen retrieval was performed for 20 min at 100�C with 0.1% so-

dium citrate buffer (pH 6.0). Following quenching of endogenous peroxidase activity with 3%H2O2 and blocking of non-specific bind-

ing with 5% bovine serum albumin buffer, sections were incubated overnight at 4�Cwith the appropriate primary antibodies followed

by incubation with 1:500 biotinylated secondary antibodies for 60min and 1:500 streptavidin-HRP for 60min. Bound peroxidase was

visualized by 1-10 min incubation in a 3, 30-diaminobenzidine (DAB) solution (Vector Laboratories, SK-4100). Slides were photo-

graphed on an upright light/fluorescent Imager A2microscope with AxioVision Rel. 4.5 software (Zeiss). All liver samples were scored

for steatosis, lobular inflammation, hepatocellular ballooning used for calculation of NAS using published NASH CRN criteria.
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RNA isolation and quantitative real-time PCR (qRT-PCR)
Total liver or SI RNA was extracted with RNeasy Plus Mini kit (Qiagen #74134) and cDNA was synthesized with SuperScript VILO

cDNA Synthesis Kit (Thermo Fisher Scientific, 11754050). mRNA expression was determined by CFX96 thermal cycler (BioRad).

Data are presented as arbitrary units. Primers are listed in Table S1.

Liver metabolomics
OPTIMA-grade acetone, chloroform, methanol (MeOH), acetonitrile (ACN), water, and formic acid were purchased from Fisher Sci-

entific (Pittsburgh, PA). 50 mg of liver tissue from NCD or WD+fructose fed mice treated with Fc or IL-22Fc (n=3 for each group) were

thawed on ice for 30 min. A precleaned 5 mm stainless steel bead (Qiagen Inc., Valencia, CA) and 0.5 mLMeOHwere added to each

sample tube. Samples were homogenized on a TissueLyzer (Qiagen Inc., Valencia, CA; 25 Hz, 5 min), then mixed with 0.5 mL chlo-

roform, vortexed for 20 s, and after adding 0.4mLwater, vortexed again for 20 s, and then centrifuged (16 000 rpm, 15min). The upper

aqueous fraction and the bottom chloroform-lipid fraction were collected into 2 mL glass vials and dried on a vacuum concentrator

(liquid volume monitored constantly to avoid over-drying and potential chemical loss). The upper layer was redissolved in 0.2 mL

ACN/H2O 50:50 with 100 ug/L sulfadimethoxine-d5. (this layer was not used for data analysis). The lower layer: was redissolved

in ACN/IPA/H2O 65:30:5 with 100 ug/L sulfadimethoxine-d5 and transferred into glass vial inserts. Triplicate method blanks and 8

instrument controls were included. Tissue extracts were injected (5 mL) into a Vanquish ultra-high-performance liquid chromatog-

raphy (UHPLC) system coupled to a Q Exactive quadrupole orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA).

A Kinetex polar C18 column (150 3 2.1 mm2, 2.6 mm particle size, 100 A pore size; Phenomenex, Torrance) was employed with a

SecurityGuard C18 column (2.1 mm ID) at 30 �C column temperature. The mobile phases (0.5 mL/min) were 0.1% formic acid in

both water (A) and ACN (B) with the following gradient: 0–1 min 5% B, 1–7 min 5–100% B, 7–7.5 min 100% B, 7.5–8 min 100–5%

B, and 8–10 min 5% B. The mass spectrometer was operated in positive heated electrospray ionization (see Text S1 for detailed

instrumental parameters). The raw spectra were converted to.mzML files using MSconvert (ProteoWizard), followed by feature

extraction with MZmine 3.2.8. Peak areas of the chemical features were used for quantification. LC-HRMS data files are available

through the MassIVE repository (https://massive.ucsd.edu/ProteoSAFe/static/massive.jsp) under the following identifier: MassIVE

MSV000094925.

16s sequencing
Colonic fecal pellets from HFD+fructose fed Il22ra1f/f, Il22ra1DHep, Il22ra1DIEC and Abx-treated C57BL/6 mice treated with Fc or IL-

22Fc (nR6 for each group) were subjected to nucleic acid extraction at the UCSD Microbiome Core according to previously pub-

lished protocols.42 Briefly, samples were purified using the MagMAXMicrobiome Ultra Nucleic Acid Isolation Kit (Thermo Fisher Sci-

entific, USA) and automated on KingFisher Flex robots (Thermo Fisher Scientific, USA). Blank controls andmock communities (Zymo

Research Corporation, USA) were included and carried through all downstream processing steps. 16S rRNA gene amplification was

performed according to the Earth Microbiome Project protocol.43 Briefly, Illumina primers with unique forward primer barcodes44

were used to amplify the V4 region of the 16S rRNA gene (515fB-806r45). Amplification was performed as single reactions per sam-

ple,46 then equal volumes of each amplicon were pooled and the libraries sequenced on the Illumina NovaSeq 6000 sequencing plat-

form with paired-end 150 bp cycles at the Institute for Genomic Medicine (IGM, UC San Diego). Sequence data were analyzed using

QIIME 2 pipeline and R.

Isolation of SI epithelial cells and lamina propria lymphocytes
Isolation of single crypts-enriched epithelial cells was adapted from a published publication.47 In brief, mesenteric fat tissue and

Peyer’s patches were carefully removed and the SI was opened longitudinally and sliced into small fragments roughly 2mm in length.

The tissue was incubated in 5 mM EDTA–PBS on ice for 90 min. Every 30 min, the tissue was shaken vigorously and the supernatant

was collected as fraction 1 in a new conical tube. The final fraction (enriched for crypts) waswashed twice in PBS, centrifuged at 300g

for 5 min, and dissociated with TrypLE express (Invitrogen) for 5 min at 37 �C. The single-cell suspension was then passed through a

40-mm filter and dead cells were removed using Dead Cell Removal Kit (Miltenyi Biotec, 130-090-101) for scRNA-seq. Isolation of

lamina propria lymphocytes (CD45+) also followed a published protocol.48 After IEC were removed, the remaining tissue wasminced

with scissors and dissociated in RPMI containing 2% FBS, Liberase (31.25 mg/ml) and DNase I (50 mg/ml; Roche Diagnostics) at con-

stant shaking at 37 �C for 35 min (175 rpm). The digested tissue was then filtered through a 70-mm strainer to remove large debris.

Viable lamina propria lymphocytes were collected at the interface of a 40%/80% Percoll/RPMI gradient (GE Healthcare) and dead

cells were removed as above.

Flow cytometry
For lymphocyte isolation, liver fragments of equal weight were cut into small pieces and incubated in dissociation solution (DMEMme-

dium supplemented with collagenase type I (1.5 mg/ml) and DNase I (100 mg/ml)) for 30min at 37 �C. After incubation, cell suspensions
werepassed througha40mmcell strainer andwashed twice. Laminapropria lymphocytes from theSIwere isolatedasdescribedabove.

ToblockFc-mediated interactions,mousecellswerepre-incubatedwith0.5–1mgofpurifiedanti-mouseCD16/CD32per100ml. Isolated

cells were stainedwith labelled antibodies in PBSwith 2%FBS and 2mMEDTA. Dead cells were excluded on the basis of stainingwith

Propidium Iodide (P4864, Sigma-Aldrich). For intracellular cytokine staining, cellswere re-stimulatedwith cell stimulation cocktail (eBio-

science; containingPMAand ionomycin), in the presence of a protein transport inhibitor cocktail containingBrefeldin A (BD). After 4–5 h,
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cellswere fixedand permeabilized eBioscienceFoxp3/Transcription Factor staining buffer for combined staining of cytokineswith tran-

scription factors. After fixation/permeabilization, cells were stained with labelled antibodies of interest. Cells were analysed on a Beck-

manCoulter CyanADP flowcytometer. Gating strategies: ILC3 (LiveCD45+CD11c-CD19-CD11b-CD3-TCRb-TCRg-RORgt+), Th17 cells

(LiveCD45+CD11c-CD19-CD11b-CD3+TCRb+TCRg-RORgt+), gd T cells (LiveCD45+CD11c-CD19-CD11b-CD3+TCRb-TCRg+RORgt+),

Kupffer cells (LiveCD45+CD3-CD19-Ly6G-F4/80+CD11bint), monocytes derived macrophage (LiveCD45+CD3-CD19-Ly6G-F4/

80-CD11bhigh). Data were analyzed using FlowJo 10.2 software (Treestar).

Single-cell RNA sequencing pipeline and analysis
Single cell RNA-Sequencing (scRNA-seq) library preparation was performed by Prof. Judith Varner lab using the 10x 3’ Continuous

Chromium Connect. Approximately 17,000 cells were loaded to achieve 10,000 captured cells per sample to be sequenced.

Sequencing was performed at the UCSD IGM core facility using the NovaSeq 6000 (Illumina) sequencing platform to obtain approx-

imately 200 million reads per sample. Raw scRNA-seq data was converted to FASTQ files and then aligned to the mouse genome

[mm10]-2020 A and integrated using default parameters of CellRanger (v7.1.0, 10x Genomics). Quality control and clustering were

performed using Loupe Brower 6.5.0. Basic filtering parameters included cells with Unique Molecular Identifiers (UMIs) of minimum

50 and maximum 8500. Cells expressing less than 50 percent mitochondrial related genes were included and CD45+ cells were

removed. After clustering, detected clusters were mapped to cell types or intermediate states using known markers for intestinal

epithelial cell subtypes. Differentially expressed genes (DEG) per cluster and Violin plots of genes of interested were calculated

and prepared by the Loupe Browser.

To performGeneOntology-Term analysis based on biological processes usingDavid,49 we usedDEGs as target genes. To perform

GSEA analysis, we used GSEA software with gene sets of fatty acid metabolism, fatty acid transport and canonical WNT signaling

pathway from Mouse MSigDB v2023.1.Mm. To perform public scRNA-seq analysis, we first downloaded the Fastq files of NC and

HFD 7d from GSE199776 and performed scRNA-seq analysis using the same method as above.

QUANTIFICATION AND STATISTICAL ANALYSIS

Positive areas of protein expression in liver and SI was quantified using ‘Colour Deconvolution’, ‘H DAB’, and ‘Analyze Particles’

feature in Fiji Image J and then averaged across all the fields (5–6 fields). Thesemeasurements were done on randomly selected fields

of view. A two-tailed unpaired Student’s t-test was performed for statistical analysis using GraphPad Prism software. Data are pre-

sented as mean ± s.e.m. (****p < 0.0001, ***p < 0.001, **p< 0.01 and *p< 0.05). All experiments were repeated at least 3 times.
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