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INTRODUCTION: In alcoholic hepatitis (AH), high interleukin (IL)-22 production is associated with disease improvement,

purportedly through enhanced infection resistance and liver regeneration. IL-22 binding protein (BP)
binds and antagonizes IL-22 bioactivity, but data on IL-22BP in liver disease suggest a complex
interplay. Despite the scarcity of human data, IL-22 is in clinical trial as treatment of AH. We, therefore,
in patients with AH, described the IL-22 system focusing on IL-22BP and associations with disease
course, and mechanistically pursued the human associations in vitro.
METHODS:

We prospectively studied 41 consecutive patients with AH at diagnosis, days 7 and 90, and followed
them for up to 1 year. We measured IL-22 pathway proteins in liver biopsies and blood and investigated
IL-22BP effects on IL-22 in hepatocyte cultures.

RESULTS:

IL-22BP was produced in the gut and was identifiable in the patients with AH’ livers. Plasma
IL-22BP was only 50% of controls and the IL-22/IL-22BP ratio thus elevated. Consistently,
IL-22-inducible genes were upregulated in AH livers at diagnosis. Low plasma IL-22BP was closely
associated with high 1-year mortality. In vitro, IL-22 stimulation reduced IL-22 receptor (R)
expression, but coincubation with IL-22BP sustained IL-22R expression. In the AH livers, IL-22R
mRNA expression was similar to healthy livers, although IL-22R liver protein was higher at
diagnosis.

DISCUSSION:

Plasma IL-22BP was associated with an adverse disease course, possibly because its low level reduces
IL-22R expression so that IL-22 bioactivity was reduced. This suggests the IL-BP interplay to be central
in AH pathogenesis, and in future treatment trials (see Visual abstract, Supplementary Digital Content
5, http://links.lww.com/CTG/A338).

SUPPLEMENTARY MATERIAL accompanies this paper at https://links.lww.com/CTG/A325, https://links.lww.com/CTG/A326, https://links.lww.com/CTG/A327,
https://links.lww.com/CTG/A328, https://links.lww.com/CTG/A338
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INTRODUCTION
Alcoholic hepatitis (AH) carries a high mortality (1). The current,
but controversial treatment with corticosteroids, has uncertain
eﬀects on survival, but increases the risk of infections (2–4). New
treatment strategies are urgently needed, and interleukin (IL)-22
is a promising candidate.

The bioactivity of IL-22 is regulated by its binding protein (BP)
IL-22BP, which has an oﬀ-rate 1,0003 that of the surface bound
receptor (5). Production of IL-22BP is detected in dendritic cells,
eosinophils, and T cells in the gut and can be inhibited by components of the inﬂammasome, which is highly activated in AH
(6–9). IL-22BP is proposed to act as a rheostat to tightly regulate
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IL-22 functions (10). However, data on the role of IL-22BP in liver
diseases are few and conﬂicting. Gene variants of IL-22BP associated with high IL-22BP expression are related to the development of severe ﬁbrosis in schistosomiasis and hepatitis C,
whereas IL-22BP knock-out mice are more susceptible to acute
liver injury (11,12).
Regarding AH, a high number of IL-22-producing T cells is
associated with disease improvement, which may be related to
both improved resistance to infection and repair of the liver
(13,14). Based on animal studies, the eﬀects are proposed to be
IL-22-dependent production of antimicrobial peptides such as
lipocalin-2 and mitogenic and antiapoptotic gene induction
(15–18). Whether these are also the mechanisms of action of IL22 in human beings and particularly in AH has not been
explored.
IL-22 signals via its surface-bound IL-22 receptor (R)-IL10R2
complex, which is almost exclusively expressed on epithelialderived cells such as hepatocytes (17). This activates the signal
transducer and activator of transcription (STAT)3 and its inhibitor suppressor of cytokine signaling (SOCS)3 (19).
Given this background, we conducted a series of human and in
vitro experiments: the former to describe the components of the
IL-22 system and associations to clinical outcomes and the latter
to mechanistically explore the human ﬁndings. We hypothesized
that low IL-22BP and high IL-22 were associated with a favorable
outcome, that IL-22 pathway proteins were induced and that IL22BP would block IL-22 mediated eﬀects.

METHODS
Study design and population

In this prospective cohort study, the patients with AH were diagnosed at and consecutively recruited from the Department of
Hepatology and Gastroenterology, Aarhus University Hospital,
Denmark between March 2013 and December 2017. Diagnosis
was based on the following criteria: a history of excessive alcohol
consumption for men .50 g/d and women .40 g/d (mean intake
men: 120 g/d [SD 60] and women: 121 g/d [SD 82]) with a period
of abstinence of less than 4 weeks leading up to disease presentation, acute jaundice with presentation within the previous 2
weeks and with serum bilirubin . 80 mmol/L, and age between 18
and 75 years. Liver biopsy was performed in 25 cases (see Supplementary Digital Content 1, http://links.lww.com/CTG/A325).
Exclusion criteria were other underlying liver disease, hepatocellular carcinoma, gallstones, uncontrolled infection, upper
gastrointestinal bleeding, or immunomodulatory therapy within
the past 8 weeks. None of the patients had psoriasis or inﬂammatory bowel disease. Infection screening was performed on
admission and included clinical examination, chest x-ray, analyses of urine, culture of blood and ascites (when present), and
other individual tests if indicated. If infection was diagnosed,
patients were treated with antibiotics and included once infection
was controlled. According to local clinical guidelines at the time
of study, patients were treated medically with either Pentoxifylline (before 2015) or prednisolone when their Glasgow Alcoholic
Hepatitis Score (GAHS) was 9 or above. Blood was sampled from
patients with AH on the day of diagnosis, on days 7 and on day 90
after diagnosis, and the patients were followed for 1 year.
Controls

For the measurement of soluble proteins, control groups were
healthy individuals (n 5 10) and patients with stable alcoholic
Clinical and Translational Gastroenterology

cirrhosis (n 5 15) from the department’s biobank. In addition,
patients with nonalcoholic fatty liver (n 5 12) and nonalcoholic steatohepatitis (n 5 13) were included (20). Moreover, a cohort of patients with cirrhosis (n 5 29) undergoing
transjugular intrahepatic portosystemic shunt was acquired
from Sapienza University of Rome for comparison of peripheral vein and portal vein plasma. Healthy liver tissue for RNA
sequencing was obtained from the healthy rim of liver resectates during operations for metastatic colon cancer at the
Department of Abdominal Surgery, Aarhus University Hospital, and for immunohistochemistry, from the pathologist
biobank at Aarhus University Hospital. Written informed
consent was obtained before inclusion in the study, and the
study was conducted in accordance with the Helsinki declaration. The study was approved by the Central Denmark Region Ethical Committee (j.no. 1-10-72-40-13) and the Danish
Data Protection Agency and registered at clinicaltrials.gov
(NCT01918462).
ELISA of IL-22, IL-22BP, and lipocalin-2

Commercially available ELISA kits (IL-22 [ThermoFisher Scientiﬁc], IL-22BP [Raybio, Norcross], and lipocalin-2 [R&D,
Abingdon, UK] were tested and optimized to avoid the inﬂuence
of heterophilic antibodies (21). Spiking the IL-22 and IL-22BP
ELISAs with recombinant IL-22BP and IL-22, respectively, did
not change the measured protein concentration, suggesting that
we were in fact measuring total IL-22 and IL-22BP. We therefore
report the calculated IL-22/IL-22BP ratio as a measure of free
IL-22.
Histology and immunohistochemistry

Liver biopsies (n 5 25) were scored by an experienced liver pathologist according to the Alcoholic Hepatitis Histologic Score
(22). Immunohistochemistry was performed using the fully automated VENTANA BenchMark ULTRA staining system
(Ventana Medical Systems, Tucson, AZ) with antigen retrieval at
high pH using ULTRA Cell Conditioning (Ventana Medical
Systems). Incubation was performed with optimized concentrations of the following antibodies IL-22BP (Clone #214518, R&D
Systems, Minneapolis, MN, 1:500), IL-22R (HPA042399, SigmaAldrich, St. Louis, MO, 1:500), and lipocalin-2 (HPA002695,
Sigma-Aldrich, 1:200) for 32 minutes, followed by peroxidase
staining and detection with Optiview DAB (Ventana Medical
Systems). A range of IL-22 antibodies were tested without successful results.
RNA sequencing of liver biopsies

RNA was extracted from snap-frozen liver biopsies (n 5 21)
and stored at 280 °C until processing. RNA was isolated
using the NucleoSpin kit (MACHEREY-NAGEL, Düren,
Germany), and puriﬁed RNA from each sample was used to
generate a copy DNA library using the NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina (New England
Biolabs, Ipswich, MA). Copy DNA libraries were then sequenced
on a NextSeq 500 using NextSeq 500/550 High Output Kit
V2 (Illumina, San Diego, CA). The sequencing data were aligned
to the human genome from the Ensembl database using the
Spliced Transcripts Alignment to a Reference software (PMID:
23104886).
VOLUME 11 | AUGUST 2020 www.clintranslgastro.com

In vitro set up and qPCR

HepG2 cells were cultured in Dulbecco’s Modiﬁed Eagle’s Medium, low glucose (ThermoFisher Scientiﬁc) supplemented with
100 U/mL penicillin and 100 mg/mL streptomycin (ThermoFisher Scientiﬁc), and 10% heat-inactivated, sterile-ﬁltered human AB serum for at least 1 week before stimulation. Primary
human hepatocytes (pooled, 5 donors) were purchased from
ThemoFischer Scientiﬁc and cultured according to the suppliers’
instructions. Before the day of stimulation, the hepatocytes were

seeded in 12- or 24-well plates at a concentration of
600.000–700.000 hepatocytes/mL. Conﬂuency of greater than
70% was veriﬁed before stimulation with rIL22 BP (11025H08H, Sino Biological Inc, Wayne, PA) and/or rIL-22 (200-2210, PeproTech, TriChem ApS, Skanderborg, Denmark). Hepatocytes were harvested, and RNA extracted using the E.N.Z.A.
Total RNA kit (Omega Bio-Tek, Norcross, GA). Copy DNA was
synthesized using OligDT primers and the Thermo Scientiﬁc
Hybaid PCR Express (ThermoFisher Scientiﬁc). Quantitative

Table 1. Alcoholic hepatitis patients’ clinical and biochemical characteristics
Alcoholic hepatitis
Diagnosis
Mean

Day 7
SD

Mean

n 5 26

Characteristicsa
Gender (M/F)

Day 90
SD

Mean

n 5 26

SD
n 5 26

26/15

Age (yr)

54.8

10

ALT (U/L) [10; 70]

59.2

36.9

82.1

Bilirubin (mmol/L) [5; 25]

255.3

152

INR [,1.2]

1.77

0.45

Albumin (g/L) [36; 45]

22

4.4

Urea (mmol/L) [0.70; 1.10]

7.0

6

39.9

33.5

17.3

218.7

145

20.9

17.3

1.63

0.59

1.28

0.22

25.6

5.5

34

5.5

12.6

11.8

6

4.6

Creatinine (mmol/L) [60; 105]

107.3

110

99.1

81.7

80.7

34.8

Hemoglobin (mmol/L) [7.1; 10.3]

6.48

1.28

6.48

1.22

8.64

3.44

Thrombocytes [145–400- 3 109/L]

170.3

116.6

195.9

184.8

169.5

107.4

CRP (mg/L) [,8]

27.2

22

21.2

17.8

4.3

3.7

Leukocytes [3.5; 10 310 /L]

12.2

6.8

15.3

10

6.8

2.1

Neutrophils [2; 7 3109/L]

9.4

6.3

12.9

10.3

3.8

1.8

9

Complications
Ascites (%)

53.7

42.3

5.9

HE (%)

19.5

23.1

5.9

Infectionb (%)

39.0

11.5

17.6

Disease severity
GAHS

8.6

MELD

22.7

8.1

21

9.7

8.6

6.2

MDF

57.2

27.3

47.8

36.5

16.5

12.5

Child Pugh score

11.1

1.5

10.7

1.6

7.6

Child-Pugh category (A/B/C/missing)

1.7

8.4

0/9/32/0

1.5

6.4

0/7/19/0

0.8

1.2
0/13/1/3

Treatment
Prednisolone/Pentoxifylline/none

20/3/18

Biopsy (n525)
AHHS score

5.8

Cirrhosis on biopsy (%)

76

Dead (%)

2.2

0

24.4

Clinical and biochemical characteristics of the cohort of alcoholic patients with hepatitis when included at diagnosis, and at follow-up days 7 and 90 after inclusion.
AHHS, alcoholic hepatitis histologic score; ALT, alanine aminotransferase; CRP, C reactive protein; GAHS, Glasgow Alcoholic Hepatitis Score; HE, hepatic encephalopathy;
INR, international normalised ratio; MDF, Modified Maddrey Discriminant function; MELD, model of end-stage liver disease.
a
Normal reference interval in brackets.
b
Infections were urinary tract infection (n 5 8); spontaneous bacterial peritonitis (n 5 3); fungal esophagitis (n 5 2); pneumonia (n 5 1); conjunctivitis (n 5 1); and
unknown foci (n 5 1).
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polymerase chain reaction was performed on the StepOnePlus
Real-Time PCR system (Applied Biosystems, ThermoFisher
Scientiﬁc) using SYB(R) (Synergy Brands) Green detection with
optimized primers and Glyceraldehyde 3-phospahte dehydrogenase as reference gene. Gene expression is reported as fold
change relative to unstimulated hepatocytes. All stimulations were
run in duplicates or triplicates and repeated at least twice (for
additional methods see, Supplementary Digital Content 2, http://
links.lww.com/CTG/A326).

Statistics

Data were log-transformed to obtain normal distribution and
among groups comparisons performed by a T-test (2 groups) or
analysis of variance (.2 groups). A Kaplan-Meier survival
analysis was used to assess the impact of plasma IL-22BP levels at
diagnosis on mortality. A cutoﬀ of 225 ng/mL was chosen because
it deﬁned the lower limit of the SD for the healthy controls. For
correlation analyses, the Pearson correlation coeﬃcient was calculated. Statistics for diﬀerential gene expression was calculated

Figure 1. IL-22BP is present in the liver and produced in the gut, and plasma levels are markedly reduced. (a) Immunohistochemical staining for IL-22BP in
paraffin-embedded sections of liver from patients with alcoholic hepatitis and healthy liver and colon. Representative sections displayed. (b) Plasma
IL-22BP by ELISA from the portal vein and peripheral blood in a cohort of patients with cirrhosis and in (c–e) peripheral plasma from patients with alcoholic
hepatitis (AH) and controls; nonalcoholic fatty liver (NAFL) and steatohepatitis (NASH) and stable alcoholic (Alc) cirrhosis (analysis of variance, T-test, *P ,
0.05,**P , 0.01, ***P , 0.001, bars represent means and SDs).
Clinical and Translational Gastroenterology
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with the R-package DESeq2 (PMID: 25516281). Expression values are reported as reads per kilobase of transcript per million
reads mapped. A P-value of below 0.05 was considered statistical
signiﬁcant.

AH, and although the ratio decreased signiﬁcantly from entry to
day 90, it remained higher than in healthy controls (Figure 1e).

RESULTS

A low-study-entry plasma IL-22BP was associated with markedly poorer 1-year survival (Figure 2a). Similarly, patients with
AH who died before day 90 had signiﬁcantly lower IL-22BP at
day 7 than those still alive (Figure 2b). Low entry IL-22BP was
associated with higher entry disease severity as measured by the
model of end-stage liver disease (MELD) (r 5 20.35, P , 0.05)
and GAHS (r 5 20.32, P , 0.05) but lower circulating leucocyte
counts (r 5 0.35, P , 0.05) and IL-8 (r 5 0.33, P 5 0.06).
Patients with low IL-22BP had lower study-entry thrombocyte
counts (132.5 3 10^29/L [71.4] vs 247.2 3 10^29/L [41.9], P 5
0.0043) higher international normalised ratio (1.90 [0.39] vs
1.52 [0.35], P 5 0.005), and lower hemoglobin (6.06 [1.16] vs
7.23 [0.36], P 5 0.01). In addition, the IL-22BP gene’s ﬁbrosisrelated (the nucleotide bases) guanine-guanine genotype in
single nucleotide polymorphisms (rs6570136) was associated
with MELD and GAHS (P , 0.05). Neither IL-22 nor the IL22/IL-22BP ratio was related to mortality, disease severity, liver
leukocyte inﬁltration, or proinﬂammatory cytokines in plasma.
There was no association between gene variants in the IL-22BP
gene and plasma IL-22BP that could explain the low IL-22BP
(data not shown).

IL-22BP is present in the human liver

Clinical and biochemical characteristics of the patients with
AH are presented in Table 1. By immunohistochemical
staining, IL-22BP was found in livers, both from patients with
AH and from healthy controls. Positive signals were found in
nonhepatocytes that corresponded to leukocytes (Figure 1a).
IL-22BP mRNA was not detected in patient nor control livers
(Table 2).
The gut produces IL-22BP

Previous studies identiﬁed leukocyte subsets in the gut as
the main IL-22BP producers. We, therefore, studied a cohort of
patients with cirrhosis undergoing transjugular intrahepatic
portosystemic shunt and veriﬁed a plasma IL-22BP concentration downgradient with higher IL-22BP in portal blood than in
the blood from the systemic circulation (Figure 1b). Opposite,
no gradient for IL-22 was present (data not shown).
Low plasma IL-22BP and high IL-22/IL-22BP ratio

Plasma IL-22BP was markedly lower in patients with AH compared with healthy controls, nonalcoholic fatty liver, and nonalcoholic patients with steatohepatitis (Figure 1c). In the patients
with AH, plasma IL-22BP remained low on day 90 after entry
(Figure 1c). In the livers, we found no IL-22 by immunohistochemistry and no IL-22 transcripts by RNA sequencing. The
patients with AH had higher entry plasma IL-22 than healthy
controls, but this diﬀerence leveled out by day 90 (Figure 1d).
Consequently, the plasma IL-22/IL-22BP ratio was increased in

Low IL-22BP was associated with higher mortality and more
severe disease

Expression of IL-22-inducible liver genes in AH

In accordance with the high IL-22/IL-22BP ratio, STAT3 expression was upregulated in the livers of the patients with AH and
the inhibitor SOCS3 was downregulated (Table 2). In addition,
the IL-22-inducible antimicrobial genes LCN2 and SAAs and
regenerative genes BCL2 and CCND1 were upregulated as evidence of active IL-22 signaling. We validated these RNA

Table 2. RNA sequencing of liver biopsies
HL
Median (IQR)a

Gene

AH
Median (IQR)

AH vs HL
Log2-Expression (fold change)

P

Signaling
IL10RB

4.66(4.63; 6.63)

12.38(10.10; 14.36)

1.223

,0.001

SOCS3

18.06(2.87; 57.13)

5.94(4.7; 7.47)

22.537

,0.001

STAT3

18.55(15.49; 19.86)

22.62(20.16; 27.36)

0.472

,0.05

Antimicrobial peptides
LCN2

0.87(0.78; 1.01)

86.55(38.47; 121.88)

6.394

,0.001

SAA1

410.29(180.56; 875.51)

2080.21(628.32; 3,665.59)

1.99

,0.01

SAA2

61.06(20.62; 72.66)

198.84(72.09; 369.72)

2.107

,0.001

Regeneration
0.43(0.28; 0.52)

1.12(0.88; 1.27)

1.369

,0.001

CCND1

BCL2

19.56(8.62; 35.82)

46.35(29.46; 51.81)

0.811

,0.05

IL22RA2

Not detectable

Not detectable

IL22

Not detectable

Not detectable

Total RNA was isolated from liver tissue from the healthy residual liver (HL) resectates from patients with metastatic colon cancer and from liver biopsies from patients with
alcoholic hepatitis (AH) and RNA sequencing was performed.
a
Expression level in reads per kilobase of transcript per million reads mapped (RPKM) (median [IQR]).
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Figure 2. Low IL-22BP at diagnosis is associated with 1-year mortality. Plasma IL-22BP by ELISA. (a) Kaplan-Meier survival curve of all patients with
alcoholic hepatitis stratified by plasma IL-22BP at diagnosis above or below 225 ng/mL (Log-rank test: P 5 0.037). (b) The plasma IL-22BP at day 7 was
compared between alcoholic hepatitis patients, who had died by day 90 and those still alive (T-test, bars display mean and SD, *P , 0.05). BP, binding
protein; IL, interleukin.

sequencing data for lipocalin-2 and showed increased protein in
the AH livers (Figure 3a, b P , 0.001) and elevated protein in
blood compared with all control groups at study entry (Figure 3c).
In addition, the predominant fraction of lipocalin-2 in blood was
the IL-22-inducible, epithelial-derived monomeric form (see
Supplementary Digital Content 3, http://links.lww.com/CTG/
A327).

IL-22 reduces the expression of the IL-22 receptor, and IL-22BP
reverts this reduction

To directly approach the eﬀects of low IL-22BP, we coincubated
HepG2 cells with IL-22 and varying concentrations of IL-22BP
for 4 and 24 h. In vitro, IL-22BP levels comparable with those
detected in vivo eﬀectively blocked IL-22 mediated induction of
LCN2, SAA1-2, BCL2, STAT3, and SOCS3 at both time points (see

Figure 3. Upregulation of lipocalin-2 in liver and blood. (a and b) Immunohistochemical staining for lipocalin-2 in livers of patients with alcoholic hepatitis
(AH) compared with healthy controls (Fisher exact test, P , 0.001). (c) Blood lipocalin-2 by ELISA in patients with alcoholic hepatitis, healthy controls,
nonalcoholic fatty liver (NAFL) and steatohepatitis (NASH) and from stable alcoholic (Alc) cirrhosis patients (T-test, bars represent means and SDs, *P ,
0.05, **P , 0.01).
Clinical and Translational Gastroenterology
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Figure 4. Presence of IL-22BP sustains IL-22 receptor expression. (a) HepG2 cells stimulated with 50 ng/mL recombinant IL-22 alone or in combination
with varying concentrations of recombinant IL-22BP for 4 hours. (b and c) primary human hepatocytes and HepG2 cells stimulated with 50 ng/mL
recombinant IL-22 alone or in combination with 250 ng/mL recombinant IL-22BP for 24 h and followed by repeat IL-22 stimulation for 4 hours. IL-22
receptor (R) expression by quantitative polymerase chain reaction relative to GAPDH and an unstimulated control. (d) IL-22R expression by RNA
sequencing and (e and f) immunohistochemistry of livers from alcoholic hepatitis patients compared with healthy liver. BP, binding protien; GAPDH,
Glyceraldehyde 3-phospahte dehydrogenase; IL, Interleukin.

Supplementary Digital Content 4, http://links.lww.com/CTG/
A328). In the HepG2 cells, IL-22 decreased the transcription of its
own IL-22R gene, and IL-22BP supplementation blocked this
(Figure 4a). To mimic in vivo conditions, we stimulated with
either IL-22 alone or IL-22 in combination with IL-22BP for 24
hours and repeated IL-22 stimulation for 4 hours in both HepG2
cells and primary human hepatocytes. Again, in both cell types,
IL-22R transcription was higher in the IL-22 1 IL-22BP pretreated cells than in those pretreated with IL-22 alone (Figure 4b,
c). In the patients with AH, IL-22R gene expression in the liver
tissue was not diﬀerent from that of controls at diagnosis
(Figure 4d), although immunohistochemical staining for IL-22R
protein was increased compared with healthy livers (Figure 4e, f).
American College of Gastroenterology

This suggests that the high IL-22/IL-22BP ratio at diagnosis may
downregulate IL-22R expression through the course of AH.

DISCUSSION
This study suggests that IL-22BP is of decisive importance for the
bioactivity of the IL-22 system so that low plasma IL-22BP in
patients with AH predicts a poor outcome. Despite the longstanding interest in IL-22 in this disease, this study is the ﬁrst to
investigate in detail the complete IL-22 system including its BP
and receptor (23). The ﬁrst clinical trial of IL-22 for the treatment
of AH is coming to an end, and expectably, there will be a need to
consider which factors may inﬂuence the treatment outcome; our
study suggests IL-22BP to be such a factor.
Clinical and Translational Gastroenterology
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In our cohort of patients with AH, the study-entry plasma IL22BP was very low. This parallels the onset of other acute inﬂammatory diseases where IL-22BP is low and IL-22 elevated
(6,8). However, in our patients, IL-22BP remained low 90 days
later when IL-22 had normalized at variance with these diseases.
The depression of IL-22BP, therefore, seems not only to be related
to the acute phase of AH but may also be a related to a more longlasting immune activation. In analogy with this, we observed low
IL-22BP in the patients with cirrhosis and also that IL-22BP was
associated clinical factors related to liver cirrhosis such as
thrombocyte count depression and international normalised ratio elevation. The only available data on IL-22BP in liver disease
stem from mice studies of acute liver injury, and here, the concentration was unchanged, inherently with the limitation that
mice express only 1 of the 3 IL-22BP isotypes of humans (11,24).
Our ﬁnding is thus the ﬁrst observation of a chronic lowering of
plasma IL-22BP in human disease to our knowledge. One explanation for this may be the long-term induction of the
inﬂammasome, which is present both in AH and in stable cirrhosis (6,25). This seems to be a reasonable explanation because
bacteria penetrating the highly permeable intestinal barrier in AH
have this eﬀect (26).
In the AH livers, the scarce immunohistochemistry staining
of IL-22BP could not be distinguished from the similarly low
staining in our control livers, but it was markedly lower than in
our controls’ colon biopsies. This is in line with the higher IL22BP in portal than in systemic blood, which points to the gut
being the predominant IL-22BP producer in alcohol-related
liver disease, as is the case in health (6,9). This is further supported by no detection of IL-22BP mRNA in the livers of the
patients with AH. Conceptually, this is plausible because bacterial translocation from the gut is a codriver of alcohol-related
liver disease and there is experimental evidence for a role of IL22 in mitigating this translocation (27).
Our data is of clinical importance because low IL-22BP was
associated with more severe disease, a higher 1-year mortality,
and distinguished between short-term survivors and fatalities.
Together, these observations suggest IL-22BP to exert protective
functions in the course of AH. This possibility was supported by
a murine study of IL-22BP in liver injury (11). The ﬁnding is,
however, seemingly paradoxical because low IL-22BP increases
the fraction of free IL-22 and thereby increases supposedly
beneﬁcial IL-22 gene products. Indeed, in our patients with AH,
where entry IL-22 was elevated, we detected upregulation of the
same IL-22-inducible genes, as has been reported beneﬁcial in
rodent models of alcohol-mediated liver injury (16,28,29). The
paradox seems to be explained by the low IL-22BP we measured,
which may fail to sustain adequate IL-22R expression through
the course of AH as indicated by our in vitro and in vivo data. In
our hepatocyte cultures, IL-22 exerted negative feedback on
expression of its IL-22R, as earlier described in keratinocytes via
miR-197 and also for other cytokines (30–32). Addition of IL22BP eﬀectively inhibited this negative feedback. In our patients
with AH, plasma IL-22 was increased at study entry, but IL22BP stayed low. Accordingly, we see evidence of the same
negative feedback as indicated by the not increased liver IL-22R
mRNA despite the high IL-22R protein i.e. a decrease in the
mRNA/protein ratio. This is one possible interpretation of our
data. Alternatively, low IL-22BP may be associated with poor
prognosis because it functions as a chaperone and donor of IL22, which at adequately high levels will potentiate the IL-22
Clinical and Translational Gastroenterology

signal, as actually described and mathematically modeled by
others (33). Regardless of these basic mechanistics, a balanced
IL-22 and IL-22BP response seems necessary for appropriate IL22 signaling. If so, the disturbance in AH of the normal balance
between IL-22 and IL-22BP may well explain why low IL-22BP
is associated with inappropriate IL-22 signaling and hence a
poor prognosis.
An alternative interpretation of the association between low
IL-22BP and high mortality could be more radical, namely that
IL-22 contrary to belief is not protective but harmful in AH. This
has actually been proposed in models of chronic liver injury and is
thought to be attributable to proinﬂammatory damaging eﬀects
from high ‘uncontrolled’ IL-22 i.e. elevation without a concomitant increase in IL-22BP in these models (11,34). We found no
support for this line of thought in our patients: there was no
correlation between L-22 and proinﬂammatory markers, and low
IL-22BP conversely was associated with lower circulating leucocytes and IL-8. Likewise, ascending-dose human trials of
recombinant IL-22 report no systemic or liver-related inﬂammatory consequence (35,36).
The noninterventional nature of this study restricts our results
to be of associative character. However, the combination of
liver—gut—blood data with in vitro assays all pointing in the
same direction suggests IL-22BP be taken into primary consideration in future IL-22 studies in AH. The patients should
probably be stratiﬁed according to their entry IL-22BP to control
the response modiﬁcation by IL-22BP. It may also be worth
considering if trials with IL-22BP as active agent are justiﬁed in
AH because supplementation with IL-22BP in itself could allow
suﬃcient endogenous IL-22 signaling without a need to administer exogenous IL-22. Alternatively, in the stratum with low IL22BP, it may be worth considering IL-22BP as an add-on to IL-22.
In conclusion, this study of the IL-22 system points at a pivotal
role for IL-22BP in human AH, best and directly illustrated by the
protein’s strong association with the disease course. This prompts
an expanded understanding of the IL-22 system where the ILs
interplay with its BP and receptor may be at least as important as
the interleukin itself.
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Study Highlights
WHAT IS KNOWN

3 IL-22 ameliorates alcohol-induced liver injury in mice.
3 IL-22BP binds and antagonizes IL-22.
3 IL-22 is in clinical trial as treatment of AH.
WHAT IS NEW HERE

3 IL-22BP is present in the liver and produced in the gut in AH.
3 Plasma IL-22/IL-22BP ratio is high and the IL-22 pathway
active in the liver.

3 Low IL-22BP is associated with high mortality in AH.
3 IL-22 reduces hepatocyte expression of the IL-22 receptor in
vitro, and IL-22BP reverts this.

TRANSLATIONAL IMPACT

3 Low IL-22BP reduces IL-22 signaling through lowered IL-22
receptor expression through the course of AH.

3 Patient IL-22BP levels may modify response to IL-22
treatment.
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