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Introduction: Changes in the expression of cyto- and chemokines due to
alcohol-associated liver disease (ALD) have been reported to be both
protective and pathogenic. This study examined plasma levels of two key
cytokines, Il-17 and Il-22, which construct the proinflammatory vs. anti-
inflammmatory axes across the spectrum of alcohol use disorder (AUD) and
ALD including alcohol-associated hepatitis (AH) to determine the underlying
status of the inflammation.

Methods: Forty-two males and females aged 25-63 yrs. were grouped as
healthy controls (HV[n=8]), AUD with no liver injury (AUDNLI [n=8]), AUD with
liver injury (AUDLI [n=8]), non-severe alcohol-associated hepatitis (NSAH
[n=9]), and severe alcohol-associated hepatitis (SAH [n=9]). Demographic,
drinking, and clinical data were collected. Blood samples were collected at
baseline (BL, all subjects) and during week 4 (W4, only patients) for IL-17 and
IL-22; and statistically analyzed.

Results: IL-17 was highly elevated in the SAH group both at BL and post-SOC.
LTDH and BL IL-22 in non-severe AH patients were associated significantly.
LTDH significantly predicted W4 IL-22 levels, positively (increasing) in NSAH
and inversely (lowering) in SAH patients. BL and W4 [L-22 levels were
significantly higher (4-fold, p<0.001) in all AH patients compared to all AUD
patients (AUROC=0.988, p<0.001). IL-22 showed significant affinity with AST,
AST: ALT ratio, total bilirubin, INR, and PT both at BL and W4. IL-22 was
inversely associated with IL-1f; and positively with TNF-ocand IL-8 both at BL,
and W4. BL IL-17 showed a positive correlation with MELD (p=0.017) in all AH
patients. In SAH, > 2-fold W4 IL-17 level compared to BL showed significant
within subjects’ effects, p=0.006. In AUD patients without AH, the drop in IL-
17 at W4 vs. BL showed a significant within subjects’ effect, p=0.031.

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202267/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202267/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202267/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202267/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1202267/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1202267&domain=pdf&date_stamp=2023-12-14
mailto:v0vats01@louisville.edu
https://doi.org/10.3389/fimmu.2023.1202267
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1202267
https://www.frontiersin.org/journals/immunology

Sagaram et al.

10.3389/fimmu.2023.1202267

Discussion: Drinking chronicity predicted opposite effects in IL-22 levels in
NSAH (antiinflammatory) and SAH (pro-inflammatory) patients at post-SOC.
BL IL-22 levels differentiated AH patients robustly from the AUD patients (with
or without liver injury); and showed corresponding increases stepwise with
the stages of ALD. IL-22 was closely associated with progression and injury
markers of the liver; and response to the cytokines of pro-inflammatory
nature. Pro-inflammatory indicator of IL-17 cell axis, IL-17 showed a strong
positive association with MELD, a severity indicator of AH.
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Introduction

Alcohol-associated liver disease (ALD) refers to liver damage
caused by the chronic excessive drinking of alcohol (1). ALD is often
observed in patients who have pre-existing Alcohol Use Disorder
(AUD). AUD is a mental disorder assigned by the Diagnostics and
Statistics Manual (DSM) (Fifth Edition) and is characterized by
compulsive excessive alcohol consumption over an extended time
with associated loss of control and negative emotions (2). Alcohol
consumption has been on the rise in the United States and worldwide;
in 2019 there were 14.1 million adults in the United States that met the
criteria for AUD (3). Interestingly, only 10-20% of chronic and heavy
drinkers eventually progress to more severe and permanent forms of
ALD, such as hepatitis and cirrhosis (4). There is likely a multitude of
disease modifiers responsible for this progression and it still remains a
challenge to identify this subset of AUD patients who will develop ALD
(5). Such predictive ability could enable earlier interventions that may
significantly reduce the proportion and likelihood of AUD patients
who develop alcohol-associated hepatitis (AH).

Alcohol-associated hepatitis (AH) is an advanced and acute form
of ALD that is attributed to elevated pro-inflammatory status in
response to excessive alcohol intake and various other altered domains
involved in liver injury (1). Severe alcohol-associated hepatitis (SAH)
is characterized by a large systemic inflammatory response syndrome
(SIRS) leading to severe liver inflammation and dysfunction with an
associated high short-term mortality of 30-50% (6). Understanding
the underlying cytokine cascading pathways holds the potential to
predict the development and severity of ALD regardless of the changes
indicated by the clinical measures. IL-17 and IL-22 are two particular
cytokines involved in inflammation and cell death in ALD. While they
have been implicated in alcohol associated liver disease, few studies
have published on their role in AH (7-9).

Chronic and excessive alcohol intake causes gut dysfunction and
increased gut permeability (10). This leads to the release of bacterial
endotoxins, such as lipopolysaccharide (LPS), which bind to toll-like
receptor 4 (TLR4) on the liver initiating a cascade of pro-and anti-
inflammatory events (11-13). Alcohol metabolism in the liver further
contributes to this inflammatory response through the production of
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acetaldehyde and concomitant reactive oxygen species (ROS) (14). This
gut dysfunction and alcohol metabolism initiate a cascade of events in
the liver involving the production of pro- and anti-inflammatory
cytokines, including tumor necrosis factor-ot (TNF-a), interleukin 1
(IL-1), interleukin 6 (IL-6), and transforming growth factor-beta (TGF-
B) (15-18). These in turn lead to the differentiation of specific CD4" T
cells (namely, Th-17), which produce interleukin 17 (IL-17),
interleukin 17F (IL-17F), interleukin 21 (IL-21), interleukin 22 (IL-
22), and granulocyte-macrophage colony-stimulating factor (GM-CSF)
(19-21). These in turn further promote neutrophil recruitment,
inflammation, and fibrosis in ALD. This study evaluated the role of
IL-17 and IL-22 as markers of inflammation in various stages of alcohol
associated disease; spanning AUD without liver injury, AUD with liver
injury (or Early Stage ALD), and ultimately non-severe and severe AH
compared with the healthy controls.

Materials and methods
Patients and study paradigm

This study is one of the secondary aims of larger studies on ALD
(both early-stage ALD and later stage such as hepatitis). The study on
early-stage ALD participants was approved by the Institutional
Review Board of the National Institute on Alcohol Abuse and
Alcoholism at the National Institutes of Health, Bethesda, MD
(under the screening protocol 98-AA-0009). This is indexed at the
National Clinical Trial Website (www.clinicatrials.gov:
NCT00001673). The AH and healthy volunteer (HV) samples used
came from clinical trial NCT-01809132, which were approved by the
IRB of the University of Louisville under protocol # 12.047. Subjects
selected were those who were seeking study-based treatment for
alcohol detoxification as described in the clinical protocol. This
included admission at an NIAAA inpatient facility for 28 days,
alcohol detoxification, and standard of care (SOC) treatment. All
eligible patients were consented prior to being enrolled in the trial.

In the above-mentioned large studies, all patients had to be
diagnosed with AUD based on DSM-IV criteria prior to being
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eligible for enrollment (2). Primary exclusion criteria included:
diagnosis of severe psychiatric disease, diagnosis of severe somatic
illnesses such as decompensated cardiovascular disease, advanced
lung disease, or renal failure, positive HIV test, pregnancy or
ongoing breastfeeding, and/or positive urine drug screen. These
patients were then allowed to decide during their first three days of
admission to be a part of the SOC group or to be eligible for
randomization in the overarching studies. SOC entailed obtaining
thorough history and physical examinations, neurologic
evaluations, laboratory tests, proper nutrition, discharge planning
and referrals for treatment of AUD (as needed), and prescribing
diazepam for severe withdrawal symptoms per need. In addition,
SOC study participants received either acamprosate or a placebo as
part of the NIH study. Acamprosate and diazepam are not known to
have any effect on liver function, these patients were included in this
secondary study (22, 23). Further details on admission, inclusion
and exclusion criteria, and inpatient treatment can be found in
several of our other studies (24-27).

Forty-two participants, both male and female, aged 25-63 years
with AUD met inclusion criteria for the study. These patients were
separated into 5 groups: healthy controls (HV[n=8]), alcohol use
disorder (AUD) with no liver injury (AUDNI [n=8]), AUD with
liver injury (AUDLI [n=8]) also identified as early-stage ALD, non-
severe AH (NSAH [n=9]), and severe AH (SAH [n=9]). An alanine
aminotransferase (ALT) measure of greater than 40 IU/L was used
to indicate liver injury in AUD since ALT of 40 IU/L is the upper
limit of normal and values greater than 40 IU/L indicate early stage
liver injury (28). Aspartate transaminase (AST) greater than 34 U/
L was considered clinically significant (based on Medline Plus
guidelines till 2014 yr. when the samples were collected). An AST
: ALT ratio of >1.5 is considered indicative of AH (29). Clinical data
and blood samples were collected at baseline (BL, all subjects) and
week 4 (W4, patients who remained admitted, and while following
3-4 weeks of standard of care medical management including
detoxification and counseling). Severe AH was defined as having
a MELD score greater than or equal to 20. These AH patients
received a treatment of 28-day steroid course. Baseline drinking
assessments were collected using the following questionnaires:
Timeline Followback (TLFB) questionnaire, which assesses Total
Drinks in the past 90 Days (TD90), Number of Non-Drinking Days
in the past 90 days (NNDD90), Average Drinking Days (AveDD90)
and Heavy Drinking Days in the past 90 Days (HDD90) (29, 30);
Lifetime-Drinking History [LTDH (31)]; and Alcohol Use
Disorders Identification Test (AUDIT) (32). The endpoint for this
study is 4 weeks. Week 4 is an endpoint because it encompassed
average inpatient treatment and steroid course. Inpatient care
duration for AUD is 3-4 weeks and additionally, steroid
treatment for alcoholic hepatitis is 28 days or more.

Laboratory assays

The collected serum samples underwent laboratory analyses,
which included collection of the following: complete metabolic
panel (CMP), complete blood count (CBC), inflammatory
markers (c reactive protein [CRP], immunoglobulins A [IgA], G
[IgG], and M [IgM]), and cytokine assays. ELISA was used to assess
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plasma levels of the cytokine IL-22 (BMS2047, Invitrogen) and
high-sensitivity ELISA was used to measure plasma IL-17
(BMS2017HS, Invitrogen) per manufacturer’s instructions; plasma
was diluted 1:2 for both respective assays. Results were read on a
Spectra Max Plus 384 plate reader and analyzed using SoftMax Pro
software (Molecular Devices, San Jose, CA). Other cytokines

mentioned were measured using Luminex platforms.

Statistical analysis

Demographics (Age, Sex, Body Mass Index (BMI) and drinking
history) were collected and used in the analysis as factors and
covariates (Table 1). Differences in the demographic characteristics,
drinking history measures, and liver injury markers were evaluated
using univariate factorial ANOVA (from two-group) and one-way
ANOVA across multiple group analyses. Repeated ANOVA was
performed to test the differences at the study end from baseline
assessment. Linear regression model was used for identifying the
effect and power of the association. SPSS 27.0 (IBM, Chicago, IL),
Microsoft 365 2020 version (MS Corp, Redmond, WA), and
GraphPad Prism (GraphPad Software, San Diego, CA) were used
for statistical analyses. Statistical significance was set at p < 0.05.
Data presented as Mean * Standard Deviation (M + SD) unless
otherwise specified in Figure/s or Table/s.

Results
Demographics and clinical presentation

The HV group were younger with an average age of 28.4 + 4.4
and had an average BMI below 25 compared to the AUDNI,
AUDLI, NSAH and SAH groups. The participants in the AUD
with no injury and AUD with early-stage liver injury were younger
on average than the non-severe (NSAH) and severe AH (SAH)
groups. The TFLB score for the AUDNLI was slightly lower than
the AUDLI. The AUDIT scores for the NSAH group were higher
compared to the SAH group. HV had less LTDH than all the groups
and SAH had the highest LTDH at 24.8 + 16.7 years. Total bilirubin
increased across all five groups with the highest levels found in the
SAH. The total bilirubin levels decreased more from BL to W4 in
the NSAH compared to the SAH group.

Presentation of plasma IL-17 AND IL-22

IL-22 was significantly lower in HV compared to the AUD;
however, it was elevated in both AH groups at the intake
presentation (Figure 1). Notably, BL IL-22 was significantly
higher (4-fold, p < 0.001) in all AH patients compared to all
AUD patients (AUROC=0.988, p < 0.001) (Figure 2A). This
difference remained statistically significant and correspondingly
similar at W4 (Figure 2B). We also found that the BL IL-22 levels
were significantly higher in NSAH compared to AUDLI p < 0.001
(Figure 2C). There was huge numerical difference between
AUDNLI and AUDLI, albeit no statistically significant difference
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TABLE 1 Demographic, drinking and clinical measures.

Groups HEALTHY AUD AUD (INJURY) AAH AAH (SEVERE)
VOLUNTEERS (NO INJURY) (NON-SEVERE)
Measures n=8 n=8 n=8 n=9
BL BL BL BL

AGE (Years) 28.4 (4.4) - 403 (13.5) - 43.6 (7.5) - 46.0 (11.5) - 48.8 (8.7) -
BMI (kg/m) 24.7 (3.3) - 26.8 (7.0) - 27.5 (5.5) - 30.0 (10.1) - 36.2 (7.4) -
TFLB (Unit Score) 1.4 (0.5) - 155 (5.5) - 17.4 (5.5) - - - - -
AUDIT (Unit Score) - - - - - - 24.7 (6.0) - 20.3 (8.7) -
LTDH (Years) 9.71 (5.6) - 110 (5.6) - 17.0 (9.4) - 17.8 (14.4) - 24.8 (16.7) -
TBIL (U/T) 05 (0.1) - 0.6 (0.2) 05 (02) 0.4 (0.3) 04 (02) 12.9 (10.9) 24 (12) 217 (88) 118 (9.6)
TP (g/dl) - - 7.1 (0.4) 63 (05) 7.4 (0.6) 6.8 (0.6) 57 (12) 7.3 (0.8) 5.8 (0.8) 63(12)
ALB (g/dl) 4.1 (0.3) - 4.1 (0.2) 3.6 (0.3) 4.3 (0.4) 3.8 (0.3) 25 (0.5) 3.7 (1.0) 23(03) 2.8 (0.4)
AST (U/T) 24.4 (2.9) - 29.0 (13.4) | 264 (12.5)  59.3 (424) = 256 (10.8) = 183.6 (86.3) = 53.5(225) 1374 (52.1) | 63.6 (22.8)
ALT (U/T) 204 (5.2) - 256 (8.1) | 39.6(19.7)  70.1(280) 51.56 (29.5) = 90.4 (45.1) | 353 (16.8) = 540 (30.3) | 44.4 (22.2)
AST : ALT Ratio 1.2 (0.3) - 1.1 (0.4) 0.8 (0.3) 0.8 (0.4) 05 (0.6) 22(0.9) 1.6 (0.6) 3.0 (0.9) 1.8 (12)
MELD (Unit Score) - - - - - - 173 (2.1) 116 (32) 240 (3.5  226(69)

AUD, alcohol use disorder; AH, alcohol associated hepatitis; BMI, body mass index; TLFB, Timeline Followback; AUDIT, Alcohol Use Disorders Identification Test; LTDH, lifetime drinking
history; ALB, albumin; AST, aspartate aminotransferase; ALT, alanine transaminase; AST, aspartate aminotransferase; ALT ratio, ALD progression indicator; TBIL, total bilirubin; TP, total
protein; MELD, Model for End-Stage Liver Disease. Units in parentheses beside the measures. Standard deviation along with the means. Across all the group significant difference. HV vs. AUD
no injury. HV vs. AUD with early-stage liver injury. HV vs. non-severe AAH. HV vs. severe AH. AUD with no liver injury vs. AUD with early-stage liver injury. AUD with no liver injury vs. non-
severe AAH. AUD with no liver injury vs. severe AAH. AUD with early-stage liver injury vs. non-severe AAH. AUD with early-stage liver injury vs. severe AAH. non-severe AAH vs. severe AAH.
Data presented as Mean + Standard Deviation (M + SD).

in the BL IL-22 levels; and similarly, between NSAH and SAH. We
found the same response in the W4 IL-22. (Figure 1). Plasma IL-17
was at the highest levels in SAH; however, this elevation was not
statistically significant different largely due to the internal variability
in data within each group.

LTDH correlates with IL-22 IN alcohol
associated liver disease

All of AH patients together reported 1.5 times higher LTDH
(21.1 £ 15.40 vs. 13.8 + 7.95) compared to all AUD patients

091 Plasma II-17
07 -
06 -
05

04
03 -

0.2 -
0.1
. HLH

T
AUDNLI AUDLI NSAH SAH

mBL

11-17 pg/ml

4w

controls

FIGURE 1

levels of (A) IL-17 and (B) IL-22 in human plasma (+/- SEM) at baseline (dark bars) and week 4 (lighter bars). Groups were as follows: AUDNLI, AUD
no liver injury; AUDLI, AUD with liver injury; NSAH, non-severe alcohol associated hepatitis; SAH, severe alcohol associated hepatitis. IL-17 tended to
increase in SAH. IL-22 decreased in AUD from healthy volunteers but increased in SAH. There was no statistical difference between time points

within any group. Statistical significance was set as p< 0.05.
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together. In NSAH, both BL and W4 IL-22 were significantly
associated with LTDH (p=0.044 and p=0.021 respectively)
(Figures 3A, B). In SAH, LTDH was significantly associated only
with W4 IL-22, p=0.050 (Figure 3C). No association was found with
LTDH and IL-17 in SAH subjects at baseline or at the study end.

Paradox in the IL-17 responses observed in
AH and AUD patients

BL IL-17 was significantly and positively associated (adjusted
R*=0.262, p=0.017) with MELD when both groups of AH patients

Plasma 1I-22

3

11-22 pg/ml
P
8
L]
]

controls AUDNLI AUDLI NSAH SAH
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FIGURE 2

Disease Spectrum

Disease Spectrum

IL-22 increased significantly in all AH (combined severe and non-severe) compared to all AUD (combined with and without liver injury) subjects at
(A) baseline (p=0.001) and (B) week 4. (C) Baseline IL-22 increased significantly in non-severe AH compared to AUD with liver injury (p=0.001).

Statistical significance was set as p< 0.05.

NSAH LTDH vs. IL-22 at BL

NSAH LTDH vs. IL-22 at W4

SAH LTDH vs. IL-22 at W4

.
o
o

150 150
— 120 —=120 _120 Adjusted R* = 0.484
£ £ E p=0.050
& £
% %0 (X) :_ 90 . @
I ~
q 60 d . Yoo NI
= . Adjusted R* = 0.509 = Adjusted R? = 0.625 =
30 p=0.044 30 1e p=0.021
0+ - T T J 0 0+
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FIGURE 3

Correlation of IL-22 plasma levels with LTDH in non-severe alcohol associated hepatitis at (A) baseline (p=0.044) and (B) week 4 (p=0.021), and (C)
in severe alcohol associated hepatitis at week 4 (p=0.05). Statistical significance was set as p< 0.05.

were considered together (Figure 4A); this association lost its
significance at W4, with increased IL-17 and an increase in
variance of IL-17 (Figure 4C). There was more than a 2-fold
increase at W4 IL-17 compared to BL values in SAH which
showed significance within subjects’ effects, p=0.006, suggesting
unresolved and growing pro-inflammatory activity (Figure 4C). On
the other hand, in the AUD patients, the drop in W4 IL-17 level
from baseline showed significance within subjects’ effect, p=0.031,
supporting efficacy of medical management (Figure 4B). In AUD
patients, there was a significant 73% decrease in IL-17 from BL to
W4 after SOC. In contrast, in the AH patients IL-17 remained
significantly higher (by 2-folds) at W4 compared to the BL even
after the SOC. Notably, W4 IL-17 was observed at a highly elevated
level, and statistically significant in all the AH patients in
comparison to all the AUD patients as well (p=0.031, data not
presented figuratively).

Association of Th-cell axis cytokines with
liver injury, and candidate pro-
inflammatory cytokines in AUD patients
with or without ALD

We performed a panorama analysis for all the AUD patients
(with or without ALD). BL IL-17 showed specific and unique
predictive significance for AST values at W4 (Table 2) at
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moderate effects. On the other hand, IL-22 showed a wide range
of significant associations with several liver injury markers both at
baseline as well post-SOC (either at the higher end of moderate or
high effects). AST (Aspartate Transaminases), AST: ALT (Alanine
transaminases) ratio, Total Bilirubin (Bili-Tot), INR (International
Normalized Ratio) and PT (Prothrombin Time) were positively
associated with IL-22 both at baseline and post-SOC (Table 2). We
did not find any significant traits in ALT values (data
not presented).

Similarly, the association of candidate Th-cell cytokines, IL-17
and IL-22 were uniquely expressed in the context of other pro-
inflammatory cytokines. BL IL-17 and BL TNF-a showed moderate
effects of significant association (Table 2). IL-22 on the other hand,
showed significant positive association with TNF-o. (moderate
effects), and IL-8 (BL: Moderate, and Post-SOC: Strong). With IL-
1B, we found that IL-22 showed negative moderate effects of
significant association (Table 2).

Discussion

The functional aspects of so-called pro- and anti-inflammatory
cytokines are so interwoven, that it is often difficult to separate a
particular cytokine into one or the other of these two classifications.
Such is the case with IL-17 and IL-22 cytokines that mostly
originate from Th-17 cells. In general, IL-22 is considered
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FIGURE 4

(A) At baseline, IL-1IL-17 levels correlate with MELD score (p=0.017) in all AH patients (with-in subject). (B) In all AUD patients, IL-1IL-17 decreased
significantly from BL to week 4 with standard treatment (p=0.031, within-subject difference). (C) However, in severe AH patients, IL-1IL-17 increased
significantly during the 4 weeks of standard care (p=0.006, within-subject difference) suggesting unresolved inflammatory activity (and/or a
feedback loop). Statistical significance was set as p< 0.05.

beneficial, and IL-17 as detrimental in any inflammatory pathology.  in patients with alcoholic liver disease (including AH) compared
We see such activity from our findings also in alcohol-associated ~ with healthy subjects (7). A 2013 study of 21 AH patients with time
liver disease. In this study, we found that at baseline, IL-22 levels  points at BL, 14 days (W2) and a month (W4) measured IL-17 and
significantly differentiated AUD from AH patients whereas IL-17  IL-22 in plasma using ELISA (9). They found that IL-17 was 1.5
tended to increase in conjunction with liver injury. Several other  times more elevated in AH compared to healthy controls, which is
studies have found definite increases in IL-17 with ALD. For  consistent with the data in this study. There were several other
example, Lemmers et al. found that IL-17 plasma levels increased  similarities found with this current study. AH IL-17 increased, and

TABLE 2 Association of Th-cell axis cytokines with candidate liver injury markers, and candidate pro-inflammatory cytokines.

Correlation Matrix

SPEARMAN'S R

IL-17 BL IL-17 W4 IL-17 BL IL-17 W4 IL-22 BL

AST BL 0.307 0.067

AST W4 - 0.073

0.05739 0.70558

0.71739

AST : ALT BL 0.267 0.118 0.10059 0.50518
AST : ALT W4 0.229 -0.136 0.25090 0.50010
Bil-Tot BL 0.293 0.198 0.07019 0.26171
Bil-Tot W4 0.136 0.031 0.49855 0.87829
INR BL 0.172 0.118 0.33881 0.51393
PT BL 0.081 0.206 0.64975 0.24233
IL-22 BL -0.067 0.137 0.68210 0.45325
IL-22 W4 0.15 0.041 0.41179 0.82460
IL-1 BL 0.035 -0.102 0.82756 0.57215
TNEF- BL - 0.287 0.10575

IL-8 BL 0.06860 0.32380

P-Value SPEARMAN’S R

<=0.05 Moderate negative
Strong negative

Moderate positive

Strong negative

AST, Aspartate Transaminase; AST : ALT, AST by ALT (Alanine Transaminase) ratio; Bil-Tot, Bilirubin Total; INR, International Normalized Ratio; PT, Prothrombin Time; IL-22, Interleukin
22; IL-17, Interleukin 17; IL-1b, Interleukin 1b; TNF-ot, Tumor Necrosis Factor alpha; IL-8, Interleukin 8. NA, Not applicable. Lightest Grey = Moderate Negative; Lighter Grey = Strong
Negative; Dark Grey = Moderate Positive; Black = Strong Positive.
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IL-22 decreased at W4 compared to BL, although these differences
were not statistically different. In addition, like this study, their AH
IL-22 data did not differ from healthy controls. Another group
studied IL-22 levels in alcohol associated liver disease and found
that they correlated with MELD (8). While we did not see a
similarly strong positive correlation of IL-22 with MELD,
Parfieniuk-Kowerda’s findings are consistent with our findings of
positive relationships with other markers of liver damage.

BL IL-22 correlated negatively with BL IL-1f. Since IL-1f is a
key cytokine in the pro-inflammatory response, this was the only
correlation to directly support the anti-inflammatory nature of IL-
22. It can be surmised that the other IL-22 correlations are
indicating a response to liver injury, and/or increased IL-22
resistance (Figure 5).

Lu et al. (2017) used human samples from the TREAT
consortium to measure IL-17 and IL-22 in the serum of healthy
volunteers, heavy drinkers, and AH subjects using a multiplex
protein assay. Unlike our study, they found that AH subjects had
an increased IL-22 compared to healthy controls. However,
similarly to our study, they found IL-22 increased from heavy

A] LA
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drinkers to AH. They found no significant differences in IL-17. The
authors thought perhaps increased IL-22 resistance was the reason
for increased IL-22 in AH subjects. Other studies have shown
increases in the cytokines and growth factors that induce IL-22
with increasing injury. Accordingly, since levels of all these IL-22
inducers are increasing, it is reasonable to expect that IL-22 will also
increase. It is possible that this is the result of an overwhelming
inflammatory response that increases cytokines, such as IL-6, IL-1(3,
and IL-23 that in turn signal Th-17 to make increased IL-22
(Figure 5). There is some pivot, however, where the levels of the
pro-inflammatory inducing cytokines will begin to decrease, and IL-
22 will be able to employ its beneficial effects.

Of these two cytokine measures, IL-22 is easier to detect using
standard protein assays due to high levels of expression when
triggered. And accordingly, statistically significant relationships
are more clearly measurable. BL versus W4 IL-22 measures
correlate well, so at least in this study, it consistently increases
over the spectrum of liver injury and post-treatment. It correlates
negatively with IL-18 (a further downstream pro-inflammatory
cytokine), correlates positively with liver damage markers (AST:

Liver
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FIGURE 5

Schema of IL-17 Cell Axis Response and interaction of cytokine pathways in Alcohol-associated Liver Disease. Model for Th-cell associated
pathophysiology of alcohol-induced gut dysfunction and pro-inflammatory response leading to liver injury in acute alcohol associated hepatitis.
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ALT, AST) as well as shows corresponding initiation of pro-
inflammatory cytokines such as TNF-o. and IL-8 in our findings.

Additionally, the number of years of alcohol drinking was found
to be closely associated with IL-22 in non-severe AH patients and
was predictive of W4 IL-22 levels in these same subjects, indicating
that increased drinking is associated with increases in IL-22. In turn,
as liver injury increases, levels of IL-22 will also increase in an
attempt to mitigate the inflammation and initiate regenerative
processes (33). Stoy et al. also measured IL-22 expressing T cells
using FACs and found that patients with a favorable short-term
course, as measured by the Glasgow score, had higher levels of these
IL-22 producing Th17 cells (9). Thus, the overall notion is that, even
though IL-22 is apparently increasing with markers of liver injury,
the ultimate outcome of increased IL-22 may be liver regeneration
and survival, although our study did not include these endpoints
per se.

In this study, as anticipated in the Th-17 cell response, IL-17
increased overall with liver injury in a step-wise progression per the
corresponding increase in liver severity. Whereas plasma IL-22
decreased in healthy volunteers and in AUD, albeit increased again
in AH, this observation is important. This response could reflect a
subtlety in signaling that occurs during alcohol associated
inflammation. The decrease in IL-22 in AUD could be a result of
increased production of TGF-B by Kupffer cells in the initial
inflammatory response to alcohol overconsumption; TGF-f is
known to decrease IL-22 production (34). Kim et al. found that
serum TGF-f levels increased in alcohol-dependent subjects
compared to healthy controls (35). Increasing concentrations of
TGEF-PB were found to inhibit IL-6-induced production of IL-22 in
Th17 cells in a model of autoimmune disease (34). Either IL-23 or
IL-6 could stimulate IL-22 production independently of each other.
Another study has shown liver IL-6 to decrease, though minimally,
in AH (36). The results in our study were consistent with other
studies that found blood IL-6 increased with increasing severity of
alcoholic liver disease (37, 38). It is possible that the lower levels of
IL-22 found in AUD patients could have been due to similar TGF-3
signaling as a part of the early inflammatory response. Recently, it
was found that both Th17 cells and IL-23R expression are increased
in patients with AH and Hepatitis B, respectively (39). An increase
in IL-23 activity, possibly independent of IL-6, may contribute to
the increase in IL-22 seen in AH patients as compared to AUD
subjects. Measurement of plasma IL-23 in AUD and AH patients
would be helpful in supporting this hypothesis, which could be a
next direction of investigation. Additionally, measurement of
suppressor of cytokine signaling 3 (SOCS-3) in AUD and AH
might be informative, since it is thought to be involved in a
negative feed-back loop for IL-22 production to enable signal
transducer and activator of transcription (STAT3) signaling (40).
Evidence has shown that STAT3 signaling is indeed deficient in
early alcohol associated liver disease (41). It may be that the lower
levels of IL-22 in AUD would correlate with increased SOCS-
3 activity.

IL-22BP is the endogenous decoy ligand for the IL-22/IL-10
dimer. Its lower levels in AH are associated with increased mortality
(42). IL-22 was found to have a feedback loop that reduces IL-22R,
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thus decreasing IL-22 bioactivity. IL-22BP is thought to negate the
IL-22 suppression of IL-22R. This could be one of the reasons a high
association of IL-22 levels with liver damage markers is seen. There
is also a line of thought in the literature that IL-22 is detrimental in
liver disease (43, 44). Recent literature has found, in opposing
results, that IL-22 is both beneficial (45) in a mouse model but not
beneficial (46) in clinical studies of acute on chronic liver failure,
which AH is a subset of. However, use of a mouse model for studies
on IL-22/IL-22BP is lacking because humans produce several
thousand-fold more IL-22BP than mice do (45, 46) and humans
produce three IL-22BP isoforms (47) that mice do not. This
signaling system is so complex that it is difficult to draw strong
conclusions from in vitro and mice experiments.

Currently, the progression from AUD to AH is not well
understood due to a lack of comprehensive study of the evolution
of inflammation across the spectrum of AUD and ALD. An
understanding of these mechanisms could lead to earlier
intervention and hopefully prevention of devastating liver disease
and its sequelae. We found a substantial association of IL-22 and
AST, as well as AST : ALT ratio (both are markers of liver injury
progression) both at baseline and post-SOC in the spectrum of
ALD, supporting the role of IL-22 in the progression of ALD. IL-17
binds to the IL-17A/C receptors, which are ubiquitously expressed,
but are also induced by stress on hematopoietic cells and fibroblasts.
The IL-17 receptors most critical in ALD are most likely those
expressed on stellate cells (Lemmers et al., 2009). The signal is
propagated by transcription factor STAT3 (Arab et al,, 2019; Qu
et al,, 2013). Upon stimulation with IL-6, IL-23, and IL-1 through
the AHR receptor Th-17 cells will also release IL-22. IL-22 then
binds to the heterodimeric IL-10R2/IL-22R1. IL-10R2 is
ubiquitously expressed, but expression of IL-22R1 receptors is
largely limited to epithelial cells, which in the case of the liver are
hepatocytes. IL-22R1 in the liver is also found on hepatic stellate
cells, liver progenitor cells, and some fibroblasts. IL-22 signaling is
involved in tissue repair and antimicrobial activity. It can also
inhibit apoptosis and induce proliferation through STAT3 signaling
(Kong, Feng, Mathews, & Gao, 2013; Kong et al, 2012; Qu
et al., 2013).

Recent studies point to the role of hepatic progenitor cells
(HPC) in AH (36, 48). It was found that HPC accumulate in AH
patients, but they fail to differentiate into hepatocytes. This group
found a decrease in STAT3 and pSTAT3 in AH livers and thought
that this might be a contributing factor to the lack of regeneration
seen in AH. So even while IL-22 might be increasing in AH, the
most important downstream activity of the transcription factor
STAT-3 was decreasing. This points to dysfunctional IL-22
signaling in AH by increased IL-22 resistance. IL-22 was shown
to inhibit epidermal differentiation of keratinocytes (Boniface
2005), but its effect on differentiation of HPC to hepatocytes is
not known. Changes in levels of IL-22, which is known to be
associated with liver regeneration (33) could be a part of the
dysfunctional regenerative response that seems to occur in AH.

The protective effect of IL-22 on the liver was first reported in
2004 (49, 50). Clinical trials have been undertaken for an IL-22
conjugate for treatment of AH. The Phase 2A trial showed benefits
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with no adverse events (51). Our data suggests that this treatment
might be especially beneficial during AUD, when IL-22 levels are
lower, to increase their levels and perhaps offset progression to AH.
The treatment results in extremely high levels of IL-22 (~700,000
pg/ml after IL-22Fc compared to 200 pg/ml before in healthy
volunteers). Therefore, in addition to interplay with IL-22BP and
receptors, there is no doubt a dose-dependent effect for IL-22, that
could be a potential medical management modality. This may
explain why this treatment works and why we found relatively
lower IL-22 levels (60 pg/ml) in AH correlating with liver damage
and dysfunction markers.

Limitation

This study has several limitations. This is a clinical natural
history investigation that was developed as a pilot study to test some
of the pathways emerging in recent literature specially the findings
on IL-22 and II-17 on liver damage. Thus, the design of the study
was built as high risk, high yield; therefor, including more subjects
in such a study concept is not possible once the study has ended.
Additionally, age-matching was not used in the study because it was
open for anyone above 21 years of age with AUD. We narrowed the
criteria to a range of 25-63 years old. Because we did not know what
patients would enroll, it limited us from age-matching the
different groups.

The study subject number is small for an ELISA based discovery
project due to inherent variability in the technique. The scope for
identifying sex-differences was not anticipated in this study due to
small sample size,; however, we attempted to test i statistical trends
to assess if they existed specifically for this purpose. ALD patients
received medical management based on the standard of care
protocol, that might vary based on their clinical indications over
the period the assessment. For example, patients with AUD were
admitted for inpatient detox and those who scored high enough
using the Maddrey’s Discriminant Factor algorithm for alcoholic
hepatitis received a course of steroids. Even though the severity by
category of AH may have equated such ALD in one group, their
demographics (modifiers), progression (injury and inflammation)
may have varied and that could have attributed to a differing level of
cytokines at the end of study. We did not run Peth since the
drinking history was collected for 3 months using Timeline
followback. Finally, we were unable to find between group
differences as they related to IL-17 due to peripheral cytokine
production acting as a confounder.

Conclusions

The extensive range of AUD and alcohol associated liver disease
investigated in this study showed that IL-22 levels correlated
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positively with markers of liver injury. Number of years of
alcohol drinking was closely associated with IL-22 in non-severe
AH patients and predicted W4 IL-22 levels. The effects of IL-22 are
predominantly anti-inflammatory in nature and increased IL-22
production is thought to be in response to liver injury and/or IL-22
resistance. At baseline, IL-22 levels significantly differentiated AH
patients from AUD patients; regression analysis showed that IL-22
predicted progression from AUD with liver injury to moderate AH.
Overall, in the alcohol associated groups, IL-22 at baseline
correlated very strongly with AST: ALT ratio at week 4. It seems
that the compensatory mechanism of IL-22 is superseding the IL-17
response when ALD is not severe. This could be attributed to the IL-
22’s survival factor response in liver (50). In severe AH patients, IL-
17 response is more meaningful and correlated with the severity
assessment. IL-17 response shows that the pro-inflammatory
pathway is well underway in severe AH; and IL-22’s
compensatory response could have receded. The accuracy of these
predictions will only be verified by large long-term longitudinal
studies that would begin by enrolling AUD patients, and then
following them through potential progression to liver injury over a
long period of time. The balance of these two cytokines produced by
the same cell may be the key to predicting progression from AUD to
severe liver injury.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary materials. Further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving humans were approved by University of
Louisville IRB, and NIAAA CNS IRB. The studies were conducted
in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

VV is the project PI and developed the study design. JF, MS,
MLS, DJ and VV performed the sample handling and analyses. V'V,
MS, JF, DJ, HH, MLS and MK performed the data analysis. JF, MS,
MK, AR, DJ, RB and VV interpreted the data analysis. JF, MS, DJ,
AR, RB and VV wrote the manuscript. VV, MK, MLS and AR
reviewed and scientifically contributed to the manuscript. All
authors contributed to the article and approved the
submitted version.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1202267
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sagaram et al.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. NIH
supported study: Z99-AA999999 (VV), K23AA029198-01 (VV); and
Jewish Excellence Award (VV), and P50AA024337 (CJM). The content
is solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

Acknowledgments

We thank research/clinical staff of the University of Louisville
and the National Institutes of Health for their support.

References

1. Crabb DW, Im GY, Szabo G, Mellinger JL, Lucey MR. Diagnosis and treatment of
alcohol-associated liver diseases: 2019 practice guidance from the american association
for the study of liver diseases. Hepatology (2020) 71(1):306-33. doi: 10.1002/hep.30866

2. American Psychiatric Association. Electronic DSM-IV. Windows. Washington,
D.C: American Psychiatric Association (1994). p. 3.

3. Keyes KM. Age, period, and cohort effects in alcohol use in the United States in
the 20th and 21st centuries: implications for the coming decades. Alcohol Res (2022) 42
(1):02. doi: 10.35946/arcr.v42.1.02

4. Gao B, Bataller R. Alcoholic liver disease: pathogenesis and new therapeutic
targets. Gastroenterology (2011) 141(5):1572-85. doi: 10.1053/j.gastr0.2011.09.002

5. Gala KS, Vatsalya V. Emerging noninvasive biomarkers, and medical
management strategies for alcoholic hepatitis: present understanding and scope. Cells
(2020) 9(3):524. doi: 10.3390/cells9030524

6. Vatsalya V, Cave MC, Kong M, Gobejishvili L, Falkner KC, Craycroft J, et al.
Keratin 18 is a diagnostic and prognostic factor for acute alcoholic hepatitis. Clin
Gastroenterol Hepatology (2020) 18(9):2046-54. doi: 10.1016/j.cgh.2019.11.050

7. Lemmers A, Moreno C, Gustot T, Maréchal R, Degre D, Demetter P, et al. The
interleukin-17 pathway is involved in human alcoholic liver disease. Hepatology (2009)
49(2):646-57. doi: 10.1002/hep.22680

8. Parfieniuk-Kowerda A, Swiderska M, Szulzyk T, Jaroszewicz J, Lapinski TW,
Flisiak R. Serum concentrations of th17-associated interleukins and autoimmune
phenomena are associated with the degree of liver damage in alcoholic liver disease.
] Gastrointestinal Liver Dis (2017) 26(3). doi: 10.15403/jgld.2014.1121.263.pak

9. Stey S, Sandahl TD, Dige AK, Agnholt J, Rasmussen TK, Grenbak H, et al.
Highest frequencies of interleukin-22-producing T helper cells in alcoholic hepatitis
patients with a favourable short-term course. PloS One (2013) 8(1). doi: 10.1371/
journal.pone.0055101

10. Canesso MCC, Lacerda NL, Ferreira CM, Goncalves JL, Almeida D, Gamba C,
et al. Comparing the effects of acute alcohol consumption in germ-free and
conventional mice: the role of the gut microbiota. BMC Microbiol (2014) 14:240. doi:
10.1186/512866-014-0240-4

11. Szabo G, Bala S. Alcoholic liver disease and the gut-liver axis. World ]
Gastroenterol (2010) 16(11):1321-9. doi: 10.3748/wjg.v16.i11.1321

12. Leclercq S, De Saeger C, Delzenne N, de Timary P, Starkel P. Role of inflammatory
pathways, blood mononuclear cells, and gut-derived bacterial products in alcohol
dependence. Biol Psychiatry (2014) 76(9):725-33. doi: 10.1016/j.biopsych.2014.02.003

13. Bull-Otterson L, Feng W, Kirpich I, Wang Y, Qin X, Liu Y, et al. Metagenomic
analyses of alcohol induced pathogenic alterations in the intestinal microbiome and the
effect of Lactobacillus rhamnosus GG treatment. PloS One (2013) 8(1):¢53028. doi:
10.1371/journal.pone.0053028

14. Cederbaum Al. Alcohol metabolism. Clin Liver Dis (2012) 16(4):667-85. doi:
10.1016/j.c1d.2012.08.002

15. Fleming S, Toratani S, Shea-Donohue T, Kashiwabara Y, Vogel SN, Metcalf ES.
Pro- and anti-inflammatory gene expression in the murine small intestine and liver
after chronic exposure to alcohol. Alcohol Clin Exp Res (2001) 25(4):579-89. doi:
10.1111/§.15300277.2001.tb02253.x

16. Uesugi T, Froh M, Arteel GE, Bradford BU, Thurman RG. Toll-like receptor 4 is
involved in the mechanism of early alcohol-induced liver injury in mice. Hepatology.
(2001) 34(1):101-8. doi: 10.1053/jhep.2001.25350

Frontiers in Immunology

10

10.3389/fimmu.2023.1202267

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

17. Petrasek J, Mandrekar P, Szabo G. Toll-like receptors in the pathogenesis of
alcoholic liver disease. Gastroenterol Res Pract (2010) 2010. doi: 10.1155/2010/710381

18. Brenner C, Galluzzi L, Kepp O, Kroemer G. Decoding cell death signals in liver
inflammation. J Hepatol (2013) 59(3):583-94. doi: 10.1016/j.jhep.2013.03.033

19. Bettelli E, Carrier Y, Gao W, Korn T, Strom TB, Oukka M, et al. Reciprocal
developmental pathways for the generation of pathogenic effector TH17 and regulatory
T cells. Nature. (2006) 441(7090):235-8. doi: 10.1038/nature04753

20. Mangan PR, Harrington LE, O'Quinn DB, Helms WS, Bullard DC, Elson CO,
et al. Transforming growth factor-beta induces development of the T(H)17 lineage.
Nature (2006) 441(7090):231-4. doi: 10.1038/nature04754

21. Park H, Li Z, Yang XO, Chang SH, Nurieva R, Wang YH, et al. A distinct lineage
of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat Immunol
(2005) 6(11):1133-41. doi: 10.1038/ni1261

22. Acamprosate Bethesda (MD). National institute of diabetes and digestive and
kidney diseases (2012). Available at: https://www.ncbi.nlm.nih.gov/books/NBK548677/.

23. Diazepam Bethesda (MD). National institute of diabetes and digestive and kidney
diseases (2012). Available at: https://www.ncbi.nlm.nih.gov/books/NBK547871/.

24. Vatsalya V, Li F, Frimodig J, Shah N, Sutrawe A, Feng W. Efficacy of thiamine
and medical management in treating hyperuricemia in AUD patients with ALD: role of
hyperuricemia in liver injury, gut-barrier dysfunction, and inflammation. Clin Exp
Pharmacol (2021) 11(Suppl 7).

25. Vatsalya V, Gala KS, Hassan AZ, Frimodig J, Kong M, Sinha N, et al
Characterization of early-stage alcoholic liver disease with hyperhomocysteinemia
and gut dysfunction and associated immune response in alcohol use disorder
patients. Biomedicines (2020) 9(1). doi: 10.3390/biomedicines9010007

26. Vatsalya V, Stangl BL, Schmidt VY, Ramchandani VA. Characterization of
hangover following intravenous alcohol exposure in social drinkers: methodological
and clinical implications. Addict Biol (2018) 23(1):493-502. doi: 10.1111/adb.12469

27. Vatsalya V, Gala KS, Mishra M, Schwandt ML, Umhau J, Cave MC, et al. Lower
Serum Magnesium Concentrations are associated With Specific Heavy Drinking
Markers, Pro-Inflammatory Response and Early-Stage Alcohol-associated Liver
Injury section sign. Alcohol Alcohol (2020) 55(2):164-70. doi: 10.1093/alcalc/agaa001

28. Vatsalya V, Song M, Schwandt ML, Cave MC, Barve SS, George DT, et al. Effects
of sex, drinking history, and omega-3 and omega-6 fatty acids dysregulation on the
onset of liver injury in very heavy drinking alcohol-dependent patients. Alcoholism:
Clin Exp Res (2016) 40(10):2085-93. doi: 10.1111/acer.13197

29. Crabb DW, Bataller R, Chalasani NP, Kamath PS, Lucey M, Mathurin P, et al.
Standard definitions and common data elements for clinical trials in patients with
alcoholic hepatitis: reccommendation from the NTAAA Alcoholic Hepatitis Consortia.
Gastroenterology (2016) 150(4):785-90. doi: 10.1053/j.gastro.2016.02.042

30. Merrill JE, Fan P, Wray TB, Miranda R. Assessment of alcohol use and consequences:
comparison of data collected via timeline followback interview and daily reports. J Stud
Alcohol Drugs (2020) 81(2):212-9. doi: 10.15288/jsad.2020.81.212

31. Skinner HA, Sheu W-]. Reliability of alcohol use indices. The Lifetime Drinking
History and the MAST. J Stud Alcohol (1982) 43(11):1157-70. doi: 10.15288/jsa.1982.43.1157

32. Saunders JB, Aasland OG, Babor TF, de la Fuente JR, Grant M. Development of
the alcohol use disorders identification test (AUDIT): WHO collaborative project on

early detection of persons with harmful alcohol consumption-II. Addiction (1993) 88
(6):791-804. doi: 10.1111/j.1360-0443.1993.tb02093.x

frontiersin.org


https://doi.org/10.1002/hep.30866
https://doi.org/10.35946/arcr.v42.1.02
https://doi.org/10.1053/j.gastro.2011.09.002
https://doi.org/10.3390/cells9030524
https://doi.org/10.1016/j.cgh.2019.11.050
https://doi.org/10.1002/hep.22680
https://doi.org/10.15403/jgld.2014.1121.263.pak
https://doi.org/10.1371/journal.pone.0055101
https://doi.org/10.1371/journal.pone.0055101
https://doi.org/10.1186/s12866-014-0240-4
https://doi.org/10.3748/wjg.v16.i11.1321
https://doi.org/10.1016/j.biopsych.2014.02.003
https://doi.org/10.1371/journal.pone.0053028
https://doi.org/10.1016/j.cld.2012.08.002
https://doi.org/10.1111/j.15300277.2001.tb02253.x
https://doi.org/10.1053/jhep.2001.25350
https://doi.org/10.1155/2010/710381
https://doi.org/10.1016/j.jhep.2013.03.033
https://doi.org/10.1038/nature04753
https://doi.org/10.1038/nature04754
https://doi.org/10.1038/ni1261
https://www.ncbi.nlm.nih.gov/books/NBK548677/
https://www.ncbi.nlm.nih.gov/books/NBK547871/
https://doi.org/10.3390/biomedicines9010007
https://doi.org/10.1111/adb.12469
https://doi.org/10.1093/alcalc/agaa001
https://doi.org/10.1111/acer.13197
https://doi.org/10.1053/j.gastro.2016.02.042
https://doi.org/10.15288/jsad.2020.81.212
https://doi.org/10.15288/jsa.1982.43.1157
https://doi.org/10.1111/j.1360-0443.1993.tb02093.x
https://doi.org/10.3389/fimmu.2023.1202267
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Sagaram et al.

33. Ren X, Hu B, Colletti LM. IL-22 is involved in liver regeneration after
hepatectomy. Am ] Physiology-Gastrointestinal Liver Physiol (2010) 298(1):G74-80.
doi: 10.1152/ajpgi.00075.2009

34. Zheng Y, Danilenko DM, Valdez P, Kasman I, Eastham-Anderson J, Wu J, et al.
Interleukin-22, a TH 17 cytokine, mediates IL-23-induced dermal inflammation and
acanthosis. Nature (2007) 445(7128):648-51. doi: 10.1038/nature05505

35. Kim Y-K, Lee BC, Ham BJ, Yang B-H, Roh S, Choi J, et al. Increased
transforming growth factor-betal in alcohol dependence. J Korean Med science.
(2009) 24(5):941-4. doi: 10.3346/jkms.2009.24.5.941

36. Dubuquoy L, Louvet A, Lassailly G, Truant S, Boleslawski E, Artru F, et al.
Progenitor cell expansion and impaired hepatocyte regeneration in explanted livers
from alcoholic hepatitis. Gut. (2015) 64(12):1949-60. doi: 10.1136/gutjnl-2014-308410

37. Sheron N, Bird G, Goka J, Alexander G, Williams R. Elevated plasma
interleukin-6 and increased severity and mortality in alcoholic hepatitis. Clin Exp
Immunol (1991) 84(3):449.

38. Ciecko-Michalska I, Szczepanek M, Cibor D, Owczarek D, Skulina D,
Szczepanski W, et al. Serum cytokine concentration as prognostic factor in patients
with alcoholic liver disease. Przeglad Lekarski (2006) 63(5):249.

39. Khanam A, Trehanpati N, Sarin SK. Increased interleukin-23 receptor (IL-23R)
expression is associated with disease severity in acute-on-chronic liver failure. Liver Int
(2019) 39(6):1062-70. doi: 10.1111/1iv.14015

40. Brand S, Dambacher J, Beigel F, Zitzmann K, Heeg MH, Weiss TS, et al. IL-22-
mediated liver cell regeneration is abrogated by SOCS-1/3 overexpression in vitro. Am |
Physiology-Gastrointestinal Liver Physiol (2007) 292(4):G1019-G28. doi: 10.1152/
2jpgi.00239.2006

41. Stirkel P, Schnabl B, Leclercq S, Komuta M, Bataller R, Argemi J, et al. Deficient
IL-6/stat3 signaling, high TLR7, and type I interferons in early human alcoholic liver
disease: A triad for liver damage and fibrosis. Hepatol Commun (2019) 3(7):867-82.
doi: 10.1002/hep4.1364

42. Sty S, Laursen TL, Glavind E, Eriksen PL, Terczynska-Dyla E, Magnusson NE,
et al. Low interleukin-22 binding protein is associated with high mortality in alcoholic

Frontiers in Immunology

11

10.3389/fimmu.2023.1202267

hepatitis and modulates interleukin-22 receptor expression. Clin Trans
Gastroenterology. (2020) 11(8):¢00197. doi: 10.14309/ctg.0000000000000197

43. Feng D, Wang Y, Wang H, Weng H, Kong X, Martin-Murphy BV, et al. Acute
and chronic effects of IL-22 on acetaminophen-induced liver injury. J Immunol (2014)
193(5):2512-8. doi: 10.4049/jimmunol.1400588

44. Kleinschmidt D, Giannou AD, McGee HM, Kempski J, Steglich B, Huber FJ, et al.
A protective function of IL-22BP in ischemia reperfusion and acetaminophen-induced
liver injury. J Immunol (2017) 199(12):4078-90. doi: 10.4049/jimmunol.1700587

45. Xiang X, Feng D, Hwang S, Ren T, Wang X, Trojnar E, et al. Interleukin-22
ameliorates acute-on-chronic liver failure by reprogramming impaired regeneration
pathways in mice. ] hepatology. (2020) 72(4):736-45. doi: 10.1016/j.jhep.2019.11.013

46. Schwarzkopf K, Riischenbaum S, Barat S, Cai C, Miicke MM, Fitting D, et al. IL-
22 and IL-22-binding protein are associated with development of and mortality from
acute-on-chronic liver failure. Hepatol Commun (2019) 3(3):392-405. doi: 10.1002/
hep4.1303

47. Lim C, Hong M, Savan R. Human IL-22 binding protein isoforms act as a
rheostat for IL-22 signaling. Sci Signaling (2016) 9(447):ra95-ra. doi: 10.1126/
scisignal.aad9887

48. Moreau R. Stimulating hepatocyte renewal: a new paradigm for the treatment of
severe alcoholic hepatitis unresponsive to corticosteroids? Gut (2015) 64(12):1839-40.
doi: 10.1136/gutjnl-2015-309545

49. Pan H, Hong F, Radaeva S, Gao B. Hydrodynamic gene delivery of interleukin-
22 protects the mouse liver from concanavalin A-, carbon tetrachloride-, and Fas
ligand-induced injury via activation of STAT3. Cell Mol Immunol (2004) 1(1):43-9.

50. Radaeva S, Sun R, Hn P, Hong F, Gao B. Interleukin 22 (IL-22) plays a protective
role in T cell-mediated murine hepatitis: IL-22 is a survival factor for hepatocytes via
STATS3 activation. Hepatology (2004) 39(5):1332-42. doi: 10.1002/hep.20184

51. Tang K-Y, Lickliter J, Huang Z-H, Xian Z-S, Chen H-Y, Huang C, et al. Safety,
pharmacokinetics, and biomarkers of F-652, a recombinant human interleukin-22
dimer, in healthy subjects. Cell Mol Immunol (2019) 16(5):473-82. doi: 10.1038/
541423-018-0029-8

frontiersin.org


https://doi.org/10.1152/ajpgi.00075.2009
https://doi.org/10.1038/nature05505
https://doi.org/10.3346/jkms.2009.24.5.941
https://doi.org/10.1136/gutjnl-2014-308410
https://doi.org/10.1111/liv.14015
https://doi.org/10.1152/ajpgi.00239.2006
https://doi.org/10.1152/ajpgi.00239.2006
https://doi.org/10.1002/hep4.1364
https://doi.org/10.14309/ctg.0000000000000197
https://doi.org/10.4049/jimmunol.1400588
https://doi.org/10.4049/jimmunol.1700587
https://doi.org/10.1016/j.jhep.2019.11.013
https://doi.org/10.1002/hep4.1303
https://doi.org/10.1002/hep4.1303
https://doi.org/10.1126/scisignal.aad9887
https://doi.org/10.1126/scisignal.aad9887
https://doi.org/10.1136/gutjnl-2015-309545
https://doi.org/10.1002/hep.20184
https://doi.org/10.1038/s41423-018-0029-8
https://doi.org/10.1038/s41423-018-0029-8
https://doi.org/10.3389/fimmu.2023.1202267
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	One-month assessment of Th-cell axis related inflammatory cytokines, IL-17 and IL-22 and their role in alcohol-associated liver disease
	Introduction
	Materials and methods
	Patients and study paradigm
	Laboratory assays
	Statistical analysis

	Results
	Demographics and clinical presentation
	Presentation of plasma IL-17 AND IL-22
	LTDH correlates with IL-22 IN alcohol associated liver disease
	Paradox in the IL-17 responses observed in AH and AUD patients
	Association of Th-cell axis cytokines with liver injury, and candidate pro-inflammatory cytokines in AUD patients with or without ALD

	Discussion
	Limitation

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


