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Abstract: Gaining detailed knowledge about sex-related immunoregulation remains a crucial prereq-
uisite for the development of adequate disease models and therapeutic strategies enabling personal-
ized medicine. Here, the key parameter of the production of cytokines mediating disease resolution
was investigated. Among these cytokines, STAT3-activating interleukin (IL)-22 is principally as-
sociated with recovery from tissue injury. By investigating paradigmatic acetaminophen-induced
liver injury, we demonstrated that IL-22 expression is enhanced in female mice. Increased female
IL-22 was confirmed at a cellular level using murine splenocytes stimulated by lipopolysaccha-
ride or αCD3/CD28 to model innate or adaptive immunoactivation. Interestingly, testosterone or
dihydrotestosterone reduced IL-22 production by female but not by male splenocytes. Mechanis-
tic studies on PMA/PHA-stimulated T-cell-lymphoma EL-4 cells verified the capability of testos-
terone/dihydrotestosterone to reduce IL-22 production. Moreover, we demonstrated by chromatin
immunoprecipitation that testosterone impairs binding of the aryl hydrocarbon receptor to xenobiotic
responsive elements within the murine IL-22 promoter. Overall, female mice undergoing acute liver
injury and cultured female splenocytes upon inflammatory activation display increased IL-22. This
observation is likely related to the immunosuppressive effects of androgens in males. The data
presented concur with more pronounced immunological alertness demonstrable in females, which
may relate to the sex-specific course of some immunological disorders.

Keywords: interleukin-22; inflammation; testosterone; sex; gender; acetaminophen; liver damage

1. Introduction

Interleukin (IL)-22 [1,2] is a leukocyte-derived tissue-protective cytokine [3] of the
IL-10 family [4] that, by activating the signal transducer and activator of transcription
(STAT)-3 in cells of epithelial origin [5], serves to increase defense, repair, and healing
at host environment interfaces. This notable portfolio of IL-22′s biological properties is
mediated by, among other factors, enhanced expression of antimicrobial peptides [5–7]
and antimicrobial [8] inducible nitric oxide synthase [9–14], in addition to by increased
cellular proliferation and anti-apoptosis [15,16]. Tissue protection by IL-22 is particularly
well-established in the case of the liver [17]. Protection by the administration of recom-
binant IL-22 has been repeatedly verified in models of acute liver injury (ALI) induced
by concanavalin A (ConA) [15], lipopolysaccharide/d-galactosamine [18], alcohol [19],
or acetaminophen (APAP) [20–22]. Endogenous IL-22 production similarly ameliorates
ConA-induced ALI [15]. This latter observation indicates IL-22 is a key parameter of the
hepatic resolution and repair program [23], which is supposed to determine the course of
inflammation and regeneration during ALI.

Immunoactivation can eventually initiate hepatic regeneration by triggering a repar-
ative face of inflammation [23]. This so-called reparative inflammation is mediated, at
least partly, by upregulating STAT3-activating cytokines, which have the capability to
drive compensatory hepatocyte proliferation during the regeneration phase of ALI [24].
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Given its striking potency to act on hepatocytes, IL-22 is supposed to be a key player
in that context [17]. APAP-induced ALI, which is paradigmatic for drug-induced ALI,
shows extensive necroinflammation that may be pathogenic in early intoxication [25,26]
but subsequently initiates regeneration during reparative inflammation [24,27]. Because
immune responses are affected by sex in a qualitative and quantitative manner [28,29],
it is reasonable to assume that reparative inflammation, and thus the course of ALI, is
similarly affected by this parameter. Interestingly, female mice display attenuated APAP
toxicity [30,31]. Because the role of sexes in hepatic diseases is a pressing understudied
topic, sex-dependent production of pro-regenerative IL-22 was analyzed herein in murine
APAP-induced ALI and cell culture models of IL-22 expression.

2. Results
2.1. Female C57BL/6J Mice Display Increased IL-22 Production Associated with
APAP-Induced ALI

IL-22 expression during APAP-induced ALI has been linked to its initial phase at
3 h/6 h, without investigating the role of sexes [32]. Based on these data, male/female
mice were exposed to APAP for 6 h. Compared to controls (ctrl), only male mice displayed
significantly increased liver damage at this early time point (Figure 1a,b). Both sexes
included few mice where APAP failed to induce liver damage at 6 h, and thus displayed
serum alanine aminotransferase (ALT) activity in the control range (Figure 1a). This
observation is consistent with previously published data [32]. Of note, whereas the 6 h
time point only displayed a tendency towards decreased liver damage in female mice,
this difference became highly significant at 24 h after APAP administration (Figure 1c).
This latter observation is in accordance with previously published data [30,31]. Because
necroinflammation driven by liver damage is a prerequisite for induction of inflammatory
cytokines in this model, APAP-treated mice without toxicity within 6 h (as defined by
ALT levels) were excluded (3 ×males, 4 × females; Figure 1a, mice below the dashed line
represent a cut-off at 100 units/L of serum ALT) from further analysis when comparing
sex-related cytokine responses. Of note, all mice treated with APAP (300 mg/kg) for 24 h
developed ALI but also survived this experimental protocol (Figure 1c).

Female mice undergoing APAP-induced ALI displayed significantly enhanced hepatic
IL-22 mRNA (Figure 1d), which translated into well-detectable serum IL-22. Notably, all
female control sera and all male sera remained IL-22-negative throughout all specimens
investigated (Figure 1e). Interestingly, as opposed to the 6 h time point, IL-22 mRNA
remained undetectable in the later regeneration phase of APAP-induced ALI, irrespective
of the sexes (at 24 h, too low to be validly detectable (n = 5 for males and females), data not
shown; at 48 h, see reference [32]). In contrast to IL-22, hepatic expression of inflammatory
CXCL2 (Figure 1f) and tumor necrosis factor (TNF)-α (Figure 1g) were independent of the
respective sex. Because IL-6 has the capability to support IL-22 production [33], hepatic
expression of this cytokine was investigated 6 h after administration of APAP. As shown in
Supplementary Figure S1a, expression of IL-6 was not significantly affected by the respec-
tive murine sex. This also applied to expression of the IL-22-regulating transcription factor
aryl hydrocarbon receptor (Ahr) [33] (Supplementary Figure S1b), and to the IL-22-related
cytokines [4] IL-20 (Supplementary Figure S1c) and IL-24 (Supplementary Figure S1d). In
the case of IL-22R1, we observed a tendency towards increased expression in female mice.
However, this interesting tendency did not reach the level of significance in the set of
experiments performed (Supplementary Figure S1e).
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Figure 1. Increased production of IL-22 by female mice undergoing APAP-induced ALI: female and
male C57BL/6J mice were treated with either 0.9% NaCl (ctrl) or APAP (300 mg/kg). After 6 h
(a,b,d–g) or 24 h (c), mice were sacrificed and liver tissue and sera were analyzed. Liver damage was
determined by serum ALT after 6 h (a) or 24 h (c) ((a): n = 7 for ctrl, n = 13 for APAP; *** p < 0.001
versus ctrl-male; (c): n = 5; # p < 0.05). (b) Liver sections (H&E) are shown for representative
specimens, labeled red in subfigure (a). Hepatic mRNA expression for IL-22 (d), CXCL2 (f), and
TNFα (g) was determined by real-time PCR and normalized to GAPDH, and is shown as absolute
values (n = 10 for APAP-male; n = 9 for APAP-female; # p < 0.05). (e) Serum IL-22 analyzed by
ELISA (n = 7 for APAP-male, n = 8 for APAP-female; # p < 0.05). Statistical analysis: (a) raw data
were analyzed by Kruskal–Wallis with post hoc Dunn’s correction, (f) raw data were analyzed by
Mann–Whitney-U-test, data are shown as box-plots; (c–e,g) raw data were analyzed by unpaired
Student’s t-test, data are shown as means ± SEM. n.s., not statistically significant.

2.2. Increased IL-22 Production by Female Murine Splenocytes after Activation of Innate or
Adaptive Immunity In Vitro

Data presented herein demonstrate increased IL-22 production in female mice under-
going acute hepatic necroinflammation. To study this phenomenon in a cellular model re-
sembling a genuine composition of leukocytes, lipopolysaccharide (LPS)/Toll-like receptor-
4 (TLR4)-stimulated splenocytes were analyzed. This type of innate immunoactivation
was selected because TLR4 serves as an amplifier of danger associated molecular pattern
(DAMP)-driven necroinflammation [34] that similarly affects APAP-induced ALI [35–37].
Moreover, current knowledge indicates that APAP, by direct action on intestinal stem cells,
mediates barrier dysfunction [38], which likely results in modest but operative endotox-
emia. Figure 2a,b demonstrates significantly enhanced IL-22 production in LPS-activated
female splenocytes. Specifically, IL-22 release by female splenocytes was increased by 56.8%
as compared to their male counterparts. IL-22 release from unstimulated cells of either sex
was not detectable (Figure 2a). In the same set of samples showing upregulated IL-22 pro-
duction in female splenocytes, analysis of IL-10 (Figure 2c) or TNFα (Figure 2d) revealed
no influence of sex or even reduction of female gene expression. Of note, upregulation
of IL-22 expression in female splenocytes was not associated with enhanced expression
of Ahr (Supplementary Figure S2a). Interestingly, IL-22-related IL-24 showed a tendency
towards increased expression in female splenocytes, although this trend did not reach the
level of significance in the set of experiments performed (Supplementary Figure S2b).
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Figure 2. Increased production of IL-22 by female splenocytes exposed to LPS or αCD3/CD28:
freshly isolated male and female murine splenocytes of C57BL/6J mice were kept as unstimulated
ctrl or stimulated with LPS (1 µg/mL) for 48 h (a–d) or with agonistic αCD3/CD28 (2 µg/mL,
0.2 µg/mL) for 24 h ((e)-left panel) or 48 h ((e)-right panel, (f,g)). Release of the indicated cytokines
was determined by ELISA: IL-22 (a,e), IL-10 (c,f), TNFα (d), and IFNγ (g) ((a): n = 33; (c): n = 8–14;
(d): n = 13–17; (e)-left: n = 4–6; (e)-right: n = 12–16; (f): n = 11–13; (g): n = 8–13; *** p < 0.001 versus
ctrl of respective sex, # p < 0.05, ## p < 0.01, ### p < 0.001). (b) Splenic mRNA expression for IL-22 was
determined by real-time PCR and normalized to GAPDH, and is shown as absolute values (n = 19;
# p < 0.05). Statistical analysis: (a,c,d,e-right,f,g) raw data were analyzed by one-way ANOVA with
post hoc Bonferroni correction, data are shown as means ± SEM; (b,e-left) Mann–Whitney-U-test,
data are shown as box-plots. n.s., not statistically significant.

Splenic CD4+ memory T cells are regarded as a significant source of IL-22 [39]. To
directly activate splenic T cells, stimulatory αCD3/CD28 antibodies were used. Figure 2e
demonstrates more efficient female IL-22 production after 24 h (left panel) or 48 h (right
panel) of T cell receptor activation. Interestingly, αCD3/CD28-mediated induction of IL-10
(Figure 2f) and interferon (IFN)-γ (Figure 2g) did not diverge in relation to the studied sex,
demonstrating that more efficient production of IL-22 in female splenocytes is not mediated
by generally more efficient cellular activation under the influence of αCD3/CD28.

2.3. Androgens Inhibit Splenocyte Production of IL-22

Modulatory properties of the major male sex hormone testosterone are well estab-
lished and likely contribute to sex dependent immunoregulation [28,29,40,41]. Androgens
are supposed to act on T cells via membranous and nuclear androgen receptors [41,42].
Whereas coincubation with testosterone did not affect IL-22 release from male splenocytes,
inhibition by the hormone was observed for female cells (Figure 3a). Inhibition of IL-22 was
also observed when female splenocytes were co-incubated with 5α-dihydrotestosterone
(DHT) (Figure 3b) which, in contrast to testosterone, cannot be further metabolized in
aromatase-dependent fashion to become the principal female sex hormone estrogen [40,41].
Interestingly, splenocyte expressions of TNFα (Figure 3c) and IL-10 (Figure 3d) were both
unaffected by testosterone or DHT.
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Figure 3. Inhibition of IL-22 production by androgens: (a–d) freshly isolated male or female murine
splenocytes of C57BL/6J mice were kept as unstimulated ctrl or stimulated for 48 h with LPS
(1 µg/mL) in presence or absence of testosterone or DHT (both at 1 µM). (e,f) Splenocytes of female
C57BL/6J mice were kept as unstimulated control or cultivated under Th17-differentiation conditions
with or without testosterone (1 µM) for 4 days. All cultures were adjusted to a final concentration
of 0.0014% (vehicle for testosterone; a,c-left,d-left,e,f) or 0.029% (vehicle for DHT (b,c-right,d-right))
methanol. Release of indicated cytokines was determined by ELISA: IL-22 (a,b,e), TNFα (c), IL-10
(d) and IL-17 (f) (a,c-left,d-left): n = 8; (b,c-right,d-right): n = 7; (e,f): n = 5; *** p < 0.001 versus
ctrl of respected sex, # p < 0.05, ## p < 0.01). Statistical analysis: (a–d) raw data were analyzed by
one-way ANOVA with post hoc Bonferroni correction; data are shown as means ± SEM; (e,f) raw
data were analyzed by paired t-test and displayed as linked dot-plot of individual mice; crossbars
mark the mean value of the data points. T, testosterone; DHT, 5α-dihydrotestosterone; n.s., not
statistically significant.

IL-22 production by splenocytes was additionally investigated under the influence
of Th17-promoting conditions. For this purpose, cells were polarized by cultivation in
presence of αCD3, IL-23, IL-6, and transforming growth factor (TGF)-β (see Section 4).
As shown in Figure 3e, production of IL-22 was significantly reduced (by 32.9%) under
the influence of testosterone. Interestingly, IL-17 production was only marginally affected
(reduction by 9.0%) in these same cultures (Figure 3f).

2.4. Androgen-Mediated Inhibition of IL-22 Expression in Murine T Lymphoma EL-4 Cells

To study the regulation of murine IL-22 on a promoter basis, experiments were
performed using T cell lymphoma EL-4 cells. These cells are principally sensitive to
testosterone [43] and display significantly increased expression of IL-22 under the influ-
ence of phorbol 12-myristate 13-acetate (PMA)/phytohemagglutinin (PHA) (Figure 4a).
Interestingly, PMA/PHA-induced IL-22 expression was only modestly affected by a tem-
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porary co-incubation with testosterone. Specifically, IL-22 mRNA expression (normal-
ized to glyceraldehyd-3-phosphate-dehydrogenase (GAPDH)) was reduced by 18.0%
(n = 6, p < 0.05, paired t-test; Supplementary Figure S3) under the influence of testos-
terone coincubation (at 1 µM). In contrast, after a 15 d period of testosterone conditioning,
PMA/PHA-induced IL-22 was efficiently reduced (by 36.5%) in androgen-pretreated EL-4
cultures (Figure 4b, left panel). In contrast to IL-22, PMA/PHA-induced upregulation
of TNFα was not affected by testosterone conditioning in those same samples (3.4 ± 1.4-
fold-induction versus 3.1 ± 1.2-fold-induction for PMA/PHA versus PMA/PHA plus
testosterone, n = 6). Accordingly, we also observed that PMA/PHA-mediated IL-22 gene
induction was significantly impaired after a 15 d DHT-conditioning period (Figure 4b,
right panel).
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final concentration of 0.01% dimethyl sulfoxide (DMSO) (vehicle for PMA) and (if applicable) to 0.0014% methanol (vehicle
for testosterone) or 0.029% methanol (vehicle for DHT). (a,b) mRNA expression for IL-22 was determined by real-time PCR,
normalized to GAPDH and is shown as absolute values (a,b-left) or fold-induction compared to the condition without
PMA/PHA (b-right) ((a,b-left): n = 6; (b-right), n = 5; ** p < 0.01, *** p < 0.001 versus the respective ctrl, # p < 0.05). (c)
Schematic of XRE- and ARE-Sites within the first 2 kb of the murine IL-22 promoter. Numbers represent the distance from
the putative il22 transcriptional start site (TSS of NM_016971.2). (d–f) ChIP analysis was performed for detection of Ahr
binding to the il22 promoter region (d), −1783 bp/−1780 bp (XRE1); (e), −1103bp/−1100bp (XRE2); (f), −367 bp/−364
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correction; data are shown as means ± SD. T, testosterone; DHT, 5α-dihydrotestosterone; n.s., not statistically significant.
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Ahr is regarded to be of pivotal importance for efficient IL-22 production by diverse
cell types, most important Th17, γδT cells, and type 3 innate lymphoid cells [44,45]. The
murine il22 promoter actually displays three distinct Ahr-binding xenobiotic responsive
elements (XRE1-3) within 2 kB upstream of the putative il22 transcriptional start site. In-
terestingly, two of these sites (XRE1 and XRE2) are located in the vicinity of androgen
responsive elements (ARE) (Figure 4c). In a consecutive next step, chromatin immunopre-
cipitation (ChIP) analysis was performed to evaluate physical binding of Ahr to the il22
promoter under control conditions or the influence of testosterone. Binding of Ahr to XRE1
(Figure 4d) and XRE2 (Figure 4e) elements, but not to the XRE3 element (Figure 4f), was
significantly reduced after testosterone conditioning of EL-4 cells.

3. Discussion

IL-22 is a cytokine with remarkable tissue-protective properties that particularly apply
to the liver [3,15,24]. F-652, an IL-22-based biopharmaceutical agent, was recently shown to
be effective in a phase II clinical trial addressing patients with alcoholic hepatitis [46]. Given
these striking biological characteristics and having in mind the prospects of personalized
medicine [47], knowledge on the role of sexes in the regulation of IL-22 production appears
to be essential. By analyzing APAP-induced ALI, herein we identified IL-22 as a sex-related
cytokine. Specifically, as compared to their male counterparts, female mice displayed sig-
nificantly enhanced IL-22 expression, which became apparent at local hepatic and systemic
levels. Because female mice are far less sensitive to APAP-induced ALI, it is tempting to
speculate that endogenous levels of IL-22 may contribute to this phenomenon, in addition
to sex-dependent effects on levels of protective glutathione [30] or SH3 domain-binding
protein-5 [31]. Although application of recombinant IL-22 is clearly protective [20–22], the
role of endogenous IL-22 in APAP intoxication appears to be complex. Specifically, a previ-
ous report demonstrates disease aggravation not only in IL-22-/- mice, but, surprisingly,
also in mice deficient for the IL-22 opponent IL-22 binding protein [32]. Further studies are
required to clarify this paradox.

Increased IL-22 expression levels in female mice may potentially be due to a generally
amplified female inflammatory response, as previously observed in murine lupus [48].
However, female IL-22 upregulation as detected during APAP intoxication was not con-
nected to a higher degree of inflammation and displayed specificity because hepatic ex-
pression of paradigmatic inflammatory surrogates, such as CXCL2 and TNFα, were similar
between both sexes.

To study sex-related regulation of IL-22 at a cellular level, experiments were per-
formed using murine splenocytes and T cell lymphoma EL-4 cells. Although data derived
from leukemic cell lines must be carefully assessed, EL-4 cells were previously used to
study molecular biology of IL-22 expression, thus representing a suitable/reproducible
model system that enables gene characterization at the promoter level [49]. Splenocyte
experiments confirmed an increased female propensity to produce IL-22 in an authentic
composition of murine leukocytes. This observation was independent of the mode of
stimulation, which represented activation of either innate (LPS) or adaptive (αCD3/CD28)
immunity. Of note, it has been shown that innate inflammatory stimulation is capable of
activating IL-22 production by (memory) CD4+/CD8+ T cells through action of cytokines
such as IL-1 [39,50,51]. In these same female splenocyte cultures in which enhanced IL-22
production was evident, sex-dependent regulation of IL-10, IFNγ, and TNFα was lacking,
an observation again indicating specificity of IL-22 regulation.

The key male hormone testosterone has been linked to immunomodulation [40,41].
Interestingly, testosterone or DHT inhibited IL-22 production by LPS-stimulated female
splenocytes, but not that of IL-10 or TNFα. It is furthermore remarkable that IL-22 reg-
ulation by testosterone was only detected in female splenocytes but not in that of males.
This observation suggests that in vivo exposure of male splenocytes to testosterone is
capable of mediating regulatory effects during the succeeding period of ex vivo cell culture.
Moreover, in a protocol of adaptive splenocyte Th17 differentiation, testosterone impaired
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female IL-22 production but only marginally reduced IL-17. This latter observation is at
variance with a previous study reporting more efficient inhibition of IL-17 production by
testosterone. That report did not investigate IL-22 [52]. The difference between the two
studies is likely related to different protocols of Th17 differentiation. Specifically, here we
used unfractionated splenocytes (not isolated splenic T cells [52]) in order to particularly
allow an influence of innate immune cells during Th17 differentiation.

After demonstrating that testosterone is able to inhibit IL-22 production by female
murine splenocytes, mechanistic studies were performed using EL-4 cells. In concurrence
with aforementioned splenocyte data, testosterone and DHT significantly reduced IL-22
induction initiated by PMA/PHA. Because three putative androgen receptor-binding
ARE elements are located in the vicinity of two Ahr-binding XRE elements (XRE1, XRE2)
within the murine il22 promoter (Figure 4c), we hypothesized that testosterone, possibly
for steric reasons, may impair binding of Ahr to XRE1 and XRE2. In this context it is
noteworthy that some cell culture conditions, such as cultivation in presence of fetal calf
serum (FCS) (as performed herein), can support Ahr activation [53]. Moreover, general T
cell activation mediates functional Ahr signaling even in the absence of other exogenous
stimuli, which boosts the associated gene expression, including that of IL-22 [54,55]. ChIP
analysis revealed significantly reduced binding of Ahr to XRE1 and XRE2 (but not to XRE3)
under the influence of testosterone, supporting our hypothesis that binding of androgen
receptors to ARE sites within the il22 promotor may abrogate pro-transcriptional effects
of Ahr signaling at this specific gene locus. Herein, we focused on the well-controlled
murine system. Although the human IL22 gene actually displays an (imperfect) XRE site
at -1797 bp [NCBI Reference Sequence: NC_000012.12 with a putative TSS at 68.248.242
(nucleotide A from NM_020525.5); this TSS position is defined herein as +1] along with an
adjacent ARE site (within a distance of 17 bp), large studies are required to clarify whether
IL-22 expression is similarly sex related in humans. This is in particular the case as IL-22
production in humans not only is supposed to be determined by genetic parameters such
as gene polymorphisms [56], but also affected by age [57] and lifestyle conditions such as
smoking [58], and thus displays considerable interindividual variability.

Taken together, in vivo and cell culture data suggest that the female murine immune
system, compared to the male counterpart, is capable of generating significantly higher
amounts of IL-22, a cytokine that exerts protective functions at biological barriers. Fur-
thermore, mechanistic data propose that direct actions of the androgen receptor at the il22
locus are responsible for curbing IL-22 production in males. The data presented emphasize
the necessity to factor in sex-dependent effects when using mice to model pathophysiology
affected by IL-22.

4. Materials and Methods
4.1. Reagents

Agonistic rat anti-murine CD3 (clone 17A2) and hamster anti-murine CD28 (clone
37.51) monoclonal antibodies were purchased from BioLegend (San Diego, CA, USA). APAP
and LPS (O55:B5, TLR grade) were obtained from Sigma-Aldrich (Taufkirchen, Germany).
Testosterone (T) and DHT were obtained from Merck/Millipore (Darmstadt, Germany),
PMA from Enzo Life Sciences (Lörrach, Germany), and PHA-M from Roche (Mannheim,
Germany). Murine IL-6 was obtained from Peprotech Inc. (Frankfurt, Germany). Murine
IL-23 and TGF-β were from R&D Systems (Wiesbaden, Germany).

4.2. Murine Model of APAP-Induced ALI

Experiments using male and female 9–10 week old (mean age: 65 days) C57BL/6J mice
(MfD Diagnostics, Wendelsheim, Germany) were performed in compliance with the recom-
mendations of the Animal Protection Agency of the Federal State of Hesse (Regierungsprä-
sidium Darmstadt, Germany). The protocol was approved by the Regierungspräsidium
Darmstadt (FU/1253). Overnight (10 h) fasted male/female mice underwent APAP in-
toxication as previously described [20] using a dosage of 300 mg/kg APAP. Briefly, fasted
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mice obtained i.p. injections of either warm 0.9% NaCl (B. Braun, Melsungen, Germany)
or 300 mg/kg APAP (dissolved in warm 0.9% NaCl). Mice that obtained NaCl-only are
referred to as control mice (ctrl). During the experiment, all mice had access to food and
water ad libitum. After 6 or 24 h, the experiment was terminated and mice were sacrificed
upon isoflurane (Abbvie, Ludwigshafen, Germany) anesthesia. Blood was taken from the
retroorbital venous plexus and generated serum was stored at −80 ◦C. For processing
of hepatic specimens, livers were perfused with PBS. In order to prepare for histological
analysis, specimens were subsequently treated overnight with 4.5% buffered formalin. For
analysis of mRNA expression levels, snap frozen liver samples were stored at −80 ◦C.

4.3. Analysis of ALI by Histology and Determination of Serum ALT Activity

Formalin-treated tissue specimens were embedded in paraffin. Thereafter, liver sec-
tions (4 µm) were generated and stained using H&E. Liver injury was quantified by
analysis of serum ALT activity according to the manufacturer’s instructions (Reflotron;
Roche Diagnostics, Mannheim, Germany).

4.4. Isolation and Cultivation of Murine Splenocytes

Spleens of male and female 9–11 week old (mean age: 70 days) C57BL/6J mice
(MFD-Diagnostics GmbH) were excised and transferred to 5 mL ice-cold RPMI 1640
(Thermo Fisher Scientific, Langenselbold, Germany). Tissue was disintegrated over a
nylon cell strainer (70 µm; BD Biosciences, Heidelberg, Germany). Cell suspensions were
centrifuged at 500 g for 5 min at 4 ◦C and resuspended in 2 mL 0.83% NH4Cl for 2 min
at room temperature. Red blood cell lysis was stopped by adding 10 mL cold RPMI 1640.
Splenocytes were collected by centrifugation, washed in RPMI 1640, and resuspended
in RPMI 1640 supplemented with 10% heat-inactivated FCS, 100 U/mL penicillin, and
100 µg/mL streptomycin (Thermo Fischer Scientific). A quantity of 6 × 106 cells was
seeded on 12 well polystyrene plates (Greiner, Frickenhausen, Germany) in 1 mL culture
medium and cultured at 37 ◦C and 5% CO2. Splenocytes were stimulated as indicated in
the figure legends.

4.5. Th17 Polarization Performed in Splenocytes

Splenocytes were resuspended in RPMI 1640 supplemented with 10% heat-inactivated
FCS, 100 µg/mL streptomycin, and 100 U/mL penicillin (Thermo Fisher Scientific) and
cultivated in six well polystyrene plates (Greiner) that had been pre-coated overnight with
aforementioned agonistic anti-murine CD3 antibody (BioLegend, 4 µg/mL) at 37 ◦C and
5% CO2. Splenocytes were maintained (3 × 106 cells in 1 mL of aforementioned culture
medium; six-well polystyrene plates) in murine IL-23 (6 ng/mL), IL-6 (20 ng/mL) and
TGFβ (3 ng/mL) in order to support Th17 differentiation (with or without testosterone—as
indicated in the figure legend). Supernatants were analyzed for IL-17 and IL-22 production
after a 4 day cultivation period.

4.6. Cultivation of EL-4 T Cell Lymphoma Cells

Murine EL-4 T-cell lymphoma cells (ATCC-TIB-39) were purchased from LGC Stan-
dards (Wesel, Germany). Cells were maintained in RPMI 1640 supplemented with 100 U/mL
penicillin, 100 µg/mL streptomycin, and 10% heat-inactivated FCS (Thermo Fisher Sci-
entific) at 37 ◦C and 5% CO2. For all experiments, 2.5 × 106 cells were seeded on six
well polystyrene plates in 1 mL of the aforementioned culture medium and stimulated
as indicated in the figure legends. For a period of 15 days pre-incubation/conditioning
with testosterone or DHT (at 1 µM), medium (including testosterone/DHT or vehicle) was
changed every other day; control cells were maintained upon methanol at 0.0014% (vehicle
for testosterone) or methanol at 0.029% (vehicle for DHT).
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4.7. Cytokine Release Analyzed by Enzyme-Linked Immunosorbent Assay (ELISA)

Cell culture media or serum concentration of murine IL-22 (splenocyte experiments,
DuoSet; serum determinations, Quantikine assay; both R&D Systems), IL-10, IFNγ (both
DuoSet, R&D-Systems), IL-17A (denoted as IL-17 throughout the manuscript), and TNFα
(both Thermo Fisher Scientific) were determined by ELISA according to the manufactur-
ers’ instructions.

4.8. Detection of Cytokine and Glyceraldehyd-3-Phosphate-Dehydrogenase (GAPDH) mRNA by
Realtime Polymerase Chain Reaction (PCR)

Total RNA, isolated by Tri-Reagent (Sigma-Aldrich) was transcribed using random
hexameric primers (Qiagen, Hilden, Germany) and Moloney virus reverse transcriptase
(Thermo Fisher Scientific, Langenselbold, Germany) according to the manufacturers’ in-
structions. During realtime PCR, changes in fluorescence were caused by the Taq poly-
merase degrading the probe that contains a fluorescent dye (GAPDH: VIC, all others:
FAM; Thermo Fisher Scientific). Pre-developed reagents (Thermo Fisher Scientific) used
for analysis of murine mRNA expression: GAPDH (4352339E), CXCL2 (Mm00436450_m1),
IL-22 (Mm00444241_m1), TNFα (Mm00443258_m1), IL-22RA1 (Mm01192943_m1), IL-6
(Mm00446190_m1), IL-20 (Mm00445341_m1), IL-24 (Mm00474102_m1), and Ahr
(Mm00478932_m1). Assay-mix was from Nippon Genetics (Düren, Germany). Realtime
PCR was run according to the manufacturers’ instructions using QuantStudio 3 (Thermo
Fisher Scientific). For analysis of IL-22 mRNA in liver tissue: one initial step at 95 ◦C
(2 min) followed by 45 cycles at 95 ◦C (5 s) and 62 ◦C (30 s). For analysis of all other target
mRNA species in liver, splenocytes, and EL-4 cells (and for IL-22 mRNA in splenocytes
and EL-4 cells): one initial step at 95 ◦C (2 min) followed by 40 cycles at 95 ◦C (5 s) and
62 ◦C (30 s). Detection of the dequenched probe, calculation of threshold cycles (Ct values),
and data analysis was performed using the Sequence Detector software. Relative changes
in mRNA expression compared to unstimulated control and normalized to GAPDH were
quantified by the 2−ddCt method or were shown as 2−dCT (expression relative to GAPDH,
absolute values).

4.9. ChIP and Associated Realtime PCR

ChIP analysis of Ahr binding to XRE within the murine il22 promoter was per-
formed using EL-4 cells and by adapting a previously described protocol [59]. The il22
promoter region examined is located on chromosome 10 of the Mus musculus strain
C57BL/6J (NCBI Reference Sequence: NC_000076.7) with a putative TSS at 118.040.870
(nucleotide C from “NM_016971.2”). This TSS position is used as reference position
and defined as +1 in order to indicate locations within the il22 promoter. Sequence
analysis of murine/human il22/IL22 gene was performed by MatInspector (Genomatix,
Munich, Germany). For ChIP analysis, 2 µg of an IgG control (Cell Signal, Frankfurt,
Germany; clone E1D5H) or a mouse monoclonal anti-murine Ahr antibody (Thermo
Fisher Scientific, clone RPT9) were used. In order to amplify regions of the il22 pro-
moter containing XRE1 (−1783 bp/−1780 bp), XRE2 (−1103 bp/−1100 bp), and XRE3
(−367 bp/−364 bp) the indicated primers and probes were used for realtime PCR anal-
ysis. XRE1: forward primer 5′-CTAATGACTGGAGTCCGCTGC-3, reverse primer 5’-
AATGCAGAAAGTTGAAAGGTGGCC-3’; probe 5’-CTTGAGCACGCTCTCCTCTG-3’.
XRE2: forward primer 5’-GATCTCAATTAGCTGAGGGGAG-3’, reverse primer 5’-TACAC
TGAATCCCAGATAGCACC-3’; probe 5’-CGCGTTCTAGTCTAGATGTAGG-3’. XRE3: for-
ward primer 5’-GGGAGATCAAAGGCTGCTCTA-3’, reverse primer, 5’-CCACCTTGA
GAGATGGGAAGT-3’; probe 5’-GCAAAAGCACCTTGTTGGCCC-3’. Assay-mix was from
Nippon Genetics. Realtime PCR was performed on a QuantStudio 3 (Thermo Fisher Scien-
tific). One initial step at 95 ◦C (2 min), followed by 40 cycles at 95 ◦C (5 s) and 62 ◦C (30 s).
Detection of the dequenched probe, calculation of threshold cycles (Ct values), and data
analysis was performed by the Sequence Detector software. Enrichment of promoter DNA
was calculated by the 2−dCt method.
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4.10. Statistics

Data were first evaluated by the D‘Agostino and Pearson test for parametric distribu-
tion. In case of ‘n < 8′, the Kolmogorov–Smirnov test was used. ‘n-numbers’ throughout the
manuscript either refer to individual mice (Figures 1–3, Supplementary Figures S1 and S2)
or to independently performed experiments using EL-4 cells (Figure 4, Supplementary
Figure S3). For two groups, raw data or fold-inductions/enrichments were analyzed by
unpaired two-tailed Student’s t-test or paired (Figure 3e,f, Supplementary Figure S3) Stu-
dent’s t-test, or by Mann–Whitney-U-test. For comparison of three or more groups, raw
data were analyzed by one-way analysis of variance with post-hoc Bonferroni correction
(ANOVA) or by Kruskal–Wallis with post-hoc Dunn’s test (Figure 1A). Potential outliers
(Figure 2, Supplementary Figure S1) were not excluded from statistical analysis. Data are
shown as means ± SEM or ± SD or as box-plots (with top and bottom margins referring
to the 75th and 25th percentile, with whiskers depicting maximum and minimum values,
with a horizontal line indicating the median, and with outliers identified as values beyond
± 1.5× IQR (Figure 2)) and presented as raw data, ng/mL, pg/mL, fold-induction, enrich-
ment of promoter DNA, or as units/L. Differences were considered statistically significant
if the p-value was below 0.05 (GraphPad Prism, La Jolla, CA, USA). Statistical information
is specified in each figure legend.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221910623/s1.

Author Contributions: Conceptualization, H.M.; methodology, M.B., H.S., S.G., H.M.; validation,
H.S., M.B.; formal analysis, H.S., M.B.; investigation, H.S., M.B., S.G.; resources, H.M.; data curation,
M.B., H.S., H.M.; writing—original draft preparation, H.M., H.S., M.B.; writing—review and editing,
H.M., H.S., M.B., S.G.; visualization, H.S., H.M., M.B.; supervision, H.M.; project administration,
M.B., H.M.; funding acquisition, H.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Deutsche Forschungsgemeinschaft (DFG MU 1284/6-2)
and by departmental funding (pharmazentrum frankfurt, Institute of General Pharmacology and
Toxicology) to H.M.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of the Regierungspräsidium
Darmstadt/Animal Protection Agency of the Federal State of Hesse, Germany (FU/1253, 31.10.2019).

Informed Consent Statement: Not applicable.

Acknowledgments: H.S. is an associated member and S.G. is a member of the DFG Graduate
School GRK2336.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dumoutier, L.; Van Roost, E.; Ameye, G.; Michaux, L.; Renauld, J.C. IL-TIF/IL-22: Genomic organization and mapping of the

human and mouse genes. Genes Immun. 2000, 1, 488–494. [CrossRef]
2. Xie, M.H.; Aggarwal, S.; Ho, W.H.; Foster, J.; Zhang, Z.; Stinson, J.; Wood, W.I.; Goddard, A.D.; Gurney, A.L. Interleukin (IL)-22,

a novel human cytokine that signals through the interferon receptor-related proteins CRF2-4 and IL-22R. J. Biol. Chem. 2000, 275,
31335–31339. [CrossRef]

3. Mühl, H.; Scheiermann, P.; Bachmann, M.; Härdle, L.; Heinrichs, A.; Pfeilschifter, J. IL-22 in tissue-protective therapy. Br. J. Pharm.
2013, 169, 761–771. [CrossRef]

4. Sabat, R. IL-10 family of cytokines. Cytokine Growth Factor Rev. 2010, 21, 315–324. [CrossRef] [PubMed]
5. Wolk, K.; Kunz, S.; Witte, E.; Friedrich, M.; Asadullah, K.; Sabat, R. IL-22 increases the innate immunity of tissues. Immunity 2004,

21, 241–254. [CrossRef] [PubMed]
6. Aujla, S.J.; Chan, Y.R.; Zheng, M.; Fei, M.; Askew, D.J.; Pociask, D.A.; Reinhart, T.A.; McAllister, F.; Edeal, J.; Gaus, K.; et al. IL-22

mediates mucosal host defense against Gram-negative bacterial pneumonia. Nat. Med. 2008, 14, 275–281. [CrossRef]
7. Coorens, M.; Rao, A.; Gräfe, S.K.; Unelius, D.; Lindforss, U.; Agerberth, B.; Mjösberg, J.; Bergman, P. Innate lymphoid cell type 3–

derived interleukin-22 boosts lipocalin-2 production in intestinal epithelial cells via synergy between STAT3 and NF-B. J. Biol.
Chem. 2019, 294, 6027–6041. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms221910623/s1
https://www.mdpi.com/article/10.3390/ijms221910623/s1
http://doi.org/10.1038/sj.gene.6363716
http://doi.org/10.1074/jbc.M005304200
http://doi.org/10.1111/bph.12196
http://doi.org/10.1016/j.cytogfr.2010.11.001
http://www.ncbi.nlm.nih.gov/pubmed/21112807
http://doi.org/10.1016/j.immuni.2004.07.007
http://www.ncbi.nlm.nih.gov/pubmed/15308104
http://doi.org/10.1038/nm1710
http://doi.org/10.1074/jbc.RA118.007290
http://www.ncbi.nlm.nih.gov/pubmed/30782844


Int. J. Mol. Sci. 2021, 22, 10623 12 of 13

8. Mühl, H.; Bachmann, M.; Pfeilschifter, J. Inducible NO synthase and antibacterial host defence in times of Th17/Th22/T22
immunity. Cell. Microbiol. 2011, 13, 340–348. [CrossRef]

9. Ziesché, E.; Bachmann, M.; Kleinert, H.; Pfeilschifter, J.; Mühl, H. The interleukin-22/STAT3 pathway potentiates expression of
inducible nitric-oxide synthase in human colon carcinoma cells. J. Biol. Chem. 2007, 282, 16006–16015. [CrossRef]

10. Powell, N.; Pantazi, E.; Pavlidis, P.; Tsakmaki, A.; Li, K.; Yang, F.; Parker, A.; Pin, C.; Cozzetto, D.; Minns, D.; et al. Interleukin-22
orchestrates a pathological endoplasmic reticulum stress response transcriptional programme in colonic epithelial cells. Gut 2020,
69, 578–590. [CrossRef]

11. Moniruzzaman, M.; Wang, R.; Jeet, V.; McGuckin, M.A.; Hasnain, S.Z. Interleukin (IL)-22 from IL-20 subfamily of cytokines
induces colonic epithelial cell proliferation predominantly through ERK1/2 pathway. Int. J. Mol. Sci. 2019, 20, 3468. [CrossRef]

12. Prado, M.K.B.; Fontanari, C.; Souza, C.O.S.; Gardinassi, L.G.; Zoccal, K.F.; de Paula-Silva, F.W.G.; Peti, A.P.F.; Sorgi, C.A.; Meirelles,
A.F.G.; Ramos, S.G.; et al. IL-22 Promotes IFN-γ-Mediated Immunity against Histoplasma capsulatum Infection. Biomolecules
2020, 10, 865. [CrossRef]

13. Chen, Y.; Vandereyken, M.; Newton, I.P.; Moraga, I.; Näthke, I.S.; Swamy, M. Loss of adenomatous polyposis coli function renders
intestinal epithelial cells resistant to the cytokine IL-22. PLoS Biol. 2019, 17, e3000540. [CrossRef] [PubMed]

14. Wang, C.; Gong, G.; Sheh, A.; Muthupalani, S.; Bryant, E.M.; Puglisi, D.A.; Holcombe, H.; Conaway, E.A.; Parry, N.A.P.;
Bakthavatchalu, V.; et al. Interleukin-22 drives nitric oxide-dependent DNA damage and dysplasia in a murine model of
colitis-associated cancer. Mucosal Immunol. 2017, 10, 1504–1517. [CrossRef]

15. Radaeva, S.; Sun, R.; Pan, H.N.; 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 STAT3 Activation. Hepatology 2004, 39, 1332–1342. [CrossRef] [PubMed]

16. Brand, S.; Dambacher, J.; Beigel, F.; Zitzmann, K.; Heeg, M.H.J.; Weiss, T.S.; Prüfer, T.; Olszak, T.; Steib, C.J.; Storr, M.; et al.
IL-22-mediated liver cell regeneration is abrogated by SOCS-1/3 overexpression in vitro. Am. J. Physiol. Gastrointest. Liver Physiol.
2007, 292, 1019–1028. [CrossRef] [PubMed]

17. He, Y.; Hwang, S.; Ahmed, Y.A.; Feng, D.; Li, N.; Ribeiro, M.; Lafdil, F.; Kisseleva, T.; Szabo, G.; Gao, B. Immunopathobiology and
therapeutic targets related to cytokines in liver diseases. Cell. Mol. Immunol. 2021, 18, 18–37. [CrossRef] [PubMed]

18. Xing, W.W.; Zou, M.J.; Liu, S.; Xu, T.; Gao, J.; Wang, J.X.; Xu, D.G. Hepatoprotective effects of IL-22 on fulminant hepatic failure
induced by d-galactosamine and lipopolysaccharide in mice. Cytokine 2011, 56, 174–179. [CrossRef]

19. Xing, W.W.; Zou, M.J.; Liu, S.; Xu, T.; Wang, J.X.; Xu, D.G. Interleukin-22 protects against acute alcohol-induced hepatotoxicity in
mice. Biosci. Biotechnol. Biochem. 2011, 75, 1290–1294. [CrossRef] [PubMed]

20. Scheiermann, P.; Bachmann, M.; Goren, I.; Zwissler, B.; Pfeilschifter, J.; Mühl, H. Application of interleukin-22 mediates protection
in experimental acetaminophen-induced acute liver injury. Am. J. Pathol. 2013, 182, 1107–1113. [CrossRef]

21. Feng, D.; Wang, Y.; Wang, H.; Weng, H.; Kong, X.; Martin-Murphy, B.V.; Li, Y.; Park, O.; Dooley, S.; Ju, C.; et al. Acute and Chronic
Effects of IL-22 on Acetaminophen-Induced Liver Injury. J. Immunol. 2014, 193, 2512–2518. [CrossRef] [PubMed]

22. Mo, R.; Lai, R.; Lu, J.; Zhuang, Y.; Zhou, T.; Jiang, S.; Ren, P.; Li, Z.; Cao, Z.; Liu, Y.; et al. Enhanced autophagy contributes to
protective effects of IL-22 against acetaminophen-induced liver injury. Theranostics 2018, 8, 4170–4180. [CrossRef] [PubMed]

23. Karin, M.; Clevers, H. Reparative inflammation takes charge of tissue regeneration. Nature 2016, 529, 307–315. [CrossRef]
[PubMed]

24. Mühl, H. STAT3, a key parameter of cytokine-driven tissue protection during sterile inflammation—The case of experimental
acetaminophen (paracetamol)-induced liver damage. Front. Immunol. 2016, 7, 163. [CrossRef] [PubMed]

25. Mossanen, J.C.; Krenkel, O.; Ergen, C.; Govaere, O.; Liepelt, A.; Puengel, T.; Heymann, F.; Kalthoff, S.; Lefebvre, E.;
Eulberg, D.; et al. Chemokine (C-C motif) receptor 2–positive monocytes aggravate the early phase of acetaminophen-induced
acute liver injury. Hepatology 2016, 64, 1667–1682. [CrossRef] [PubMed]

26. Bachmann, M.; Pfeilschifter, J.; Mühl, H. A prominent role of interleukin-18 in acetaminophen-induced liver injury advocates its
blockage for therapy of hepatic necroinflammation. Front. Immunol. 2018, 9, 161. [CrossRef] [PubMed]

27. Jaeschke, H.; Ramachandran, A. Mechanisms and pathophysiological significance of sterile inflammation during acetaminophen
hepatotoxicity. Food Chem. Toxicol. 2020, 138, 111240. [CrossRef]

28. Markle, J.G.; Fish, E.N. SeXX matters in immunity. Trends Immunol. 2014, 35, 97–104. [CrossRef]
29. Klein, S.L.; Flanagan, K.L. Sex differences in immune responses. Nat. Rev. Immunol. 2016, 16, 626–638. [CrossRef]
30. Du, K.; Williams, C.D.; McGill, M.R.; Jaeschke, H. Lower susceptibility of female mice to acetaminophen hepatotoxicity: Role of

mitochondrial glutathione, oxidant stress and c-jun N-terminal kinase. Toxicol. Appl. Pharmacol. 2014, 281, 58–66. [CrossRef]
31. Win, S.; Min, R.W.M.; Chen, C.Q.; Zhang, J.; Chen, Y.; Li, M.; Suzuki, A.; Abdelmalek, M.F.; Wang, Y.; Aghajan, M.; et al.

Expression of mitochondrial membrane-linked SAB determines severity of sex-dependent acute liver injury. J. Clin. Invest. 2019,
129, 5278–5293. [CrossRef]

32. Kleinschmidt, D.; Giannou, A.D.; McGee, H.M.; Kempski, J.; Steglich, B.; Huber, F.J.; Ernst, T.M.; Shiri, A.M.; Wegscheid, C.;
Tasika, E.; et al. A Protective Function of IL-22BP in Ischemia Reperfusion and Acetaminophen-Induced Liver Injury. J. Immunol.
2017, 199, 4078–4090. [CrossRef] [PubMed]

33. Rutz, S.; Eidenschenk, C.; Ouyang, W. IL-22, not simply a Th17 cytokine. Immunol. Rev. 2013, 252, 116–132. [CrossRef] [PubMed]
34. Sarhan, M.; Land, W.G.; Tonnus, W.; Hugo, C.P.; Linkermann, A. Origin and consequences of necroinflammation. Physiol. Rev.

2018, 98, 727–780. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1462-5822.2010.01559.x
http://doi.org/10.1074/jbc.M611040200
http://doi.org/10.1136/gutjnl-2019-318483
http://doi.org/10.3390/ijms20143468
http://doi.org/10.3390/biom10060865
http://doi.org/10.1371/journal.pbio.3000540
http://www.ncbi.nlm.nih.gov/pubmed/31770366
http://doi.org/10.1038/mi.2017.9
http://doi.org/10.1002/hep.20184
http://www.ncbi.nlm.nih.gov/pubmed/15122762
http://doi.org/10.1152/ajpgi.00239.2006
http://www.ncbi.nlm.nih.gov/pubmed/17204547
http://doi.org/10.1038/s41423-020-00580-w
http://www.ncbi.nlm.nih.gov/pubmed/33203939
http://doi.org/10.1016/j.cyto.2011.07.022
http://doi.org/10.1271/bbb.110061
http://www.ncbi.nlm.nih.gov/pubmed/21737938
http://doi.org/10.1016/j.ajpath.2012.12.010
http://doi.org/10.4049/jimmunol.1400588
http://www.ncbi.nlm.nih.gov/pubmed/25063867
http://doi.org/10.7150/thno.25798
http://www.ncbi.nlm.nih.gov/pubmed/30128045
http://doi.org/10.1038/nature17039
http://www.ncbi.nlm.nih.gov/pubmed/26791721
http://doi.org/10.3389/fimmu.2016.00163
http://www.ncbi.nlm.nih.gov/pubmed/27199988
http://doi.org/10.1002/hep.28682
http://www.ncbi.nlm.nih.gov/pubmed/27302828
http://doi.org/10.3389/fimmu.2018.00161
http://www.ncbi.nlm.nih.gov/pubmed/29472923
http://doi.org/10.1016/j.fct.2020.111240
http://doi.org/10.1016/j.it.2013.10.006
http://doi.org/10.1038/nri.2016.90
http://doi.org/10.1016/j.taap.2014.09.002
http://doi.org/10.1172/JCI128289
http://doi.org/10.4049/jimmunol.1700587
http://www.ncbi.nlm.nih.gov/pubmed/29109123
http://doi.org/10.1111/imr.12027
http://www.ncbi.nlm.nih.gov/pubmed/23405899
http://doi.org/10.1152/physrev.00041.2016
http://www.ncbi.nlm.nih.gov/pubmed/29465288


Int. J. Mol. Sci. 2021, 22, 10623 13 of 13

35. Xu, J.; Zhang, X.; Monestier, M.; Esmon, N.L.; Esmon, C.T. Extracellular Histones Are Mediators of Death through TLR2 and
TLR4 in Mouse Fatal Liver Injury. J. Immunol. 2011, 187, 2626–2631. [CrossRef]

36. Yohe, H.C.; O’Hara, K.A.; Hunt, J.A.; Kitzmiller, T.J.; Wood, S.G.; Bement, J.L.; Bement, W.J.; Szakacs, J.G.; Wrighton, S.A.; Jacobs,
J.M.; et al. Involvement of Toll-like receptor 4 in acetaminophen hepatotoxicity. Am. J. Physiol. Gastrointest. Liver Physiol. 2006,
290, 1269–1279. [CrossRef]

37. Li, W.; Yang, G.L.; Zhu, Q.; Zhong, X.H.; Nie, Y.C.; Li, X.H.; Wang, Y. TLR4 promotes liver inflammation by activating the JNK
pathway. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 7655–7662.

38. Chopyk, D.M.; Stuart, J.D.; Zimmerman, M.G.; Wen, J.; Gumber, S.; Suthar, M.S.; Thapa, M.; Czaja, M.J.; Grakoui, A. Ac-
etaminophen Intoxication Rapidly Induces Apoptosis of Intestinal Crypt Stem Cells and Enhances Intestinal Permeability. Hepatol.
Commun. 2019, 3, 1435–1449. [CrossRef]

39. Jain, A.; Song, R.; Wakeland, E.K.; Pasare, C. T cell-intrinsic IL-1R signaling licenses effector cytokine production by memory CD4
T cells. Nat. Commun. 2018, 9, 3185. [CrossRef]

40. Bupp, M.R.G.; Jorgensen, T.N. Androgen-induced immunosuppression. Front. Immunol. 2018, 9, 794. [CrossRef]
41. Henze, L.; Schwinge, D.; Schramm, C. The Effects of Androgens on T Cells: Clues to Female Predominance in Autoimmune Liver

Diseases? Front. Immunol. 2020, 11, 1567. [CrossRef]
42. Kissick, H.T.; Sanda, M.G.; Dunn, L.K.; Pellegrini, K.L.; On, S.T.; Noel, J.K.; Arredouani, M.S. Androgens alter T-cell immunity by

inhibiting T-helper 1 differentiation. Proc. Natl. Acad. Sci. USA 2014, 111, 9887–9892. [CrossRef]
43. Wang, Y.; Campbell, H.D.; Young, I.G. Sex hormones and dexamethasone modulate interleukin-5 gene expression in T lympho-

cytes. J. Steroid. Biochem. Mol. Biol. 1993, 44, 203–210. [CrossRef]
44. Veldhoen, M.; Hirota, K.; Westendorf, A.M.; Buer, J.; Dumoutier, L.; Renauld, J.C.; Stockinger, B. The aryl hydrocarbon receptor

links TH17-cell-mediated autoimmunity to environmental toxins. Nature 2008, 453, 106–109. [CrossRef]
45. Gutiérrez-Vázquez, C.; Quintana, F.J. Regulation of the Immune Response by the Aryl Hydrocarbon Receptor. Immunity 2018, 48,

19–33. [CrossRef] [PubMed]
46. Arab, J.P.; Sehrawat, T.S.; Simonetto, D.A.; Verma, V.K.; Feng, D.; Tang, T.; Dreyer, K.; Yan, X.; Daley, W.L.; Sanyal, A.; et al. An

Open-Label, Dose-Escalation Study to Assess the Safety and Efficacy of IL-22 Agonist F-652 in Patients with Alcohol-associated
Hepatitis. Hepatology 2020, 72, 441–453. [CrossRef] [PubMed]

47. Karczewski, K.J.; Snyder, M.P. Integrative omics for health and disease. Nat. Rev. Genet. 2018, 19, 299–310. [CrossRef] [PubMed]
48. Gaudreau, M.C.; Johnson, B.M.; Gudi, R.; Al-Gadban, M.M.; Vasu, C. Gender bias in lupus: Does immune response initiated in

the gut mucosa have a role? Clin. Exp. Immunol. 2015, 180, 393–407. [CrossRef] [PubMed]
49. Qiu, J.; Heller, J.J.; Guo, X.; Chen, Z.M.; Fish, K.; Fu, Y.X.; Zhou, L. The aryl hydrocarbon receptor regulates gut immunity through

modulation of innate lymphoid cells. Immunity 2012, 36, 92–104. [CrossRef] [PubMed]
50. Bachmann, M.; Horn, K.; Rudloff, I.; Goren, I.; Holdener, M.; Christen, U.; Darsow, N.; Hunfeld, K.P.; Koehl, U.; Kind, P.; et al.

Early Production of IL-22 but Not IL-17 by peripheral blood mononuclear cells exposed to live borrelia burgdorferi: The role of
monocytes and interleukin-1. PLoS Pathog. 2010, 6, e1001144. [CrossRef]

51. Lee, H.G.; Cho, M.Z.; Choi, J.M. Bystander CD4+ T cells: Crossroads between innate and adaptive immunity. Exp. Mol. Med.
2020, 52, 1255–1263. [CrossRef]

52. Massa, M.G.; David, C.; Jörg, S.; Berg, J.; Gisevius, B.; Hirschberg, S.; Linker, R.A.; Gold, R.; Haghikia, A. Testosterone Differentially
Affects T Cells and Neurons in Murine and Human Models of Neuroinflammation and Neurodegeneration. Am. J. Pathol. 2017,
187, 1613–1622. [CrossRef] [PubMed]

53. Adachi, J.; Mori, Y.; Matsui, S.; Takigami, H.; Fujino, J.; Kitagawa, H.; Miller, C.A.; Kato, T.; Saeki, K.; Matsuda, T. Indirubin and
Indigo are Potent Aryl Hydrocarbon Receptor Ligands Present in Human Urine. J. Biol. Chem. 2001, 276, 31475–31478. [CrossRef]
[PubMed]

54. Crawford, R.B.; Holsapple, M.P.; Kaminski, N.E. Leukocyte activation induces aryl hydrocarbon receptor upregulation, DNA
binding, and increased Cyp1a1 expression in the absence of exogenous ligand. Mol. Pharmacol. 1997, 52, 921–927. [CrossRef]
[PubMed]

55. Prigent, L.; Robineau, M.; Jouneau, S.; Morzadec, C.; Louarn, L.; Vernhet, L.; Fardel, O.; Sparfel, L. The aryl hydrocarbon receptor
is functionally upregulated early in the course of human T-cell activation. Eur. J. Immunol. 2014, 44, 1330–1340. [CrossRef]

56. De Luca, A.; Carvalho, A.; Cunha, C.; Iannitti, R.G.; Pitzurra, L.; Giovannini, G.; Mencacci, A.; Bartolommei, L.; Moretti, S.;
Massi-Benedetti, C.; et al. IL-22 and IDO1 affect immunity and tolerance to murine and human vaginal candidiasis. PLoS Pathog.
2013, 9, e1003486. [CrossRef]

57. Oosting, M.; Kerstholt, M.; Ter Horst, R.; Li, Y.; Deelen, P.; Smeekens, S.; Jaeger, M.; Lachmandas, E.; Vrijmoeth, H.; Lupse, M.; et al.
Functional and Genomic Architecture of Borrelia burgdorferi-Induced Cytokine Responses in Humans. Cell Host Microbe 2016, 20,
822–833. [CrossRef]

58. Huang, Y.; Lou, H.; Wang, C.; Zhang, L. Impact of cigarette smoke and IL-17A activation on asthmatic patients with chronic
rhinosinusitis. Rhinology 2019, 57, 57–66. [CrossRef] [PubMed]

59. Bachmann, M.; Paulukat, J.; Pfeilschifter, J.; Mühl, H. Molecular mechanisms of IL-18BP regulation in DLD-1 cells: Pivotal direct
action of the STAT1/GAS axis on the promoter level. J. Cell. Mol. Med. 2009, 13, 1987–1994. [CrossRef]

http://doi.org/10.4049/jimmunol.1003930
http://doi.org/10.1152/ajpgi.00239.2005
http://doi.org/10.1002/hep4.1406
http://doi.org/10.1038/s41467-018-05489-7
http://doi.org/10.3389/fimmu.2018.00794
http://doi.org/10.3389/fimmu.2020.01567
http://doi.org/10.1073/pnas.1402468111
http://doi.org/10.1016/0960-0760(93)90080-G
http://doi.org/10.1038/nature06881
http://doi.org/10.1016/j.immuni.2017.12.012
http://www.ncbi.nlm.nih.gov/pubmed/29343438
http://doi.org/10.1002/hep.31046
http://www.ncbi.nlm.nih.gov/pubmed/31774566
http://doi.org/10.1038/nrg.2018.4
http://www.ncbi.nlm.nih.gov/pubmed/29479082
http://doi.org/10.1111/cei.12587
http://www.ncbi.nlm.nih.gov/pubmed/25603723
http://doi.org/10.1016/j.immuni.2011.11.011
http://www.ncbi.nlm.nih.gov/pubmed/22177117
http://doi.org/10.1371/journal.ppat.1001144
http://doi.org/10.1038/s12276-020-00486-7
http://doi.org/10.1016/j.ajpath.2017.03.006
http://www.ncbi.nlm.nih.gov/pubmed/28634006
http://doi.org/10.1074/jbc.C100238200
http://www.ncbi.nlm.nih.gov/pubmed/11425848
http://doi.org/10.1124/mol.52.6.921
http://www.ncbi.nlm.nih.gov/pubmed/9415701
http://doi.org/10.1002/eji.201343920
http://doi.org/10.1371/journal.ppat.1003486
http://doi.org/10.1016/j.chom.2016.10.006
http://doi.org/10.4193/Rhin18.131
http://www.ncbi.nlm.nih.gov/pubmed/30609423
http://doi.org/10.1111/j.1582-4934.2008.00604.x

	Introduction 
	Results 
	Female C57BL/6J Mice Display Increased IL-22 Production Associated with APAP-Induced ALI 
	Increased IL-22 Production by Female Murine Splenocytes after Activation of Innate or Adaptive Immunity In Vitro 
	Androgens Inhibit Splenocyte Production of IL-22 
	Androgen-Mediated Inhibition of IL-22 Expression in Murine T Lymphoma EL-4 Cells 

	Discussion 
	Materials and Methods 
	Reagents 
	Murine Model of APAP-Induced ALI 
	Analysis of ALI by Histology and Determination of Serum ALT Activity 
	Isolation and Cultivation of Murine Splenocytes 
	Th17 Polarization Performed in Splenocytes 
	Cultivation of EL-4 T Cell Lymphoma Cells 
	Cytokine Release Analyzed by Enzyme-Linked Immunosorbent Assay (ELISA) 
	Detection of Cytokine and Glyceraldehyd-3-Phosphate-Dehydrogenase (GAPDH) mRNA by Realtime Polymerase Chain Reaction (PCR) 
	ChIP and Associated Realtime PCR 
	Statistics 

	References

