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Abstract T helper cell 22 (Th22) is a new subset of T
cells clearly separate from Th17 and other known T cell
subsets with distinct gene expression and function. With
the CCR6 + CCR4 + CCRI10 + phenotype and aryl
hydrocarbon receptor as the key transcription factor, Th22
subsets produce cytokines such as IL-22, whose function
depends on the activation of signal transduction and acti-
vators of transcription 3. IL-22 was up-regulated in
Rheumatoid arthritis, Crohn’s disease, Psoriasis, and atopic
dermatitis patients whereas it was down-regulated in the
serum of patients with sarcoidosis and systemic lupus
erythematosus. Furthermore, it has been demonstrated that
IL-22 may have promise as a potential therapeutic for
chronic inflammatory diseases, and treatment with recom-
binant cytokine or gene therapy delivery of IL-22 may
alleviate tissue destruction during inflammatory responses.
In summary, Th22 cell plays an important and complicated
role in inflammatory and autoimmune disease.
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Background

T helper cell (Th) subsets are defined according to their pro-

duction of lineage-indicating cytokines and functions. They
play important roles in translating antigen-specific immune
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responses into tissue functions or immunopathology. The
identification of novel T cell subsets, such as Th17 cells, is
important to define the role of the specific immune response in
human disease. Across the board of different pathologies,
distinct T cell subsets secrete cytokines that function not only
on other immune cells, but also on target cells [ 1-3]. Recently,
a Th22 subset of T cells was clearly separated from Th17 and
other known T cell subsets with a distinct identity with respect
to gene expression and function [4].

Th22

With the CCR6 + CCR4 4 CCR10 + phenotype and aryl
hydrocarbon receptor (AHR) as the key transcription fac-
tor, Th22 subsets produce cytokines such as IL.-22, IL-26,
and IL-13, of which IL-22 is the most important functional
cytokine. Recent studies indicate that IL-6 and TNF-g,
along with the help of plasmacytoid dendritic cells (DCs),
can promote the Th22 phenotype [5].

The IL-23 and IL-6 can directly induce the production of
IL-22 from both murine and human naive T cells. AHR
agonists promote IL-22 production in both human and mice
[6, 7]. However, the production of IL-22 from Th17 cells is
differentially regulated [8]. There is a species-specific
regulation of IL-17 production by AHR that may partially
be attributed to the differences in the affinities of the human
and mouse AHR. The affinity for the ligand of the human
AHR is much lower than that of the mouse AHR. Therefore,
IL-22 + IL-17 cells are only found in human [9].

IL-22 and signaling pathway

The IL-22 belongs to the IL-10 family of cytokine. Human
and mouse IL-10-related-T-cell-derived inducible factor
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(IL-TTF) both consist of 179 amino acid long proteins and
six exons spreading over approximately 6 Kb including
four cysteins, and showing an overall sequence identity
with IL-10 of 22% in the mouse and 25% in the human.
Human IL-TIF gene is a single copy gene located on
chromosome 12q15, at 90 Kb from the IFN-y gene, and at
27 Kb from the AK155 gene, which codes for another IL-
10-related cytokine. In the mouse, the IL-22 gene is located
on chromosome 10, also near the IFN-y gene. There are
two copies in different mouse strains, which show 98%
nucleotide identity in the coding region, named IL-TIFo
and IL-TIFf. Beside single nucleotide variations, they
differ by a 658 nucleotide deletion in IL-TIFf, including
the first non-coding exon and 603 nucleotides from the
promoter, suggesting that the IL-TIFf gene is either dif-
ferentially regulated, or not expressed at all [10].

Like all other members of the IL-10 family, IL-22 exerts
its biological effects via members of the cytokine receptor
family class 2. The cell surface IL-22 receptor complex is a
heterodimeric receptor consisting of IL-22R1 and IL-10R2
chains [11]. The latter also function as an accessory
receptor chain for the IL-10, IL-26, and the IL-28/IL-29
receptor complex [12]. IL-22R1 is expressed in skin,
pancreas, kidney, liver, and gut but not on T cells, B cells,
monocytes, or dendritic cells [11, 13—15]. In addition to the
cell surface IL-22 receptor complex, there is a soluble,
single-chain IL-22 receptor named IL-22 binding protein
(IL-22BP), which also demonstrates the features of the
extracellular domain of the class 2 cytokine receptors [15].
Indeed, IL-22BP is a kind of secreted protein that specifi-
cally binds IL-22 and seems to function as an IL-22
antagonist in vitro. In vivo, this soluble receptor might act
as either a cytokine carrier molecule or a cytokine antag-
onist [11].

The IL-22 induces signal transduction and activators of
transcription (STAT) activation in several cell lines such as
mesangial cells, lung, and intestinal epithelial cells, melano-
mas, and hepatomas [16, 17]. Cell lines such as TK-10, a
renal cell carcinoma and SW480, a colon adenocarcinoma
were observed to show rapid and robust STAT1, STAT3, and
STATS activation in response to IL-22 [18]. A later study
showed binding of IL-22 to its surface receptor on rat hepa-
toma cell line H4IIE induced the rapid activation of JAK1 and
Tyk2, leading to phosphorylation of STAT1, STAT3, and
STATS. IL-22 also activated the three major MAPK path-
ways: the MEK-ERK-RSK, the JNK/SAPK, and the p38
kinase pathways. In addition, IL-22 induced phosphorylation
of STAT3 on a serine residue. This further STAT modifica-
tion was necessary for maximum transactivation and depen-
ded only marginally on the ERK pathway [19].

In addition, IL-22 has a crucial role in mucosal host
defense as to induce the antimicrobial peptides human
f-defensin 2 and f-defensin 3 [3].
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IL-22 in inflammatory and autoimmune disease

The IL-22 is produced by special immune cell populations,
including Th22, Thl, and Th17 cells, classical and non-
classical (NK-22) NK cells, NKT cells, and lymphoid tis-
sue inducer cells. The main biological role of IL-22
includes the increase of innate immunity, protection from
damage, and enhancement of regeneration. Its target cells
are certain tissue cells from the skin, liver and kidney, and
from organs of the respiratory and gastrointestinal systems.
IL-22 can play either a protective or a pathogenic role in
chronic inflammatory diseases depending on the nature of
the affected tissue and the local cytokine milieu. The
production of IL-22 by activated immune cells is reflected
in the enhanced presence of this cytokine in various
chronic inflammatory diseases, especially in those associ-
ated with a dominant role in the major IL-22-producing Th
cell populations (Th22, Thl, and Th17) [20].

Rheumatoid arthritis (RA)

The RA is characterized by synovial inflammation and
destruction of bone and joint cartilage. It is mediated by
persistent synthesis of proinflammatory cytokines and
matrix metalloproteinases (MMPs) [21]. T cell activation
and migration occurs as an early consequence of RA, and
these cells adopt a proinflammatory phenotype. IL-22 is
primarily produced by activated T cells and natural killer
cells [22].

In RA, two studies point to a possible pathogenic role of
IL-22, although this has not been extensively investigated
thus far [23, 24]. First, IL-22 increased the proliferation
and modestly promoted the production of CCL2 by RA
synovial fibroblasts in vitro. A study showed up-regulation
of IL-22 mRNA in RA synovial tissues and mononuclear
cells both in the lining and the sublining layers of RA
synovial tissues. The majority of IL-22-positive cells were
synovial fibroblasts and macrophages. IL-22R1 mRNA was
also expressed in RA synovial tissues. However, the
majority of IL-22R1-positive cells were synovial fibro-
blasts only. In vitro, recombinant IL-22 increased prolif-
eration of synovial fibroblasts derived from RA patients
(RASF) and production of monocyte chemoattractant pro-
tein 1(MCP-1) by RASF above the value of medium con-
trols and stimulated MAPK activation [23]. Second, in
collagen-induced arthritis (CIA) in C57BL/6 mice, 1L-22
levels were found to be higher in sera from immunized
mice as compared with sera from untreated animals. IL-22-
deficient (IL-22—/—) mice were less susceptible to CIA
than untreated mice, as evidenced by their decreased
incidence of arthritis and decreased pannus formation. In
IL-22—/— mice of CIA, there were higher levels of anti-
CII total IgG antibodies which could be explained by the
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significantly higher levels of the IgG2c isotype. Further-
more, there was reduced arthritis severity associated with a
significantly lower degree of pannus formation. Lower
numbers of mRNA copies of IL-1f, IL-6, TNFo, and
MMP-9 were found in pooled synovium samples from
immunized IL-22—/— mice. In vitro, IL-22 was found to
promote osteoclastogenesis, a process that might contribute
to its proinflammatory activity in CIA [24].

The proinflammatory role of endogenous IL-22 in
arthritis as promoting osteoclastogenesis and regulating
antibody production is suggested. However, the uncoupling
between higher antibody production and low incidence in
IL-22—/— mice during CIA is unclear and needs further
study.

Crohn’s disease (CD)

The CD is an inflammatory bowel disease which is char-
acterized by a chronic, uncontrolled inflammation in the
intestinal mucosa with transmural infiltration of activated
immune cells such us Thl and Thl7 cells, and patchy
granulomatous lesions [25, 26]. In view of the essentiality
of STATS3 for IL-22’s effects, a positive role of IL-22 in
inflammatory bowel diseases was suggested by the
importance of STAT3 for intestinal mucosal homeostasis
[27]. Furthermore, through investigation of IL-22’s effects
on intestinal epithelial cells and subepithelial myofibro-
blasts, a role for IL-22 in inflammatory bowel disease
further emerged. These cells were shown to mainly respond
to IL-22 stimulation with production of a range of anti-
inflammatory, regenerative, and tissue-protective proteins
and enhanced migratory capacity [28-30].

Several groups tried to illuminate the meaning of IL-22
in this disorder [28, 29]. However, the exact role of this
cytokine in the intestinal inflammation remains ambiguous.
In contrast to these studies, Wolk’s group study focused on
possible systemic effects of IL-22. They demonstrated that
IL-22 was present in high quantities in the blood of CD
patients in contrast to IFN-y and IL-17. In a mouse colitis
model, IL-22 mRNA expression was elevated predomi-
nantly not only in the inflamed intestine but also in the
mesenteric lymph nodes. IL-22BP, the soluble receptor
with a higher affinity for IL-22, demonstrated strong con-
stitutive expression in the intestine and lymph nodes, was
decreased in the inflamed intestine, but not in the mesen-
teric lymph nodes in the inflammatory bowel disease mode.
The affinity between IL-22BP and IL-22 was also analyzed
to gain an insight into the potential in vivo role of IL-22BP.
These binding data strongly support an IL-22-inhibitory
role of IL-22BP in vivo. To investigate the possible role of
systemic IL-22 in CD, administration of IL-22 was given to
healthy mice and showed an up-regulation of LPS-binding
protein (LBP) blood levels reaching concentrations known

to neutralize LPS. This systemic up-regulation was asso-
ciated with increased hepatic but not renal or pulmonary
LBP mRNA levels. In vitro, IL-22 also enhanced the
secretion of LBP in human primary hepatocytes and
HepG2 hepatoma cells. This increase was mainly trans-
criptionally regulated and synergistic with that of other
LBP inducers. Finally, elevated LBP levels were detected
in CD patients and the mouse colitis model. Therefore,
systemic IL-22 may contribute to the prevention of sys-
temic inflammation provoked by LPS present in the blood
of CD patients through its induction of hepatic LBP [31].

Psoriasis and atopic dermatitis (AD)

The IL-22 has a regenerative and protective role on epi-
thelial cells. These primarily non-inflammatory effects,
however, might turn pathological when not tightly regu-
lated. This could be the case in some inflammatory and
autoimmune diseases [32]. Psoriasis is the first example of
an organ-specific autoimmune disorder for which the role
of IL-22 has been comprehensively investigated. IL-22 has
been found to be a key mediator in the final phase of the
psoriasis pathogenesis, the phase in which visible kerati-
nocyte alterations are formed.

Psoriatic patients showed strongly elevated IL.-22 plasma
levels, which correlated with the disease severity [22].
Furthermore, IL-22 mediates IL.-23-induced acanthosis and
dermal inflammation through the activation of STAT3 in
vivo [8]. IL-22, with keratinocytes as an important target
cell, induced the expression of the antimicrobial molecules
p-defensin 2, ff-defensin 3, ST00A7, S1I00AS, and S100A9,
which enhance the inherent immunity of keratinocytes.
High IL-22 levels in psoriatic skin were associated with
strongly up-regulated cutaneous S100A7, S100AS,
S100A9, and MMP1 expression [22]. Knowledge of IL-22’s
role in the skin biology thus led to a revision of the current
view of the final phase of psoriasis pathogenesis. In fact,
aside from activation of antigen-presenting cells, IFN-y is
also a prominent inducer of keratinocyte expression of
chemokines attracting Th1 cells, as well as monocytes and
DCs. IL-22 promotes development of keratinocyte altera-
tions directly by preventing their terminal differentiation,
without IFN-y or IL-17. In that way, IL-22 also provides
mechanisms to prolong and amplify its own effects by
inducing the production of its major signaling molecule,
STATS3, and of IL-20, which has IL-22-like effects. TNF-o
plays an important role in the keratinocyte effector stage as
it increases the responsiveness of the keratinocytes to IL-22
via up-regulation of IL-22 receptor and signal transduction
element expression [33].

Given its broad role in the final phase of psoriasis
pathogenesis, together with the fact that TNF-« promotes
the differentiation of the major IL-22-producing Th22
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cells, this can explain the high therapeutic success of TNF-
a blockade in psoriasis. However, targeting IL-22 would be
a more promising therapeutic intervention, since such a
strategy is not expected to induce major side effects,
especially due to the lack of IL-22 responsiveness of
immune cells.

Compared to normal skin, IL-22 was significantly up-
regulated not only in psoriasis but also in AD skin lesion with a
higher expression in AD than in psoriatic lesions. Interest-
ingly, distinct IL-22 producing CD44 and CD8+ T-cell
populations were significantly increased in AD skin compared
to psoriasis. While the frequency of IL-22 + CD8 + T-cell
correlated with AD disease severity [34]. Actually, the
expression of IL-22 in atopic skin was even slightly higher
when compared to lesional psoriatic skin, which may rely on
the observation that the majority of IL-22-producing cells in
atopic skin are Th22 cells, whereas in psoriatic skin there is a
shift to a rather equal presence of IL-22-producing Th22, Thl,
and Th17 cells [15, 34]. Although the role of IL-22 in AD has
not been specifically explored, it is likely to contribute to the
epidermal acanthosis seen in the chronic stage.

Systemic lupus erythematosus (SLE)

The SLE is a systemic autoimmune disease, characterized
by a multitude of autoantibody production, complement
activation, and immune-complex deposition, which causes
tissue and organ damage. Cytokines produced by abnormal
Th cells have been shown to be involved in the patho-
genesis of SLE [35]. Th17 cells, which selectively secrete
several proinflammatory cytokines, including IL-22, have
been implicated in the etiology of autoimmune disease
including SLE [35, 36].

Nevertheless, the exact role of IL-22 in the pathogenesis
of SLE remains to be established. The assessment of a
cytokine at the serum level would certainly simplify clin-
ical evaluation [37]. Until recently, we investigated serum
IL-22 levels in SLE, in comparison with normal controls,
and relations to disease activity. In the serum of patients
with SLE, IL-22 levels were significantly decreased com-
pared with normal controls. However, there was no sig-
nificant difference between less active SLE and more
active SLE. Correlation analysis between serum IL-22
levels and SLE Disease Activity Index (SLEDAI) showed
no association. The decreased serum IL-22 level in SLE
indicated that IL-22 might be protective for SLE. However,
association of serum IL-22 levels with SLEDAI was not
found because of the small sample size of this study [38].
Subsequently, Cheng’s group found decreased plasma IL-
22 levels correlated with disease activity in SLE patients
[39]. Therefore, future prospective cohort studies with
large sample size will examine the role of IL-22 in chronic
inflammation and the development and treatment of SLE in
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human. IL-22 may prove to be an important target for
developing new drugs and treatments to SLE.

Others

Western blotting for IL-22 in bronchoalveolar lavage fluid
demonstrated that lower levels of IL-22 were present in the
patients with acute respiratory distress syndrome (ARDS)
and sarcoidosis relative to control subjects [40]. IL-22
messenger RNA and protein expression are significantly
elevated in T cell-mediated hepatitis induced by conca-
navalin A (ConA). IL-22 blockade with a neutralizing
antibody reduces signal transducer and activator of STAT3
activation and worsens liver injury in T cell-mediated
hepatitis, whereas injection of recombinant IL-22 attenu-
ates such injury [41]. These data suggest the potential
protective role of 1L-22.

The IL-22 has only minor pro-inflammatory effects and,
in some cases, is protective against autoimmune disease.
This is shown in the brain, where 1L-22 knockout mice
develop experimental autoimmune encephalomyelitis
(EAE) pathology [42].

IL-22 as a potential therapeutic target for chronic
inflammatory diseases

As discussed above, IL-22 may have promise as a potential
therapeutic target for chronic inflammatory diseases, and
treatment with recombinant cytokine or gene therapy
delivery of IL-22 may alleviate tissue destruction during
inflammatory responses [43]. Therapeutic control of IL-22
could therefore be beneficial in chronic remodeling diseases
with high tissue turnover, but would probably require long-
term medication. Furthermore, IL-22 acts synergistically
with IL-17, TNF-a, and IFN-7 in a pro-inflammatory context
and thus has to be regarded as an ambivalent cytokine.
Experimental delivery of IL-22 has been efficacious in
treating autoimmune disorders such as experimental auto-
immune myocarditis in rats [44, 45]. Suppressing the
immune system via anti-inflammatory treatments such as
TNF-« inhibitors can lead to unwanted dampening of the
immune response, weakening its ability to respond to
infection. On the other hand, IL-22 is an ideal therapeutic
candidate since it will specifically affect tissue responses
and not have direct effects on the immune response [43].

Conclusion

Th22 cells represent a T cell subset which is not only
defined by a stable and distinct expression profile, but also
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characterized by what we believe to be a novel functional
profile. The identification of Th22 cells provides a cellular
target for therapeutic intervention and may shed light on
thus far unknown pathways in the control of inflammatory
diseases. However, several points should be realized: first,
IL-22 is expressed by not only Th22 but also Th17 and NK
cells, so that its function could not absolutely identify
Th22’s function; second, it is also difficult to generalize
whether Th22 cells is anti-inflammatory or pro-inflamma-
tory; third, the differentiation, regulation, downstream
pathways of Th22 and the relationship between Th22 and
Th17 are not clear. Therefore, further studies are required,
especially in human systems, to comprehensively explore
the therapeutic potential of Th22 in inflammatory and
autoimmune disease.
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