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Cytokines are powerful mediators of inflammation. Consequently, their potency is
regulated in many ways to protect the host. Several cytokines, including IL-22, have
coordinating binding proteins or soluble receptors that bind to the cytokine, block the
interaction with the cellular receptor, and thus prevent cellular signaling. IL-22 is a critical
cytokine in the modulation of tissue responses during inflammation and is highly
upregulated in many chronic inflammatory disease patients, including those with
psoriasis, rheumatoid arthritis, and inflammatory bowel disease (IBD). In healthy
individuals, low levels of IL-22 are secreted by immune cells, mainly in the
gastrointestinal (GI) tract. However, much of this IL-22 is likely not biologically active
due to the high levels of IL-22 binding protein (IL-22BP) produced by intestinal dendritic
cells (DCs). IL-22BP is a soluble receptor homolog that binds to IL-22 with greater affinity
than the membrane spanning receptor. Much is known regarding the regulation and
function of IL-22 in health and disease. However, less is known about IL-22BP. In this
review, we will focus on IL-22BP, including its regulation, role in IL-22 biology and
inflammation, and promise as a therapeutic. IL-22 can be protective or pathogenic,
depending on the context of inflammation. IL-22BP also has divergent roles. Ongoing and
forthcoming studies will expand our knowledge of IL-22BP and IL-22 biology, and
suggest that IL-22BP holds promise as a way to regulate IL-22 biology in patients with
chronic inflammatory disease.
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INTRODUCTION

Cytokines must be carefully regulated in order to prevent excessive destruction of host tissues. One
such mechanism of regulation is through host production of a cytokine-binding protein. Several
cytokines have coordinating binding proteins or soluble receptors that bind to the cytokine and
prevent cellular signaling by blocking the cytokine’s interaction with its cellular receptor. This
property potentially allows for site-specific, microenvironmental regulation of potent cytokines. The
best-described examples are IL-18 binding protein and soluble IL-6 and TNF receptors (1–3). IL-22
also has a coordinating binding protein, termed IL-22 binding protein (IL-22BP), that has high
homology to one subunit of the heterodimeric IL-22 receptor. IL-22BP binds to IL-22 with greater
affinity than the receptor, sequestering IL-22 so it cannot interact with cell surface bound receptor
and modulate cell signaling (Figure 1). IL-22 is a critical cytokine in tissue responses to
org November 2021 | Volume 12 | Article 7665861
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FIGURE 1 | IL-22BP blocks IL-22 signaling. IL-22 is secreted primarily by CD4 T cells and group 3 innate lymphocytes (ILC3s). The receptor for IL-22, a
heterodimeric complex of IL-22R and IL-10Rb, binds IL-22, activating signaling pathways that induce genes important for cellular proliferation, inhibition of apoptosis
and tissue specific genes, that can include antimicrobial proteins and mucins. IL-22BP is produced primarily by DCs, is a homolog of IL-22R but lacks a
transmembrane domain, allowing for secretion of IL-22BP. IL-22BP binds IL-22 with up to 10,000 greater affinity than IL-22R and therefore in the presence of IL-22BP,
most IL-22 binds IL-22BP, inhibiting its ability to bind to the IL-22 receptor complex and cause changes in epithelial cells. This figure is based on our knowledge
of IL-22 biology using mouse models. The figure was prepared by modifying Servier Medical Art, licensed under a Common Attribution 3.0 Generic License.
http://smart/servier.com/.
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inflammation, especially at sites that form a barrier between the
environment and the host, such as the skin, lungs, and
gastrointestinal (GI) tract (4, 5). IL-22BP has an important role
in controlling the biological activity of IL-22 in healthy
individuals and during infection or chronic inflammatory
diseases. In this review, we will provide a foundation on IL-22
biology and then focus on IL-22BP, including its regulation, role
in health and disease, and potential as a therapeutic.
IL-22 BIOLOGY

IL-22 is a member of the IL-10-related cytokine family, which
includes IL-19, IL-20, IL-24, and IL-26 (6). These cytokines were
identified from human genome sequencing due to their shared
amino acid sequence and structural similarity to IL-10. For
signaling, their heterodimeric receptors share several different
receptor chains that assort to generate different receptors of
different cytokine specificity (6) (Figure 2). All cytokine family
members are involved to some degree in tissue-mediated
responses during inflammation (6). IL-22 is the best-studied
member and can contribute to both innate and adaptive immune
responses (4, 5). The major sources of IL-22 are CD4 T cells and
group 3 innate lymphocytes (ILC3s); the cytokine can also be
produced by other immune cells, such as gd T cells, natural killer
(NK) cells, NK T cells, and mucosal associated invariant T
(MAIT) cells (4). Like many other cytokines, IL-22 is produced
upon immune cell activation, which could be an antigen-specific
response to a MHCII-presented peptide for CD4 T cells or innate
cytokines, such as IL-23 or IL-1b for ILC3s (5).

IL-22 signals to responsive cells through a heterodimeric
receptor composed of IL-22R paired with a second chain,
which is IL-10R2 in humans and IL-10Rb in mice (7, 8). This
complex is specific to IL-22 signaling, but each chain can pair
with other receptors to form a receptor for related cytokines;
Frontiers in Immunology | www.frontiersin.org 3
IL-10Ra pairs with IL-10Rb to form the receptor for IL-10, and
IL-22R can pair with IL-20Rb to form one receptor for IL-24 (9)
(Figure 2). Immune cells normally lack IL-22R and do not
respond to IL-22 (10). The main responding cells are epithelial
cells, such as keratinocytes, hepatocytes, and enterocytes, but also
include other cells, such as fibroblasts (4). In these cells, IL-22
receptor binding leads to phosphorylation of Janus tyrosine
kinase (JAK 1) and tyrosine kinase 2 (TYK2), promoting
phosphorylation of the transcription factor STAT3. Other
pathways have been shown to be activated depending on the
cell type and include STAT1, AKT, and MAPKs (4). These
signaling pathways lead to activation or repression of many
different genes, the best studied of which are highly upregulated
by IL-22. Some genes are broadly upregulated in many cell types,
such as those that increase cellular proliferation or inhibit
apoptosis (11). Many genes upregulated by IL-22 are tissue
specific. For example, in the GI tract, IL-22 can induce mucin
production in goblet cells or antimicrobial peptides in Paneth
cells (12, 13). Many more genes have been shown to be positively
and negatively regulated by IL-22 through microarray and RNA
sequencing studies, including genes encoding nitric oxide
synthase 2 (NOS2), several chemokines (CXCL12, CXCL13,
CCL20) and potent systemic secreted factors such as serum
amyloid A (SAA) and LPS binding protein (LBP) (4).

IL-22 can have protective or pathogenic roles in inflammation.
This dual role has been best elucidated from experimental mouse
models with gene-deficient mice or neutralizing antibodies (Abs).
Thisdual-naturedactivity is thought tobedependent on the context
of inflammation, which includes the involved tissue, levels of other
cytokines, oxygen and metabolites and their derivatives, and other
inflammatory mediators, like leukotrienes and prostaglandins. In
general, IL-22 ispathogenic in skin inflammation (14). For example,
in psoriasis, IL-22 promotes proliferation of keratinocytes,
preventing proper differentiation as the cells more rapidly
progress through the dermis to the epidermis (15). Anti-IL-22 Ab
FIGURE 2 | IL-10 family member shared receptor usage. IL-10 family members, IL-10, IL-19, IL-20, IL-22 and IL-24, each bind to a heterodimeric receptor and
receptor chains are shared between the cytokines. IL-22 binds to the IL-22R-IL-10Rb complex, IL-10 binds the IL-10Ra-IL-10Rb complex, IL-20 and IL-24 both can
bind the IL-22R-IL-20Rb complex, and IL-19, IL-20 and IL-24 can bind the IL-20Ra-IL-20Rb complex. This is based on mouse immunology. The figure was
prepared by modifying Servier Medical Art, licensed under a Common Attribution 3.0 Generic License. http://smart/servier.com/.
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has shown promise in the treatment of patients with atopic
dermatitis (16). In contrast, IL-22 has been shown to be both
protective and pathogenic in different inflammatory models of
the GI tract; it is often protective in acute models and pathogenic
in chronic models of inflammation (5).

IL-22 is a potent cytokine that can regulate many critical cell
pathways in tissues. As such, an individual must regulate this
activity not only at the molecular and protein levels of cytokine
transcription and translation, but also at a biological level to
control IL-22 after it has been released by immune cells into the
“environment” of the individual. This is where IL-22BP enters
the cytokine story.
IL-22BP: THE FUNDAMENTALS

IL-22BP was identified as a soluble receptor homolog of IL-22R
soon after the identification of IL-22R as part of the receptor for
IL-22 (17–19). The gene encoding IL-22BP, IL22RA2 in humans
and Il22ra2 in mice, is encoded on chromosome 6 in humans and
chromosome 10 inmice (17). The gene encoding the receptor chain
IL-22R, IL22RA1 in humans and Il22ra1 in mice, is encoded on
chromosome 1 in humans and chromosome 4 in mice (7, 8). This
suggests that the gene encoding IL-22BP may have arisen from an
evolutionarily distant gene duplication event. IL-22BP shares 34%
sequence homology with the extracellular domain of IL-22R (20).
This shared homology extends to the secondary and tertiary
structures, which allows for IL-22BP to bind IL-22 in a manner
that blocks IL-22-IL-22R binding.
IL-22-IL-22BP BINDING DYNAMICS

IL-22, encoded as a 179 amino acid protein that is an active
secreted 146 amino acid protein, is a compact bundle of six anti-
parallel a-helices (21). IL-22 is active as a monomer, but has been
found as dimers and tetramers at high concentrations in a
laboratory setting (21). Secreted IL-22BP is an approximately
24-kDa protein and forms an L-shaped structure with two
fibronectin-III domains in tandem (22).

IL-22 binds to IL-22R with a high affinity and has no affinity
for IL-10R2, leading to a model where IL-22 binds IL-22R,
allowing binding of IL-10R2 and subsequent downstream
signaling (20). IL-22 and IL-22R bind at a one-to-one ratio.
IL-22BP binds to IL-22 at a site that overlaps with IL-22R,
interfering with the ability of IL-22 to bind to IL-22R, and thus
inhibiting cell signaling. The affinity of IL-22 and IL-22BP is KD

1 pM compared with KD 20 nM for IL-22 and IL-22R (20). The
Koff rate for IL-22-IL-22BP is 4.7 days, whereas it is only a few
minutes for IL-22-IL-22R (20, 22). The 10,000-fold higher
affinity for IL-22 to IL-22BP than to IL-22R and the difference
in Koff rate makes IL-22 bound to IL-22BP essentially
inaccessible to IL-22R. The 2.75 Å resolution crystal structure
of IL-22 bound to IL-22BP has revealed that, like IL-10 binding
to IL-10R1 and IL-22 binding to IL-22R, IL-22BP contacts IL-22
using five binding loops (22).
Frontiers in Immunology | www.frontiersin.org 4
IL-22BP REGULATION

Like IL-22, IL-22BP is primarily produced by immune cells.
Unlike many immune effector molecules that are more highly
expressed by activated immune cells than by their resting
counterparts, IL-22BP is expressed constitutively. In healthy
rodents, Il22ra2 levels are highest in the spleen and mesenteric
lymph nodes and substantial in the small intestine and colon
compared with other tissues, such as the thymus, heart, bladder,
and liver (23). Dendritic cell (DC) production of IL-22BP has
been best characterized (23–26). A recent study using single cell
RNA sequencing expanded upon past studies, showing that IL-
22BP is produced by distinct subset of DCs in the GI tract (26).
CD11c+ DCs within the cryptopatches and isolated lymphoid
follicles respond to lymphotoxin-b with production of IL-22BP.
Other identified immune cell sources include eosinophils and
CD4 T cells (27, 28). IL-22BP has been shown to be produced by
keratinocytes (29), which are also a source of other IL-10-related
cytokines, IL-19, IL-20 and IL-24, but not IL-22 (30). Additional
insight into sources of IL-22BP in humans could be gleaned from
databases such as the Human Cell Atlas and Immunological
Genome Project (ImmGen).

Although much of IL-22BP biology is similar between mice
and humans, there is some discordance between mouse and
human mRNA that encodes IL-22BP. There are three different
IL22RA2 isoforms in humans, but just one Il22ra2 mRNA in
mice, which corresponds to human isoform 2 (31, 32). Of the
human isoforms, some inhibit IL-22 and some do not. IL-22BPi1
is not secreted likely due to inclusion of exon 3 and therefore fails
to bind to IL-22 (31). IL-22BPi2 binds better than IL-22BPi3,
suggesting that the isoforms could have distinct temporal and
spatial roles in tissues (31). In contrast, the one mouse isoform
produces one form of the protein, which is able to bind IL-22
(32). Furthermore, differences in binding concentrations
between mouse and human IL-22-IL-22BP complexes, mouse
IL-22BP binds IL-22 at high nanomolar concentrations whereas
human IL-22BP-i2 can bind IL-22 at pM concentrations (20),
may also impact our elucidation of IL-22-IL-22BP biology
through mouse models. In vitro human and translational
studies are undoubtedly necessary to complement mouse
models of disease to better understand IL-22BP biology.

Environmental signals that control IL-22BP production
include factors that induce the protein, such as retinoic acid,
and factors that downregulate IL-22BP production, such as
prostaglandin E2 (PGE2) (23, 33). In DCs, retinoic acid
induces Il22ra2, suggesting that this active metabolite of
vitamin A has further functions in addition to its well-
described role in tolerizing GI tract CD103+ DCs (34, 35).
PGE2 is a suppressor of Il22ra2. In skin inflammation models
where Il22ra2 is downregulated during inflammation, inhibition
of PGE2 inhibits inflammation-mediated decreases in Il22ra2
levels in the skin (33). Unlike IL-22, which is highly inducible in
the mouse GI tract by colonization of the microbiome, colonic
levels of IL-22BP are not affected by the presence or absence of
commensal bacteria (36). Other environmental signals found in
an in vivo niche are likely important, as in vitro differentiated
DCs produce low levels of IL-22BP. The transcription factors
November 2021 | Volume 12 | Article 766586
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that control IL22RA2 and Il22ra2 expression have not been well
elucidated. There is great potential to mine databases such as the
Encyclopedia of DNA Elements (ENCODE) to identify
functional elements in the human genome that regulate genes
involved in IL-22-IL-22BP biology.

Most studies examining in vivo production of IL-22BP have
focusedon theGI tract. ConventionalDCs in theGI tract, including
CD103+ DCs, which are a source of IL-22-inducing IL-23, can
secrete IL-22BP (23). CD4 T cells are also a source of IL-22BP in
mouse IBD models and in Crohn’s disease (CD) and ulcerative
colitis (UC) patients (28). Upon inflammasome activation, Il22ra2
levels are downregulated in the inflamed mouse colon (25). In
addition to proteins involved in inflammasome activation, such as
nucleotide-binding oligomerization domain, leucine rich repeat
and pyrin domain (NLR) family pyrin domain containing 3
(NLRP3), apoptosis-associated speck-like protein containing a
caspase recruitment domain (CARD) domain (ASC), and caspase
1, IL-18 is also an important factor in mediating IL-22BP
downregulation (25). It is not clear whether inflammasome
activation downregulates Il22ra2 expression, or if it leads to death
and/or trafficking of the producing cells.

IL-22 and IL-22BP frequently have inverse levels in the
healthy or inflamed GI tract (25). IL-22BP levels are highest
during immune homeostasis and then rapidly downregulated
during inflammation. In contrast, IL-22 levels are low in healthy
tissue and are then rapidly induced in ILC3s and CD4 T cells by
inflammation. Although this inverse expression was observed in
a DSS-mediated model of colitis and mechanical injury in mice
(25), IBD patients can have elevated levels of both IL-22 and
IL-22BP (28).
IL-22BP IN HEALTH AND DISEASE

Many tissues can be the target of IL-22, but the best studied are
the skin, liver, lung, GI tract, and central nervous system (CNS).
These are also the tissues for which the role of IL-22BP has been
elucidated. IL-22 is a dual-natured cytokine. As such, the role of
IL-22BP in inflammation can also be pro-inflammatory or
protective. All known functions attributed to IL-22BP occur
through its inhibition of IL-22. Many studies, many of which
are cited in this review, to elucidate the role of IL-22BP have used
gene-deficient mice to determine a phenotype. Under specific
pathogen free conditions these mice appear healthy, but in some,
but not all, inflammation models where IL-22 is important, they
have observable phenotypes. When Il22ra2-/- Il22-/- double-
deficient mice are studied, the phenotype is ablated and the
mice return to a wild-type phenotype, suggesting that the sole
function of IL-22BP is to modulate IL-22 biology (25, 37).

Skin
Keratinocytes are highly responsive to IL-22 stimulation (14).
Recognition of IL-22 leads to upregulation of antimicrobial
molecules, proliferation markers, and mobility proteins (10).
These responses can be further modulated by the presence of
other cytokines, such as IFNg and IL-17 (38, 39). Unlike other
tissues where IL-22 is often protective, IL-22 usually has
Frontiers in Immunology | www.frontiersin.org 5
inflammatory effects in the skin (40). IL-22 contributes to
psoriasis pathogenesis (15, 41), but may also play a role in
other inflammatory skin diseases, such as atopic dermatitis
(16). In psoriasis, IL-22 promotes proliferation and mobility of
keratinocytes, preventing terminal differentiation as the cells
progress through the dermis to the epidermis (10, 15). This
epithelial remodeling and the induction of antimicrobial peptides
and chemokines contribute to inflammation.

Compared with healthy controls, psoriasis patients have
upregulated levels of IL-22 and reduced levels of IL-22BP (33,
42). Furthermore, psoriatic lesions have reduced IL22RA2 levels
compared with non-lesional tissue from the same patient. This
finding suggests that reduced levels of IL-22BP and higher levels
of IL-22 synergize to dramatically increase the levels of bioactive
IL-22 in psoriatic skin. Unlike other tissues where the immune
cells are the major source of IL-22BP, in the skin IL-22BP can be
produced by keratinocytes, which may allow for epithelial
autoregulation in inflamed skin (29). Research with animal
models of skin inflammation has revealed a protective role for
IL-22BP, which is consistent with the inflammatory role of IL-22
(40). In an imiquimod-induced skin inflammation model, mice
or rats deficient in IL-22BP or rats administered anti-IL-22BP Ab
have exacerbated disease that is associated with increased levels
of inflammatory cytokines and IL-22-induced antimicrobial
peptides (29, 42). In this same skin inflammation model,
treatment of mice with recombinant IL-22BP-Fc fusion protein
alleviated pathology and reduced inflammatory cytokine gene
expression (29). Moving forward to more translational and
clinical studies, skin is an ideal tissue for initiation of trials
to investigate whether recombinant IL-22BP can alleviate
inflammation in chronic inflammatory disease patients, as
outcomes can be easily assessed and IL-22BP has a well-
defined protective role in disease.

GI Tract
IL-22BP functions have been best studied in the GI tract. This is
not unexpected, as GI tract DCs have been shown by several
different groups to be the best source of the protein. In the
healthy GI tract, IL-22BP prevents IL-22 from activating the cells
that comprise the follicle-associated epithelium (FAE) (36). DCs
within the subepithelial dome of Peyer’s patches produce
IL-22BP, which counteracts IL-22 and blocks the ability of
the cytokine to activate these cells. This action allows
microenvironmental regulation of IL-22 activity. This activity
reduces local mucin levels, antimicrobial peptide production,
and fucosylation, which are usually low in the FAE to facilitate
antigen sampling. Mice deficient in IL-22BP have increased
levels of mucin and antimicrobial proteins, and had reduced
antigen uptake of bacterial antigens into the Peyer’s patches. IL-
22BP produced by GI tract DCs is also an important regulator of
lipid adsorption by epithelial cells (26). Compared with wild-type
mice, mice lacking IL-22BP had reduced uptake of long chain
fatty acids, which led to downstream effects, including reduced
serum concentration of free fatty acids, body fat, and enteric
white adipose tissues (26).

Although IL-22BP-deficient mice have changes in mucin,
antimicrobial peptides, and fucosylation, this does not appear
November 2021 | Volume 12 | Article 766586
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to impact the microbiome. In healthy mice, the IL-22 axis
regulates the composition of the microbiome (43). While IL-
22-deficient mice have dysbiosis in their GI microbiomes (44),
mice lacking IL-22BP do not have detectable alterations in their
microbiomes (36). This finding suggests that the absence of IL-22
can have a profound effect on the mucosal immunity, but that
elevated levels of bioavailable IL-22 may not have detectable
effects on the microbiome.

While IL-22BP levels rapidly decrease during inflammation,
the protein has well-described functions in the context of the
inflamed GI tract. CD and UC patients have elevated levels of IL-
22BP in their inflamed tissues compared with healthy tissues,
and they have higher levels of IL-22BP than do healthy controls
(23, 28). IL-22 levels are also upregulated in CD and UC patients
(23, 28, 45), suggesting that even with more IL-22BP, levels of
bioactive IL-22 may be elevated in these patients. Studies using
mouse colitis models that recapitulate different aspects of human
IBD have shown that IL-22 biology is important in colitis
severity. IL-22-deficient mice have increased susceptibility to
acute dextran sulfate sodium (DSS)- and T cell-mediated colitis
(46). In contrast, IL-22BP-deficient mice have no detectable
difference in susceptibility to acute or chronic DSS-mediated
colitis (25). This finding was ascribed to the extreme
downregulation of IL-22BP during DSS-mediated colitis. If a
protein is usually not present during the inflammation, it would
be predicted to not have a role. However, in another study, IL-
22BP-deficient rats were found to be protected from acute DSS-
mediated colitis (27). Like in mice, IL-22 and IL-22BP were
inversely expressed in the colon; IL-22 was low and IL-22BP was
high in healthy rats. Several days post-DSS, IL-22 was elevated
and IL-22BP had decreased (25, 27). Rats lacking IL-22BP had
increased levels of mRNA encoding for the antimicrobial
peptides lipocalin 2 and b-defensin, increased numbers of
mucin-producing goblet cells, and greater epithelial cell
proliferation (23), suggesting more bioactive IL-22. To provide
more confusion, in a T cell-mediated model of colitis, IL-22BP
from T cells was found to drive disease pathology (28). These
different conclusions on the role of IL-22BP in the inflamed GI
tract may seem discordant, but it is likely that all results are
correct. We must continue to elucidate the role of IL-22BP in the
GI tract, as microenvironmental differences likely have a large
impact on outcomes.

In addition to IL-22BP involvement in the inflamed GI tract,
IL-22BP also has a role in the tumorigenesis of colorectal cancer
(CRC). IL-22 itself has a dual role in the development of cancer,
as elucidated from a mouse model of inflammatory-driven CRC.
IL-22 is protective early in the model, when it helps maintain
barrier integrity and lessen inflammation, thereby reducing
tumors (25). Later, during wound repair of the epithelium, IL-
22 helps drive more proliferation, which promotes development
of tumors. In mice that lack IL-22, through the duration of the
model, the protective effect dominates, and the mice have
increased numbers of and larger tumors than do mice with
sufficient IL-22 (25). Interestingly, the IL-22BP-deficient mice
have increased tumorigenesis, suggesting that a tumorigenic role
of IL-22 dominates in these mice. More recently, lymphotoxin a
Frontiers in Immunology | www.frontiersin.org 6
and lymphotoxin b were shown to induce IL-22BP in DCs,
suggesting that lymphotoxin’s anti-tumor effects are mediated
through IL-22BP (47). Inhibiting lymphotoxin signaling
increased tumor burden in two mouse CRC models in wild-
type, but not IL-22BP-deficient, mice.

Liver
Hepatocytes are highly responsive to IL-22 (11, 48). IL-22
stimulates expression of genes encoding for anti-apoptotic
proteins, such as B cell lymphoma-2 (Bcl-2), B cell lymphoma-
extra large (Bcl-xL) and myeloid cell leukemia-1 (Mcl-1), and
mitogenic proteins, such as cellular myelocytomatosis oncogene
(c-Myc) and cyclin D1 (11). In vivo, IL-22 is important in liver
regeneration, as mice deficient in IL-22 or downstream signaling
pathways have a severely reduced ability to increase their liver
mass after partial hepatectomy (49). IL-22 is also protective in
many different inflammatory settings in the liver, including
conA-mediated hepatitis, which is mediated by host IFNg; liver
injury induced by carbon tetrachloride or acetaminophen;
ischemia-reperfusion; and viruses (50). In many of these
experimental models, such as conA-mediated hepatitis, IL-22-
deficient mice are extremely more susceptible than are wild-type
controls, with highly elevated aspartate transaminase (AST) and
alanine transaminase (ALT) levels and large regions of necrotic
tissue (48). Surprisingly, IL-22BP has been shown to have a
protective role in the liver during injury mediated by
acetaminophen or ischemia-reperfusion (37). In both these
models, Il22ra2-/- mice had increased liver injury compared
with wild-type controls. In the absence of IL-22BP, excessive
IL-22 induced the chemokine CXCL10 from hepatocytes,
increasing the numbers of inflammatory macrophages in the
liver and resulting in greater hepatocyte injury. In contrast,
studies identifying polymorphisms in the IL22RA2 gene were
associated with hepatic fibrosis from schistosome or hepatitis C
virus (HCV) infection (51). These genotypes were associated
with higher levels of IL22RA2 transcripts, suggesting that IL-
22BP aggravates liver fibrosis, although no mechanistic
experiments were performed to support this hypothesis. In the
liver, IL-22BP may be produced by CD11b+ Ly6G+ cells or other
myeloid-derived cells (37). Although not yet examined, resident
macrophages, such as Kupffer cells, could be a local source of IL-
22BP in the livers of healthy individuals. The role of IL-22BP in
many liver inflammatory diseases remains to be investigated.
Clearly, the liver is sensitive to IL-22. Thus, IL-22BP may be an
important regulator of this cytokine and its potent effects
on hepatocytes.

Lung
IL-22 is mainly protective in models of respiratory tract
inflammation (52, 53), suggesting that its binding protein has a
pathogenic role in in the inflamed airways. Several recent studies
have examined the functions of IL-22BP in pulmonary infection.
Compared with wild-type mice, IL-22BP-deficient mice are more
resistant to Streptococcus pneumoniae infection, but this
protection is only observed at the site of initial infection in the
lung and not in organs where the pathogen disseminates, such as
November 2021 | Volume 12 | Article 766586
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the spleen (54). IL-22BP neutralization also protects the host
against a Gram-negative pathogen, Pseudomonas aeruginosa
airway infection (55). IL-22BP also exacerbates influenza
infection (56). As observed in the inflamed GI tract, IL-22 levels
increase and IL-22BP levels decrease in the lung during influenza
infection, making the lung a more pro-IL-22 environment (56).
Increased levels of bioactive IL-22 in IL-22BP-deficient mice lead
to reduced inflammation and increased tight junctions in their
lungs, which protect the mice from influenza infection (56).
Further, one study examined the role of IL-22-IL-22BP in a co-
infection model. IL-22BP exacerbated bacterial-viral super
infection in a mouse model studying influenza infection with
co-infection with either S. pneumoniae or Staphylococcus aureus
(57). As for single infections, mice deficient in IL-22BP had
increased lung barrier function and increased survival compared
with control mice, and also had increased levels of IL-22-inducible
antimicrobial peptides. Thus, the presence of IL-22BP exacerbates
lung infections.

The studies examining IL-22BP in the lung have mainly
focused on infection. IL-22 plays a role in non-infectious
models of inflammation, such as fibrosis and asthma (58, 59).
Thus, IL-22BP may also play a role in other respiratory diseases.
In summary, IL-22BP regulates IL-22 bioactivity in the lung, and
when IL-22BP is absent, IL-22 can provide greater protection to
the host.

Central Nervous System (CNS)
The role of IL-22 in CNS inflammation is complicated. It can be
protective, pathogenic, or have no detectable function depending
on the context of inflammation. The IL-22 receptor is found on
some specialized cells in the CNS, including astrocytes (60),
suggesting that within the CNS there are unique IL-22-targeted
cells. IL-22 has been best studied in CNS inflammation related to
the autoimmune disease multiple sclerosis (MS) and in animal
models of this disease, such as experimental autoimmune
encephalomyelitis (EAE). In MS patients, IL-22 is upregulated
in their serum and peripheral blood mononuclear cells (PBMCs)
compared with serum and PBMCs of healthy controls, and IL-22
levels are higher in patients with active disease than in those with
inactive disease (60). EAE experiments in rodents have revealed
that upon inflammation in the CNS, Il22 is upregulated and
Il22ra2 is downregulated in the spinal cord (61). CD11b/c+ cells
are the predominant source of Il22ra2, compared with T cells, B
cells, and DCs.

In the inflamed CNS, IL-22 has been proposed to aid in blood
brain barrier disruption (62), yet also have a role in mediating
protection of CNS barrier integrity (63). Further complicating
the role of IL-22, although IL-22 is elevated in the CNS during
EAE, one study found little role for the cytokine in IL-22-
deficient mice, as they had disease pathology similar to that of
control mice (64). This result has also been demonstrated by
other another laboratory (61). Although IL-22 has been reported
to have little to no detectable role in EAE, IL-22BP does have a
role that is dependent on the presence of IL-22. IL-22BP-
deficient mice have reduced disease severity compared with
wild-type control mice (61). IL-22BP is pathogenic due to
alleviating IL-22-mediated repression of IFNg levels (61). This
Frontiers in Immunology | www.frontiersin.org 7
phenomenon appears to be due to the effects of IL-2BP on IL-22,
as mice deficient in both molecules do not have an altered
phenotype compared with wild-type control mice (61). The
presence of IL-22BP is proposed to mask the potential for a
role of IL-22 in EAE. In addition to a functional role for IL-22BP
in experimental animal models, a gene variant of IL22RA2, single
nucleotide polymorphism (snp) rs17066096, has been
independently associated with MS in several studies (65–67).
Monocytes from the risk genotype rs17066096 express more
IL22RA2 in vitro than do normal controls (61). Also,
cerebrospinal fluid levels of IL-22BP correlate with MS lesions
(61). Although most CNS-related studies on IL-22 and IL-22BP
have focused on MS and MS-models of disease, IL-22 has been
investigated in other models of CNS inflammation. IL-22 has a
pathogenic role in encephalitic West Nile virus, as it promotes
viral entry into the CNS via the blood brain barrier (63). The role
of IL-22BP has not been investigated in this viral infection
model. In summary, the potential role for IL-22BP in the CNS
is complicated, and further studies are warranted to determine
whether IL-22 biology is a viable therapeutic target for
inflammation and infection in this tissue.
THERAPEUTIC POTENTIAL OF IL-22BP

IL-22 biology is of interest to the pharmaceutical industry for
development of therapeutics to combat chronic inflammatory
diseases (68). Both the protective and pathogenic natures of
IL-22 are being targeted. Recombinant IL-22-Fc is under trials
for wound repair in ulcerative colitis flares (NCT02749630,
NCT03650413, NCT03558152), acute graft-versus-host disease
(NTC04539470) and COVID-19 (NCT04386616) (69). In
contrast, neutralizing Abs to IL-22 are being investigated for
treatment of psoriasis (70). IL-22BP has received less scrutiny as
a potential drug or drug target. Studies using experimental
models of inflammation provide some insight into the
potential for IL-22BP as a therapeutic. As for IL-22, there may
be promise in increasing IL-22BP for some diseases and blocking
IL-22BP activity in other diseases. For example, in a mouse
model of sepsis, injection of IL-22BP-Fc reduced disease severity
(71). In contrast, pharmacological modification of IL-22BP
may be an effective strategy to limit liver cirrhosis (51).
Immunodepletion of IL-22BP may be possible although
targeting IL-22BP to increase bioactive IL-22 levels would need
to be carefully performed as depleting IL-22BP may also deplete
bound IL-22. Design of a small molecule to block the interaction
of IL-22BP with IL-22 may be possible as the IL-22BP-IL-22
crystal structure has been elucidated to 2.75 Å resolution with
identification of critical binding residues (22).

As preventative treatments and therapeutics targeting IL-22
biology are developed, it is important to also use our knowledge
to predict potential issues. Excess IL-22BP beyond physiological
levels could have undesirable side effects. Reductions in bioactive
IL-22 could lead to issues such as increased susceptibility to GI or
pulmonary infections. However, this is somewhat unlikely, as the
only described IL-22 immunodeficiency in humans is
autoimmune polyendocrinopathy candidiasis ectodermal
November 2021 | Volume 12 | Article 766586
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dystrophy (APECED) (72, 73). In this rare, inherited disorder,
patients generate auto-antibodies to IL-22 and/or IL-17 that
predispose them to chronic mucosal fungal infections,
particularly C. albicans. Decreased levels of IL-22BP could
have long-term effects on development of cancers, particularly
colorectal cancer, due to long-term higher levels of bioactive
IL-22 (25).

IL-22BP may have potential as a biomarker. IL-22BP levels
could be used for a prognostic or predictive capacity of different
inflammatory or infectious diseases. For example, patients with
active IBD on anti-TNFa therapy that responded to that therapy
had undetectable levels of IL22RA2 in T cells and DCs isolated
from biopsies, compared with the patients that did not respond
to anti-TNFa therapy (28). IL-22BP has been discovered and
validated to predict the prognosis of colorectal cancer patients;
patients with high IL-22BP have greater survival than do patients
with low IL-22BP (47). IL-22 biology certainly holds promise for
therapeutic targeting. IL-22BP is an important target itself, or at a
minimum, should be considered when targeting IL-22.
CONCLUSIONS

IL-22BP is a fundamental example of a protein that is
downregulated during inflammation, but nevertheless has a
strong effect on the course of inflammation. By binding to IL-
22, IL-22BP maintains immune homeostasis and limits the
activity of a potent cytokine. Many tissues, especially those at
the interface with the environment, respond to IL-22 stimulation
to protect themselves and the host. There are still many gaps in
our knowledge on IL-22BP. Understanding how IL-22BP levels
are transcriptionally and post-transcriptionally regulated and the
Frontiers in Immunology | www.frontiersin.org 8
microenvironmental interactions between IL-22BP and IL-22 are
two important research directions. Ongoing and future work will
help elucidate these unknowns. IL-22BP allows for more
exquisite regulation of a cytokine and may be key to
harnessing IL-22 biology to combat chronic inflammatory and
infectious diseases.
AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.
FUNDING

Research in the Zenewicz laboratory has been supported by an
OUHSC College of Medicine Alumni grant, an American Heart
Association Scientist Development grant (14SDG18700043),
Oklahoma Center for Advancement of Science and Technology
grant (HR13-003), the National Institute of General Medical
Sciences of the National Institutes of Health (P20GM103447 and
P20 GM134973), and funding from the Oklahoma Center for
Adult Stem Cell Research (a program of the Oklahoma Tobacco
Settlement Endowment Trust), Presbyterian Health Foundation,
and the Stephenson Cancer Center.
ACKNOWLEDGMENTS

I thank Kathy J. Kyler for editing this review article.
REFERENCES
1. Klein B, Brailly H. Cytokine-Binding Proteins: Stimulating Antagonists.

Immunol Today (1995) 16(5):216–20. doi: 10.1016/0167-5699(95)80161-8
2. Novick D, Rubinstein M. The Tale of Soluble Receptors and Binding Proteins:

From Bench to Bedside. Cytokine Growth Factor Rev (2007) 18(5-6):525–33.
doi: 10.1016/j.cytogfr.2007.06.024

3. Dinarello CA, Novick D, Kim S, Kaplanski G. Interleukin-18 and IL-18 Binding
Protein. Front Immunol (2013) 4:289. doi: 10.3389/fimmu.2013.00289

4. Dudakov JA, Hanash AM, van den Brink MR. Interleukin-22:
Immunobiology and Pathology. Annu Rev Immunol (2015) 33:747–85.
doi: 10.1146/annurev-immunol-032414-112123

5. Zenewicz LA. IL-22: There Is a Gap in Our Knowledge. Immunohorizons
(2018) 2(6):198–207. doi: 10.4049/immunohorizons.1800006

6. Ouyang W, Rutz S, Crellin NK, Valdez PA, Hymowitz SG. Regulation and
Functions of the IL-10 Family of Cytokines in Inflammation and Disease. Annu
Rev Immunol (2011) 29:71–109. doi: 10.1146/annurev-immunol-031210-101312

7. Xie MH, Aggarwal S, Ho WH, Foster J, Zhang Z, Stinson J, et al. 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
(40):31335–9. doi: 10.1074/jbc.M005304200

8. Kotenko SV, Izotova LS, Mirochnitchenko OV, Esterova E, Dickensheets H,
Donnelly RP, et al. Identification of the Functional Interleukin-22 (IL-22)
Receptor Complex: The IL-10R2 Chain (IL-10Rbeta) Is a Common Chain of
Both the IL-10 and IL-22 (IL-10-Related T Cell-Derived Inducible Factor,
IL-TIF) Receptor Complexes. J Biol Chem (2001) 276(4):2725–32.
doi: 10.1074/jbc.M007837200
9. Pestka S, Krause CD, Sarkar D, Walter MR, Shi Y, Fisher PB. Interleukin-10
and Related Cytokines and Receptors. Annu Rev Immunol (2004) 22:929–79.
doi: 10.1146/annurev.immunol.22.012703.104622

10. Wolk K, Kunz S, Witte E, Friedrich M, Asadullah K, Sabat R. IL-22 Increases
the Innate Immunity of Tissues. Immunity (2004) 21(2):241–54. doi: 10.1016/
j.immuni.2004.07.007

11. Radaeva S, Sun R, Pan HN, 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(5):1332–
42. doi: 10.1002/hep.20184

12. Zheng Y, Valdez PA, Danilenko DM, Hu Y, Sa SM, Gong Q, et al. Interleukin-
22 Mediates Early Host Defense Against Attaching and Effacing Bacterial
Pathogens. Nat Med (2008) 14(3):282–9. doi: 10.1038/nm1720

13. Sugimoto K, Ogawa A, Mizoguchi E, Shimomura Y, Andoh A, Bhan AK, et al.
IL-22 Ameliorates Intestinal Inflammation in a Mouse Model of Ulcerative
Colitis. J Clin Invest (2008) 118(2):534–44. doi: 10.1172/JCI33194

14. Fujita H. The Role of IL-22 and Th22 Cells in Human Skin Diseases.
J Dermatol Sci (2013) 72(1):3–8. doi: 10.1016/j.jdermsci.2013.04.028

15. Wolk K, Witte E, Wallace E, Docke WD, Kunz S, Asadullah K, et al. IL-22
Regulates the Expression of Genes Responsible for Antimicrobial
Defense, Cellular Differentiation, and Mobility in Keratinocytes: A Potential
Role in Psoriasis. Eur J Immunol (2006) 36(5):1309–23. doi: 10.1002/
eji.200535503

16. Brunner PM, Pavel AB, Khattri S, Leonard A, Malik K, Rose S, et al. Baseline
IL-22 Expression in Patients With Atopic Dermatitis Stratifies Tissue
Responses to Fezakinumab. J Allergy Clin Immunol (2019) 143(1):142–54.
doi: 10.1016/j.jaci.2018.07.028
November 2021 | Volume 12 | Article 766586

https://doi.org/10.1016/0167-5699(95)80161-8
https://doi.org/10.1016/j.cytogfr.2007.06.024
https://doi.org/10.3389/fimmu.2013.00289
https://doi.org/10.1146/annurev-immunol-032414-112123
https://doi.org/10.4049/immunohorizons.1800006
https://doi.org/10.1146/annurev-immunol-031210-101312
https://doi.org/10.1074/jbc.M005304200
https://doi.org/10.1074/jbc.M007837200
https://doi.org/10.1146/annurev.immunol.22.012703.104622
https://doi.org/10.1016/j.immuni.2004.07.007
https://doi.org/10.1016/j.immuni.2004.07.007
https://doi.org/10.1002/hep.20184
https://doi.org/10.1038/nm1720
https://doi.org/10.1172/JCI33194
https://doi.org/10.1016/j.jdermsci.2013.04.028
https://doi.org/10.1002/eji.200535503
https://doi.org/10.1002/eji.200535503
https://doi.org/10.1016/j.jaci.2018.07.028
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zenewicz IL-22BP Regulates IL-22 Biology
17. Dumoutier L, Lejeune D, Colau D, Renauld JC. Cloning and Characterization
of IL-22 Binding Protein, A Natural Antagonist of IL-10-Related T Cell-
Derived Inducible Factor/IL-22. J Immunol (2001) 166(12):7090–5.
doi: 10.4049/jimmunol.166.12.7090

18. Kotenko SV, Izotova LS, Mirochnitchenko OV, Esterova E, Dickensheets H,
Donnelly RP, et al. Identification, Cloning, and Characterization of a Novel
Soluble Receptor That Binds IL-22 and Neutralizes Its Activity. J Immunol
(2001) 166(12):7096–103. doi: 10.4049/jimmunol.166.12.7096

19. Xu W, Presnell SR, Parrish-Novak J, Kindsvogel W, Jaspers S, Chen Z, et al. A
Soluble Class II Cytokine Receptor, IL-22RA2, Is a Naturally Occurring IL-22
Antagonist. Proc Natl Acad Sci USA (2001) 98(17):9511–6. doi: 10.1073/
pnas.171303198

20. Jones BC, Logsdon NJ, Walter MR. Structure of IL-22 Bound to its High-
Affinity IL-22R1 Chain. Structure (2008) 16(9):1333–44. doi: 10.1016/
j.str.2008.06.005

21. de Oliveira Neto M, Ferreira JRJr., Colau D, Fischer H, Nascimento AS,
Craievich AF, et al. Interleukin-22 Forms Dimers That Are Recognized by
Two Interleukin-22R1 Receptor Chains. Biophys J (2008) 94(5):1754–65.
doi: 10.1529/biophysj.107.112664

22. deMoura PR,Watanabe L, Bleicher L, ColauD,Dumoutier L, LemaireMM, et al.
Crystal Structure of a Soluble Decoy Receptor IL-22BP Bound to Interleukin-22.
FEBS Lett (2009) 583(7):1072–7. doi: 10.1016/j.febslet.2009.03.006

23. Martin JC, Beriou G, Heslan M, Chauvin C, Utriainen L, Aumeunier A, et al.
Interleukin-22 Binding Protein (IL-22BP) Is Constitutively Expressed by a
Subset of Conventional Dendritic Cells and Is Strongly Induced by Retinoic
Acid. Mucosal Immunol (2014) 7(1):101–13. doi: 10.1038/mi.2013.28

24. Nagalakshmi ML, Murphy E, McClanahan T, de Waal Malefyt R. Expression
Patterns of IL-10 Ligand and Receptor Gene Families Provide Leads for
Biological Characterization. Int Immunopharmacol (2004) 4(5):577–92.
doi: 10.1016/j.intimp.2004.01.007

25. Huber S, Gagliani N, Zenewicz LA, Huber FJ, Bosurgi L, Hu B, et al. IL-22BP
Is Regulated by the Inflammasome and Modulates Tumorigenesis in the
Intestine. Nature (2012) 491(7423):259–63. doi: 10.1038/nature11535

26. Guendel F, Kofoed-Branzk M, Gronke K, Tizian C,Witkowski M, Cheng HW,
et al. Group 3 Innate Lymphoid Cells Program a Distinct Subset of IL-22bp-
Producing Dendritic Cells Demarcating Solitary Intestinal Lymphoid Tissues.
Immunity (2020) 53(5):1015–32.e8. doi: 10.1016/j.immuni.2020.10.012

27. Martin JC, Beriou G, Heslan M, Bossard C, Jarry A, Abidi A, et al. IL-22BP Is
Produced by Eosinophils in Human Gut and Blocks IL-22 Protective Actions
During Colitis. Mucosal Immunol (2016) 9(2):539–49. doi: 10.1038/
mi.2015.83

28. Pelczar P, Witkowski M, Perez LG, Kempski J, Hammel AG, Brockmann L,
et al. A Pathogenic Role for T Cell-Derived IL-22BP in Inflammatory Bowel
Disease. Science (2016) 354(6310):358–62. doi: 10.1126/science.aah5903

29. Fukaya T, Fukui T, Uto T, Takagi H, Nasu J, Miyanaga N, et al. Pivotal Role of
IL-22 Binding Protein in the Epithelial Autoregulation of Interleukin-22
Signaling in the Control of Skin Inflammation. Front Immunol (1418)
92018):1418. doi: 10.3389/fimmu.2018.01418

30. Kunz S, Wolk K, Witte E, Witte K, Doecke WD, Volk HD, et al. Interleukin
(IL)-19, IL-20 and IL-24 Are Produced by and Act on Keratinocytes and Are
Distinct From Classical ILs. Exp Dermatol (2006) 15(12):991–1004.
doi: 10.1111/j.1600-0625.2006.00516.x

31. Lim C, Hong M, Savan R. Human IL-22 Binding Protein Isoforms Act as a
Rheostat for IL-22 Signaling. Sci Signal (2016) 9(447):ra95. doi: 10.1126/
scisignal.aad9887

32. Gomez-Fernandez P, Urtasun A, Paton AW, Paton JC, Borrego F, Dersh D,
et al. Long Interleukin-22 Binding Protein Isoform-1 Is an Intracellular
Activator of the Unfolded Protein Response. Front Immunol (2934)
92018):2934. doi: 10.3389/fimmu.2018.02934

33. Voglis S, Moos S, Kloos L, Wanke F, Zayoud M, Pelczar P, et al. Regulation of
IL-22BP in Psoriasis. Sci Rep (2018) 8(1):5085. doi: 10.1038/s41598-018-
23510-3

34. Coombes JL, Siddiqui KR, Arancibia-Carcamo CV, Hall J, Sun CM, Belkaid Y,
et al. A Functionally Specialized Population of Mucosal CD103+ DCs Induces
Foxp3+ Regulatory T Cells via a TGF-Beta and Retinoic Acid-Dependent
Mechanism. J Exp Med (2007) 204(8):1757–64. doi: 10.1084/jem.20070590

35. Svensson M, Johansson-Lindbom B, Zapata F, Jaensson E, Austenaa LM,
Blomhoff R, et al. Retinoic Acid Receptor Signaling Levels and Antigen Dose
Frontiers in Immunology | www.frontiersin.org 9
Regulate Gut Homing Receptor Expression on CD8+ T Cells. Mucosal
Immunol (2008) 1(1):38–48. doi: 10.1038/mi.2007.4

36. Jinnohara T, Kanaya T, Hase K, Sakakibara S, Kato T, Tachibana N, et al.
IL-22BP Dictates Characteristics of Peyer’s Patch Follicle-Associated
Epithelium for Antigen Uptake. J Exp Med (2017) 214(6):1607–18. doi: 10.1084/
jem.20160770

37. 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

38. Nograles KE, Zaba LC, Guttman-Yassky E, Fuentes-Duculan J, Suarez-Farinas
M, Cardinale I, et al. Th17 Cytokines Interleukin (IL)-17 and IL-22 Modulate
Distinct Inflammatory and Keratinocyte-Response Pathways. Br J Dermatol
(2008) 159(5):1092–102. doi: 10.1111/j.1365-2133.2008.08769.x

39. Guilloteau K, Paris I, Pedretti N, Boniface K, Juchaux F, Huguier V, et al. Skin
Inflammation Induced by the Synergistic Action of IL-17a, IL-22, Oncostatin
M, IL-1{Alpha}, and TNF-{Alpha} Recapitulates Some Features of Psoriasis.
J Immunol (2010) 184(9):5263–70. doi: 10.4049/jimmunol.0902464

40. Zheng Y, Danilenko DM, Valdez P, Kasman I, Eastham-Anderson J, Wu J,
et al. Interleukin-22, A T(H)17 Cytokine, Mediates IL-23-Induced Dermal
Inflammation and Acanthosis. Nature (2007) 445(7128):648–51. doi: 10.1038/
nature05505

41. Ma HL, Liang S, Li J, Napierata L, Brown T, Benoit S, et al. IL-22 Is Required
for Th17 Cell-Mediated Pathology in a Mouse Model of Psoriasis-Like Skin
Inflammation. J Clin Invest (2008) 118(2):597–607. doi: 10.1172/JCI33263

42. Martin JC, Wolk K, Beriou G, Abidi A, Witte-Handel E, Louvet C, et al.
Limited Presence of IL-22 Binding Protein, a Natural IL-22 Inhibitor,
Strengthens Psoriatic Skin Inflammation. J Immunol (2017) 198(9):3671–8.
doi: 10.4049/jimmunol.1700021

43. Sabihi M, Bottcher M, Pelczar P, Huber S. Microbiota-Dependent Effects of
IL-22. Cells (2020) 9(10):2205. doi: 10.3390/cells9102205

44. Zenewicz LA, Yin X, Wang G, Elinav E, Hao L, Zhao L, et al. IL-22 Deficiency
Alters Colonic Microbiota to be Transmissible and Colitogenic. J Immunol
(2013) 190(10):5306–12. doi: 10.4049/jimmunol.1300016

45. Andoh A, Zhang Z, Inatomi O, Fujino S, Deguchi Y, Araki Y, et al.
Interleukin-22, a Member of the IL-10 Subfamily, Induces Inflammatory
Responses in Colonic Subepithelial Myofibroblasts. Gastroenterology (2005)
129(3):969–84. doi: 10.1053/j.gastro.2005.06.071

46. Zenewicz LA, Yancopoulos GD, Valenzuela DM, Murphy AJ, Stevens S,
Flavell RA. Innate and Adaptive Interleukin-22 Protects Mice From
Inflammatory Bowel Disease. Immunity (2008) 29(6):947–57. doi: 10.1016/
j.immuni.2008.11.003

47. Kempski J, Giannou AD, Riecken K, Zhao L, Steglich B, Lucke J, et al. IL22BP
Mediates the Antitumor Effects of Lymphotoxin Against Colorectal Tumors
in Mice and Humans. Gastroenterology (2020) 159(4):1417–30.e3.
doi: 10.1053/j.gastro.2020.06.033

48. Zenewicz LA, Yancopoulos GD, Valenzuela DM, Murphy AJ, Karow M,
Flavell RA. Interleukin-22 But Not Interleukin-17 Provides Protection to
Hepatocytes During Acute Liver Inflammation. Immunity (2007) 27(4):647–
59. doi: 10.1016/j.immuni.2007.07.023

49. Ren X, Hu B, Colletti LM. IL-22 Is Involved in Liver Regeneration After
Hepatectomy. Am J Physiol Gastrointest Liver Physiol (2010) 298(1):G74–80.
doi: 10.1152/ajpgi.00075.2009

50. PanCX,Tang J,WangXY,WuFR,GeJF,ChenFH.Roleof Interleukin-22 inLiver
Diseases. Inflamm Res (2014) 63(7):519–25. doi: 10.1007/s00011-014-0727-3

51. Sertorio M, Hou X, Carmo RF, Dessein H, Cabantous S, Abdelwahed M, et al.
IL-22 and IL-22 Binding Protein (IL-22BP) Regulate Fibrosis and Cirrhosis in
Hepatitis C Virus and Schistosome Infections. Hepatology (2015) 61(4):1321–
31. doi: 10.1002/hep.27629

52. Hirose K, Ito T, Nakajima H. Roles of IL-22 in Allergic Airway Inflammation
in Mice and Humans. Int Immunol (2018) 30(9):413–8. doi: 10.1093/intimm/
dxy010

53. Alcorn JF. IL-22 Plays a Critical Role in Maintaining Epithelial Integrity
During Pulmonary Infection. Front Immunol (2020) 11:1160. doi: 10.3389/
fimmu.2020.01160

54. Trevejo-Nunez G, Elsegeiny W, Aggor FEY, Tweedle JL, Kaplan Z,
Gandhi P, et al. Interleukin-22 (IL-22) Binding Protein Constrains IL-22
Activity, Host Defense, and Oxidative Phosphorylation Genes During
November 2021 | Volume 12 | Article 766586

https://doi.org/10.4049/jimmunol.166.12.7090
https://doi.org/10.4049/jimmunol.166.12.7096
https://doi.org/10.1073/pnas.171303198
https://doi.org/10.1073/pnas.171303198
https://doi.org/10.1016/j.str.2008.06.005
https://doi.org/10.1016/j.str.2008.06.005
https://doi.org/10.1529/biophysj.107.112664
https://doi.org/10.1016/j.febslet.2009.03.006
https://doi.org/10.1038/mi.2013.28
https://doi.org/10.1016/j.intimp.2004.01.007
https://doi.org/10.1038/nature11535
https://doi.org/10.1016/j.immuni.2020.10.012
https://doi.org/10.1038/mi.2015.83
https://doi.org/10.1038/mi.2015.83
https://doi.org/10.1126/science.aah5903
https://doi.org/10.3389/fimmu.2018.01418
https://doi.org/10.1111/j.1600-0625.2006.00516.x
https://doi.org/10.1126/scisignal.aad9887
https://doi.org/10.1126/scisignal.aad9887
https://doi.org/10.3389/fimmu.2018.02934
https://doi.org/10.1038/s41598-018-23510-3
https://doi.org/10.1038/s41598-018-23510-3
https://doi.org/10.1084/jem.20070590
https://doi.org/10.1038/mi.2007.4
https://doi.org/10.1084/jem.20160770
https://doi.org/10.1084/jem.20160770
https://doi.org/10.4049/jimmunol.1700587
https://doi.org/10.1111/j.1365-2133.2008.08769.x
https://doi.org/10.4049/jimmunol.0902464
https://doi.org/10.1038/nature05505
https://doi.org/10.1038/nature05505
https://doi.org/10.1172/JCI33263
https://doi.org/10.4049/jimmunol.1700021
https://doi.org/10.3390/cells9102205
https://doi.org/10.4049/jimmunol.1300016
https://doi.org/10.1053/j.gastro.2005.06.071
https://doi.org/10.1016/j.immuni.2008.11.003
https://doi.org/10.1016/j.immuni.2008.11.003
https://doi.org/10.1053/j.gastro.2020.06.033
https://doi.org/10.1016/j.immuni.2007.07.023
https://doi.org/10.1152/ajpgi.00075.2009
https://doi.org/10.1007/s00011-014-0727-3
https://doi.org/10.1002/hep.27629
https://doi.org/10.1093/intimm/dxy010
https://doi.org/10.1093/intimm/dxy010
https://doi.org/10.3389/fimmu.2020.01160
https://doi.org/10.3389/fimmu.2020.01160
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Zenewicz IL-22BP Regulates IL-22 Biology
Pneumococcal Pneumonia. Infect Immun (2019) 87(11):e005500–19.
doi: 10.1128/IAI.00550-19

55. Broquet A, Jacqueline C, Davieau M, Besbes A, Roquilly A, Martin J, et al.
Interleukin-22 Level Is Negatively CorrelatedWith Neutrophil Recruitment in
the Lungs in a Pseudomonas Aeruginosa Pneumonia Model. Sci Rep (2017) 7
(1):11010. doi: 10.1038/s41598-017-11518-0

56. Hebert KD, McLaughlin N, Galeas-Pena M, Zhang Z, Eddens T, Govero A,
et al. Targeting the IL-22/IL-22BP Axis Enhances Tight Junctions and
Reduces Inflammation During Influenza Infection. Mucosal Immunol
(2019) 13(1):64–74. doi: 10.1038/s41385-019-0206-9

57. Abood RN, McHugh KJ, Rich HE, Ortiz MA, Tobin JM, Ramanan K,
et al. IL-22-Binding Protein Exacerbates Influenza, Bacterial Super-
Infection. Mucosal Immunol (2019) 12(5):1231–43. doi: 10.1038/s41385-
019-0188-7

58. Besnard AG, Sabat R, Dumoutier L, Renauld JC, Willart M, Lambrecht B, et al.
Dual Role of IL-22 in Allergic Airway Inflammation and its Cross-Talk With
IL-17a. Am J Respir Crit Care Med (2011) 183(9):1153–63. doi: 10.1164/
rccm.201008-1383OC

59. Sonnenberg GF, Nair MG, Kirn TJ, Zaph C, Fouser LA, Artis D.
Pathological Versus Protective Functions of IL-22 in Airway Inflammation
Are Regulated by IL-17a. J Exp Med (2010) 207(6):1293–305. doi: 10.1084/
jem.20092054

60. Perriard G, Mathias A, Enz L, Canales M, Schluep M, Gentner M,
et al. Interleukin-22 Is Increased in Multiple Sclerosis Patients and
Targets Astrocytes. J Neuroinflamm (2015) 12:119. doi: 10.1186/s12974-
015-0335-3

61. Lindahl H, Guerreiro-Cacais AO, Bedri SK, Linnerbauer M, Linden M,
Abdelmagid N, et al. IL-22 Binding Protein Promotes the Disease Process
in Multiple Sclerosis. J Immunol (2019) 203(4):888–98. doi: 10.4049/
jimmunol.1900400

62. Kebir H, Kreymborg K, Ifergan I, Dodelet-Devillers A, Cayrol R, Bernard M,
et al. Human TH17 Lymphocytes Promote Blood-Brain Barrier Disruption
and Central Nervous System Inflammation. Nat Med (2007) 13(10):1173–5.
doi: 10.1038/nm1651

63. Wang P, Bai F, Zenewicz LA, Dai J, Gate D, Cheng G, et al. IL-22 Signaling
Contributes to West Nile Encephalitis Pathogenesis. PLoS One (2012) 7(8):
e44153. doi: 10.1371/journal.pone.0044153

64. Kreymborg K, Etzensperger R, Dumoutier L, Haak S, Rebollo A, Buch T,
et al. IL-22 Is Expressed by Th17 Cells in an IL-23-Dependent Fashion,
But Not Required for the Development of Autoimmune Encephalomyelitis.
J Immunol (2007) 179(12):8098–104. doi: 10.4049/jimmunol.179.12.8098

65. Beyeen AD, Adzemovic MZ, Ockinger J, Stridh P, Becanovic K, Laaksonen H,
et al. IL-22RA2 Associates With Multiple Sclerosis and Macrophage Effector
Mechanisms in Experimental Neuroinflammation. J Immunol (2010) 185
(11):6883–90. doi: 10.4049/jimmunol.1001392
Frontiers in Immunology | www.frontiersin.org 10
66. International Multiple Sclerosis Genetics C, Wellcome Trust Case Control C,
Sawcer S, Hellenthal G, Pirinen M, Spencer CC, et al. Genetic Risk and a
Primary Role for Cell-Mediated Immune Mechanisms in Multiple Sclerosis.
Nature (2011) 476(7359):214–9. doi: 10.1038/nature10251

67. International Multiple Sclerosis Genetics C, Beecham AH, Patsopoulos NA,
Xifara DK, Davis MF, Kemppinen A, et al. Analysis of Immune-Related Loci
Identifies 48 New Susceptibility Variants for Multiple Sclerosis. Nat Genet
(2013) 45(11):1353–60. doi: 10.1038/ng.2770

68. Sabat R, Ouyang W,Wolk K. Therapeutic Opportunities of the IL-22-IL-22R1
System. Nat Rev Drug Discov (2014) 13(1):21–38. doi: 10.1038/nrd4176

69. Rothenberg ME, Wang Y, Lekkerkerker A, Danilenko DM, Maciuca R,
Erickson R, et al. Randomized Phase I Healthy Volunteer Study of
UTTR1147A (IL-22fc): A Potential Therapy for Epithelial Injury. Clin
Pharmacol Ther (2019) 105(1):177–89. doi: 10.1002/cpt.1164

70. Tsai YC, Tsai TF. Anti-Interleukin and Interleukin Therapies for Psoriasis:
Current Evidence and Clinical Usefulness. Ther Adv Musculoskelet Dis (2017)
9(11):277–94. doi: 10.1177/1759720X17735756

71. Weber GF, Schlautkotter S, Kaiser-Moore S, Altmayr F, Holzmann B,
Weighardt H. Inhibition of Interleukin-22 Attenuates Bacterial Load and
Organ Failure During Acute Polymicrobial Sepsis. Infect Immun (2007) 75
(4):1690–7. doi: 10.1128/IAI.01564-06

72. Kisand K, Boe Wolff AS, Podkrajsek KT, Tserel L, Link M, Kisand KV, et al.
Chronic Mucocutaneous Candidiasis in APECED or Thymoma Patients
Correlates With Autoimmunity to Th17-Associated Cytokines. J Exp Med
(2010) 207(2):299–308. doi: 10.1084/jem.20091669

73. Kaleviste E, RuhlemannM, Karner J, Haljasmagi L, Tserel L, Org E, et al. IL-22
Paucity in APECED Is Associated With Mucosal and Microbial Alterations in
Oral Cavity. Front Immunol (2020) 11:838. doi: 10.3389/fimmu.2020.00838

Conflict of Interest: The author declares 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.

Copyright © 2021 Zenewicz. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
November 2021 | Volume 12 | Article 766586

https://doi.org/10.1128/IAI.00550-19
https://doi.org/10.1038/s41598-017-11518-0
https://doi.org/10.1038/s41385-019-0206-9
https://doi.org/10.1038/s41385-019-0188-7
https://doi.org/10.1038/s41385-019-0188-7
https://doi.org/10.1164/rccm.201008-1383OC
https://doi.org/10.1164/rccm.201008-1383OC
https://doi.org/10.1084/jem.20092054
https://doi.org/10.1084/jem.20092054
https://doi.org/10.1186/s12974-015-0335-3
https://doi.org/10.1186/s12974-015-0335-3
https://doi.org/10.4049/jimmunol.1900400
https://doi.org/10.4049/jimmunol.1900400
https://doi.org/10.1038/nm1651
https://doi.org/10.1371/journal.pone.0044153
https://doi.org/10.4049/jimmunol.179.12.8098
https://doi.org/10.4049/jimmunol.1001392
https://doi.org/10.1038/nature10251
https://doi.org/10.1038/ng.2770
https://doi.org/10.1038/nrd4176
https://doi.org/10.1002/cpt.1164
https://doi.org/10.1177/1759720X17735756
https://doi.org/10.1128/IAI.01564-06
https://doi.org/10.1084/jem.20091669
https://doi.org/10.3389/fimmu.2020.00838
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	IL-22 Binding Protein (IL-22BP) in the Regulation of IL-22 Biology
	Introduction
	IL-22 Biology
	IL-22BP: The Fundamentals
	IL-22-IL-22BP Binding Dynamics
	IL-22BP Regulation
	IL-22BP in Health and Disease
	Skin
	GI Tract
	Liver
	Lung
	Central Nervous System (CNS)

	Therapeutic Potential of IL-22BP
	Conclusions
	Author Contributions
	Funding
	Acknowledgments
	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 /LeaveColorUnchanged
  /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


