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Abstract
IL-22 is a member of the IL-10 cytokine family and signals through a heterodimeric receptor
composed of the common IL-10R2 subunit and the IL-22R subunit. IL-10 and IL-22 both activate
the STAT3 signaling pathway; however, in contrast to IL-10, relatively little is known about IL-22
in the host response to infection. In this study, using IL-22−/− mice, neutralizing Abs to IL-22, or
both, we show that IL-22 is dispensable for the development of immunity to the opportunistic
pathogens Toxoplasma gondii and Mycobacterium avium when administered via the i.p. or i.v.
route, respectively. IL-22 also played little to no role in aerosol infections with Mycobacterium
tuberculosis and in granuloma formation and hepatic fibrosis following chronic percutaneous
infections with the helminth parasite Schistosoma mansoni. A marked pathogenic role for IL-22
was, however, identified in toxoplasmosis when infections were established by the natural oral
route. Anti–IL-22 Ab-treated mice developed significantly less intestinal pathology than control
Ab-treated mice even though both groups displayed similar parasite burdens. The decreased gut
pathology was associated with reduced IL-17A, IL-17F, TNF-α, and IFN-γ expression. In contrast
to the prior observations of IL-22 protective effects in the gut, these distinct findings with oral T.
gondii infection demonstrate that IL-22 also has the potential to contribute to pathogenic
inflammation in the intestine. The IL-22 pathway has emerged as a possible target for control of
inflammation in certain autoimmune diseases. Our findings suggest that few if any infectious
complications would be expected with the suppression of IL-22 signaling.

Developing an effective immune response to an invading pathogen is critical for host
defense and survival. However, if the pathogen-specific immune response is not quickly
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controlled, then significant collateral tissue damage often develops. Although cytokines
derived from CD4+ Th1, Th2, and Th17 cells often dictate the outcome of pathogen-specific
immune responses, IL-10 has emerged as one of the most dynamic and critically important
immunoregulatory cytokines in nearly all of the infectious diseases examined to date. In
most cases, IL-10 functions as an immune response “rheostat” that precisely regulates the
magnitude of the effector T cell response so that clearance of the invading pathogen is
mediated with minimal collateral tissue damage. Five IL-10–like cytokines, a subset of type
II cytokines that include IL-19, IL-20, IL-22, IL-24, and IL-26, have been recently identified
and are proposed to share a six α-helical structural motif with IL-10 as well as receptor
subunits derived from the cytokine receptor family 2 (1, 2). Although the role of IL-10 in
infectious immunosurveillance is relatively well understood, the function of the other IL-10–
like cytokines is just beginning to be explored.

Unlike IL-10, which is produced by a variety of cell types, IL-22 is made by only a subset of
activated immune cells. Although originally demonstrated to be made by human CD4+ Th1
cells and conventional NK cells (3), more recent studies indicate that IL-22 is made
preferentially by Th17 T cells (4). It is also produced by γδ CD3+ T cells (5, 6), noncytolytic
NK cells, lymphoid tissue inducer cells (7), and skin-homing IL-13+ T cells (8, 9). The
receptor for IL-22 is distinct and consists of IL-22R, which most studies indicate is restricted
to the surfaces of epithelial cells, keratinocytes, and some fibroblasts, and IL-10R2, which is
expressed ubiquitously (10). Hence, and in contrast to IL-10, IL-22 is not thought to have
direct effects on immune cells. Instead, it is proposed that IL-22 regulates tissue responses
as a result of its local expression from innate and adaptive immune cells and by direct
signaling in nonhematopoietic cells (11, 12).

IL-22 participates in host defense at environmental interfaces, including mucosal surfaces of
the airways and gastrointestinal tract as well as in the skin where it maintains barrier
integrity and regulates wound repair (11–18). For example, Aujla et al. (13) demonstrated
that T cell-derived IL-22 is critical for airway mucosal host defense against the Gram-
negative bacterium Klebsiella pneumoniae. In vitro studies indicated that IL-22 maintains
viability and generates transepithelial integrity after wounding of primary human bronchial
epithelial cells. Zheng et al. (19) verified a role for IL-22 at mucosal surfaces and
demonstrated that non-T cell-derived IL-22 induces antimicrobial proteins, such as Re-gIIIg,
which are essential for early mucosal immunity in the gut to the Gram-negative bacterium
Citrobacter rodentium. These studies suggest a requirement for IL-22 in immunity to
airway- and gut-invading bacteria. However, IL-22 also exhibits protective activity in
noninfectious models of inflammatory bowel disease. Local gene delivery of IL-22
suppressed TCRα-induced colitis, with IL-22 blockade delaying recovery following dextran
sulfate sodium-induced colitis (17). Similarly, Zenewicz et al. (20) observed increased
colitis when adoptively transferring il22−/− CD45RBhi cells, compared with il22+/+

CD45RBhi cells, into il22−/− Rag1−/− mice. Supporting these observations, Pickert et al.
(21) illustrated a STAT3-dependent protective role for IL-22 in the colon following dextran
sulfate sodium-induced colitis, with IL-22 inducing epithelial cell proliferation and wound
healing. Interestingly, Weber et al. (22) determined that administration of IL-22 binding
protein (IL-22BP), the proposed natural decoy receptor for IL-22, is partially protective in a
peritoneal sepsis model, suggesting that IL-22 can also exacerbate immunosurveillance
when infection is initiated via a shunt from the gut lumen. Thus, at mucosal surfaces both
pro- and anti-inflammatory roles for IL-22 have been described, with IL-22 signaling
enhancing immunity to bacteria and suppressing inflammation-associated colitis,
respectively.

In the skin, IL-22 appears to be pathogenic. Zheng et al. (23) and Ma et al. (24) both
demonstrated a proinflammatory role for IL-22 in the progression of psoriasis-like skin
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inflammation. A similar proinflammatory role for IL-22 was also described in a collagen-
induced model of rheumatoid arthritis (25). In contrast, in the liver, a significant body of
evidence suggests that IL-22 has protective effects in noninfectious models of hepatitis (26–
28). For example, hydrodynamic delivery of IL-22 significantly attenuated Con A-induced
hepatitis, with increased STAT3 activation and upregulation of several antiapoptotic
proteins observed in mice overexpressing IL-22 (26).

Given the apparent pro- and anti-inflammatory properties of IL-22 exhibited in various
tissues including the lung, gut, skin, and liver, in addition to its relationship with IL-10, we
decided to systematically investigate the role of IL-22 in the development of immunity to a
diverse group of pathogens (bacteria, protozoa, and helminth) that affect different tissues
including the lung (aerosol Mycobacterium tuberculosis infections), gut (oral Toxoplasma
gondii infection), peritoneal cavity (i.p. infection with T. gondii), skin (percutaneous
infection with the helminth Schistosoma mansoni), and liver (systemic i.v. infections with
Mycobacterium avium and hepatic immunopathology following S. mansoni infection). In
marked contrast to IL-10 and TNF-α, our studies show that IL-22 plays a redundant or no
role in nearly all of these infections. In particular, and in consideration of the proposed
important role of IL-22 in barrier immunity, IL-22 deficiency had no impact on S. mansoni
infections established through the skin or in M. tuberculosis infections established via the
airway. However, and in contrast to systemic T. gondii infections in which IL-22 played no
obvious role, a subset of mice orally infected with T. gondii were significantly protected
from lethal infection when IL-22 was neutralized with anti–IL-22 mAb. Together, these
studies for the first time illustrate both redundant and pathogenic roles for the novel IL-10
family cytokine IL-22 in models of mycobacterial, protozoan, and helminth infection.

Materials and Methods
Animals and reagents

C57BL/6, BALB/c (wild-type [WT]), and OVA-specific OT-2 (C57BL/6-Tg [TCRαTCRβ])
mice were obtained from National Institute of Allergy and Infectious Diseases animal
facilities at Taconic Farms (Germantown, NY). C57BL/6/129/SvJ il22−/− and BALB/c
il22−/− mice were provided by Wyeth (Cambridge, MA), the design of the deficient mice as
previously described (23). All of the animals were housed under specific pathogen-free
conditions at the National Institutes of Health in an American Association for the
Accreditation of Laboratory Animal Care-approved facility. The National Institute of
Allergy and Infectious Diseases animal care and use committee approved all of the
experimental procedures. A minimum of five mice per group was used in each experiment,
unless indicated. The IL-22 neutralizing Abs (clones IL-22-01 and IL-22-03) were generated
at Wyeth (4) and were used at 1 mg per mouse, where indicated. Anti–TNF-α (clone
XT3.11; BioXcell, West Lebanon, NH) was also used at 1 mg per mouse.

ELISA and biochemical analysis
Soluble egg Ag (SEA)-specific IgG1 and IgG2b isotype-specific Ab titers were evaluated by
ELISA. Immulon 4 plates (Thermo LabSystems, Waltham, MA) were coated with 10 μg/ml
SEA (100 μl per well) diluted in PBS for 24 h. Plates were blocked with 5% milk for 2 h,
and serum samples were added, using serial 2-fold dilutions. Biotin-conjugated rabbit anti-
Mouse IgG1 (Zymed) or HRP-conjugated rabbit anti-mouse IgG2b (Zymed; Invitrogen,
Carlsbad, CA) was used at a 1:1000 dilution for 2 h, followed by peroxidase-labeled
streptavidin (Kirkegaard & Perry Laboratories, Gaithersburg, MD) substrate enzyme at a
1:1000 dilution. Absorbance was read at 405 nm using a Vmax Kinetic Microplate Reader
(Molecular Devices, Sunnyvale, CA) after adding 100 μl ABTS peroxidase substrate
(Kirkegaard & Perry Laboratories). Cytokines were measured by ELISA using suppliers’
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guidelines. Capture Abs for IL-12/23p40 (4 μg/ml; R&D Systems, Minneapolis, MN) or
IFN-γ (4 μg/ml; R&D Systems) were diluted in carbonate buffer and incubated at 4°C
overnight. Plates were washed with 0.05% Tween 20 in PBS (PBST) and blocked with 5%
milk in PBST. Mouse serum (at a 1:10 or 1:40 dilution) and assay standard diluted in PBST
plus 1% BSA were added for 2 h at 37°C. The detection Abs (1 μg/ml biotinylated anti–
IL-12/23p40 or 4 μg/ml biotinylated anti–IFN-γ; R&D Systems) were added for 2 h at 37°C.
Peroxidase-labeled streptavidin (1:1000 dilution for 1 h at 37°C) and ABTS peroxidase
substrate were used to detect biotinylated Abs. The concentration of cytokine in the sample
was determined from a serial-fold–diluted standard curve. The absorbance in the wells was
read at 405 nm using a Vmax Kinetic Microplate Reader. The liver transaminases glutamic
oxalacetic transaminases/aspartate aminotransferase (AST) and glutamic pyruvic
transaminases/alanine aminotransferase (ALT) were measured in individual serum samples
using a Vista Analyzer (Siemens, New York, NY) in the clinical center at the National
Institutes of Health.

RNA isolation, purification, and quantitative real-time PCR
Samples were homogenized in 1 ml TRIzol reagent (Invitrogen, Carlsbad, CA) using a
tissue polytron (Omni International, Kennesaw, GA) with total RNA extracted according to
the manufacturers’ recommendations. RNA was further purified using the RNeasy Mini Kit
from (Qiagen, Valencia, CA). Individual sample RNA (0.1 μg) was reverse-transcribed
using SuperScript II Reverse Transcriptase (Invitrogen) and a mixture of oligo(dT) and
random primers. Real-time RT-PCR was performed on an ABI Prism 7900HT Sequence
Detection System (Applied Biosystems, Foster City, CA). Relative quantities of mRNA for
several genes were determined using SYBR Green PCR Master Mix (Applied Biosystems)
and the comparative threshold cycle method as described by Applied Biosystems for the
ABI Prism 7700/7900HT Sequence Detection Systems. In this method, mRNA levels for
each sample were normalized to hypoxanthine guanine phosphoribosyl transferase mRNA
levels and then expressed as a relative increase or decrease compared with levels in
uninfected controls. For Arg1, tnfα, il4, il13, il10, ifnγ, and il13rα2, primers have previously
been described (29, 30). The following primers were designed with Primer Express software
(version 2.0; Applied Biosystems), PrimerBank (http://pga.mgh.harvard.edu/primerbank/),
or ProbeFinder (version 2.3; www.roche-applied-science.com/sis/rtpcr/upl/adc.jsp):
inducible NO synthase (iNOS), sense, 5′-CTTTGCCACGGACGAGAC-3′, antisense, 5′-
TCATTGTACTCTGAGGGCTGAC-3′; IL-25, sense, 5′-TGG-
AGCTCTGCATCTGTGTC-3′, antisense, 5′-CGATTCAAGTCCCTGTCC-A-3′; IL-17A,
sense, 5′-CCACACCCACAGCATCTC-3′, antisense, 5′-CT-
GAGAGCTGCCCCTTCAC-3′; IL-22BP, sense, 5′-CCAGAAGGTCCGAT-3, antisense, 5′-
CATTGGTCAGGTCA-3′.

Histopathology and hydroxyproline assay
Collagen was measured as hydroxyproline after hydrolysis of a known weight of tissue in 5
ml 6 N HCl at 110°C for 18 h. The increase in hydroxyproline was calculated based upon
total tissue weight and expressed as micromoles per 10, 000 parasite eggs or per organ. For
histopathological analyses, formalin (4% paraformaldehyde in PBS)-fixed tissues were
processed and embedded in paraffin for sectioning (Histopath of America, Millersville,
MD). Wright’s Giemsa or H&E stains were used for analysis of inflammation and
pathological changes. Evaluations were scored by a blinded observer on an arbitrary 1–4+
basis, unless specified. The same individual scored all of the histological features and had no
knowledge of the experimental design.
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Flow cytometry
Freshly isolated cells were stimulated for 3 h with PMA (10 μg/ml), ionomycin (1 μg/ml),
and brefeldin A (10 μg/ml) and stained with Abs diluted in PBS with 0.5% BSA (Sigma-
Aldrich, St. Louis, MO) and 0.05% sodium azide (Sigma-Aldrich) for 20 min at 4°C.
Surface molecule staining (CD4 [BD Biosciences, San Jose, CA], CD8 [eBioscience, San
Diego, CA], CD44 [BioLegend, San Diego, CA], CD62L [BD Biosciences], and CD25 [BD
Biosciences]) followed by fixation and permeabilization (BD Cytofix/Cytoperm) and
intracellular cytokine staining (IL-17A [BD Biosciences], IFN-γ [BD Biosciences], TNF-α
[BD Biosciences], IL-13 [Centocor, Horsham, PA], IL-4 [BD Biosciences], IL-5 [BD
Biosciences], Foxp3 [eBioscience], or IL-22 [kindly provided by Wyeth; Ref. 24]) was
carried out. The expression of surface and intracellular molecules was analyzed on a BD
LSR II flow cytometer using FlowJo version 8 software (Tree Star, Ashland, OR).

Infection models
M. avium. Mice were i.v. infected with 5 × 106 CFU of M. avium (strain SmT 2151).
Bacterial loads in infected mice were determined at day 30 from spleen and lung
homogenates as previously described (31).

M. tuberculosis. Mice were exposed to aerosolized M. tuberculosis (Erdman strain) in a
Middlebrook airborne infection apparatus (Glas-Col, Terre Haute, IN). Each mouse received
~100 CFU measured in the lung at 24 h after exposure. Bacterial loads in infected organs
were quantified by culture on 7H11 agar as previously described (31).

S. mansoni. Mice were infected percutaneously via the tail with 30 or 100 cercariae, as
indicated, of a Puerto Rican strain of S. mansoni (NMRI) obtained from Biomphalaria
glabrata snails (Biomedical Research Institute). SEA was obtained from purified and
homogenized S. mansoni eggs as previously described (30). Animals were perfused at
sacrifice so that worm and tissue egg burdens could be determined as previously described
(30).

T. gondii. Mice were infected i.p. with 20 cysts of T. gondii (ME49 strain) or orally with 20,
50, or 100 cysts of T. gondii (ME49 strain) as indicated. At day 5 or 12, serum was
recovered for cytokine analysis. Brain cyst frequencies, at indicted times post infection,
were evaluated in an aliquot of a 5 ml PBS/brain suspension.

Statistical analysis
Data sets were compared by Mann-Whitney U test or one-way ANOVA as specified in
figure legends using GraphPad (San Diego, CA) Prism (version 5.0). Differences were
considered significant at p ≤ 0.05.

Results
IL-22BP is increased in a variety of infections

IL-22 protects the liver following chemical-, Fas ligand-, and cytokine-induced liver injury
(26, 27) and during liver regeneration (32); however, the role of IL-22 in infections that
affect the liver has not been previously investigated. Surprisingly, although IL-22 was
detectable in vivo, we observed little to no change in IL-22 expression following infection
with S. mansoni (week 8, 1.34 ± 0.23-fold induction; week 9, 1.52 ± 0.36-fold induction;
week 16, 1.41 ± 0.33-fold induction, relative to uninfected). Nevertheless, a significant
increase in the expression of IL-22BP, which can attenuate IL-22 activity (33), was observed
in the liver (Fig. 1). Indeed, following infection with S. mansoni, expression of IL-22BP
increased nearly 5-fold over background levels (Fig. 1, left panel). These data suggest that
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the endogenous activity of IL-22 may be tightly regulated by IL-22BP expression.
Interestingly, following M. avium and T. gondii infection, both of which preferentially
promote type 1 immune responses and classical macrophage activation (34, 35), significant
increases in IL-22BP expression were again observed (T. gondii [15-fold, Fig. 1, right
panel] and M. avium [8-fold, Fig. 1, middle panel]). Together, these observations suggest
that IL-22 activity is not exclusively linked with the development of Th2- or Th1/Th17-type
immune responses.

IL-22 does not influence percutaneous infection, immunity, or hepatic pathology in
schistosomiasis

To dissect the role of IL-22 in Th2-associated dermal barrier function, we investigated the
role of IL-22 following percutaneous infection with the helminth parasite S. mansoni. A
patent percutaneous infection with the trematode helminth S. mansoni requires dermal
penetration, larval migration via the lungs and heart, and finally adult worm maturation
within the veins of the liver and mesentery. Gravid worm pairs produce hundreds of ova per
day, which induce a systemic Th2 response with eosinophil-rich hepatic granulomas
surrounding parasite ova (Fig. 2A). Deletion of IL-22 did not impact the establishment of
infection because a similar parasite burden was observed in both groups (Fig. 2B). Serum
AST and ALT levels, indicative of liver damage due to parasite ova-induced liver injury,
were also similar, suggesting that there was no change in hepatotoxicity in the absence of
IL-22, even when chronically infected with S. mansoni (Fig. 2C). There was a modest
reduction in hepatic fibrosis in il22−/− mice at the early (week 8) and late (week 16) stages
of infection (Fig. 2D); however, these did not reach statistical significance. Failure to mount
a Th2 response and Th2 cytokine-driven granulomatous inflammatory reaction around
parasite ova are fatal in mice (36–38). As infection proceeds beyond the acute stage (9 wk),
granuloma formation is downmodulated in chronically infected mice, with less aggressive
inflammation at week 16 versus that at weeks 8–9 (Fig. 2E). Peak granuloma formation also
occurred normally between weeks 8 and 9 in the liver, with granuloma size successfully
downmodulated by week 16 in both WT and il22−/− mice (Fig. 2A, 2E).

Only minorchanges inTh1-, Th2-, and Th17-associated cytokines were observed in the livers
of il22−/− mice. Of particular note, IL-4 and IL-13 responses were slightly but consistently
reduced in the il22−/− mice (Fig. 2F), which may explain the modest reductions in fibrosis
(39) and SEA-specific IgE (Fig. 2G). We next examined whether il22−/− mice were more or
less susceptible to a high-dose infection with S. mansoni. As expected, WT mice challenged
with 100 cercariae succumbed to infection between weeks 8 and 10 postinfection. Similar
weight loss and survival were observed in il22−/− mice (Fig. 2H). Taken together these data
indicate that IL-22 deficiency does not impact percutaneous infection or compromise CD4+

Th2 cell differentiation, Th2-dependent granuloma formation, or hepatic fibrosis following
acute and chronic infection with S. mansoni.

Systemic control of M. avium infection and hepatic lesion formation are not compromised
in the absence of IL-22

Resistance to many pathogenic bacteria, including M. avium, is dependent on the
development of a competent cell-mediated Th1-type immune response (40). To test the
importance of the endogenous IL-22/IL-22R signaling pathway in a systemic mycobacterial
infection, the impact on liver damage, and granuloma formation, we infected il22−/− or WT
littermates with M. avium by i.v. injection. Within the liver, il22−/− mice displayed similar
bacterial burdens to those of M. avium-infected WT littermates (Fig. 3A), with comparable
frequencies and appearances of lesions in the liver (Fig. 3B, 3C) on day 30 postinfection.
Lesion size (Fig. 3D), composition (Fig. 3E, 3F), and collagen content (Fig. 3G) were also
unaffected in il22−/− mice. iNOS production was also the same (data not shown). The
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frequency of Th1 cells and mean fluorescent intensities of IFN-γ+ (Fig. 3H) and TNF-α+

(Fig. 3I) CD4 T cells were slightly reduced in the spleens of M. avium-infected mice;
however, this did not reach statistical significance. Thus, IL-22 deficiency did not
compromise Th1 immunity, regulate liver damage, or alter lesion formation during infection
with this important opportunistic pathogen.

TNF-α but not IL-22 blockade compromises immunity to aerosol M. tuberculosis infection
M. tuberculosis can establish latent infections in humans (41) and in susceptible
immunocompetent mice (42, 43). Genetic deletion or Ab-mediated removal of TNF-α, IFN-
γ, or iNOS results in reactivation of infection with granuloma disruption, weight loss, and
ultimately accelerated morbidity and mortality (42, 44). We examined whether IL-22
blockade would have any impact on aerosol-mediated M. tuberculosis infection. This model
also allowed us to examine whether IL-22 influenced the establishment of bacterial
infections at mucosal surfaces. For these studies, chronically infected mice were given anti–
TNF-α, anti–IL-22, or control mAbs at 12 wk postinfection. Four weeks later, 60% of mice
receiving anti–TNF-α mAb had succumbed to the infection (Fig. 4A), as previously reported
(44). However, only one tenth of mice treated with anti–IL-22 mAb died. At 16 wk of
infection, bacterial burdens in the lungs and spleen were comparable between control and
anti–IL-22 Ab-treated mice (Fig. 4B). In contrast to anti–TNF-α Ab-treated mice that
developed highly disrupted granulomas and significant interstitial pneumonia, the lesions in
the anti–IL-22 Ab-treated mice appeared relatively normal (Fig. 4C), with control and anti–
IL-22 Ab-treated mice showing a similar degree of interstitial pneumonia in the lung (Fig.
4D). As observed with M. tuberculosis, TNF-α blockade exacerbated M. avium infection,
whereas IL-22 inhibition had no effect (Supplemental Fig. 1A–D), further illustrating that
IL-22 is not required for efficient control of mycobacterial infections delivered systemically
or via the airway.

Control of acute and chronic T. gondii infection is not affected by IL-22
Next, we examined the role of IL-22 in systemic immunity to another important
opportunistic pathogen, T. gondii. This infection also allowed us to assess the impact of
IL-22 on the development of liver pathology following i.p. infection. For these studies,
il22−/− mice were first infected i.p. with ME49, a type II strain of T. gondii. Between day 5
and day 12, marked increases in IL-12/23p40 and IFN-γ were detected in the serum;
however, there was no significant difference noted between WT and il22−/− mice (Fig. 5A).
In contrast, slight reductions in the frequencies and mean fluorescent intensities of CD4+

IFN-γ+ and TNF-α+ cells were observed in the spleen, similar to the studies with M. avium
(Fig. 5B, 5C). The slight decrease in the Th1-type response was also associated with a small
increase in Foxp3+ regulatory T cells (Fig. 5D). Despite these changes, IL-22 deficiency had
no significant impact on the number of T. gondii cysts in the brain (Fig. 5E). The size,
composition, and number of lesions in the liver were also similar in both groups (Fig. 6B,
6C), even though iNOS levels were marginally reduced in il22−/− mice (Fig. 6A). No
significant differences in TNF-α or IL-10 production were observed (Fig. 6A). In separate
studies, infected WT and il22−/− mice were allowed to develop chronic infections (120 d) to
monitor the brain cyst burden and development of CNS pathology. Here again, the cyst
burdens in both groups were nearly identical (Fig. 6D), although there was a slight reduction
in meningitis and peri-vascular inflammation in il22−/− mice (Fig. 6E). The frequencies of
brain-infiltrating IFN-γ+ and TNF-α+ cells were largely unaffected by the absence of IL-22
(Fig. 6F). Thus, similar to the studies with M. avium, in general a proficient Th1 response
developed in the absence of IL-22, which was sufficient to control both acute and chronic
infections with T. gondii. The importance of TNF-α but not IL-22 was also documented
during systemic T. gondii infection, with rapid weight loss and death observed only during
treatment with anti–TNF-α mAb (Supplemental Fig. 1D).
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IL-22 regulates intestinal pathology during oral T. gondii infection
IL-22 has been proposed to have a protective role in human and mouse gut, based on its
associative human expression and impact on deficiency in animal models of intestinal
inflammation (13, 15, 17, 19–21, 32, 45, 46). Because oral T. gondii infections are often
associated with the development of pathology in the small intestine, we performed another
series of experiments using the oral, rather than i.p. (Figs. 5, 6), route of infection. In these
experiments, C57BL/6 mice were infected with 20, 50, or 100 T. gondii cysts, and separate
groups were treated with either anti–IL-22 or control mAb. Within 10 d of infection, WT
mice infected with 50 cysts and treated with control Ab lost significant weight (Fig. 7A) and
rapidly succumbed to infection in a parasite dose-dependent manner (Fig. 7B), whereas anti–
IL-22 Ab-treated mice did not lose as much weight (Fig. 7A) and had reduced mortality (Fig.
7B). All of the mice administered 100 cysts were dead by day 12, whereas 20% of mice
given a low-dose infection (20 cysts) survived through day 40. In contrast, mice treated with
anti–IL-22 mAb succumbed at a much slower rate when infected with 20 or 50 cysts (Fig.
7B). At the highest infectious dose, the protective effect of IL-22 blockade appeared to be
completely lost (Fig. 7B). Submucosal and intramuscular inflammation was observed in the
ileum of the highly susceptible control Ab-treated mice. The lamina propria was also
disrupted, with evidence of serositis surrounding the ileum and a marked macrophage
infiltrate following oral infection of control Ig-treated mice (Fig. 7C). In contrast, mice
treated with anti–IL-22 mAb developed significantly less inflammation in the ileum (control
Ab histology score, 2.66 ± 0.23; anti–IL-22 Ab histology score, 1 ± 0.33; p < 0.05), with a
visible reduction in serositis (Fig. 7C). The decrease in inflammation and increased survival
were associated with reduced IL-17A, IL-17F, IL-22, TNF-α, and IFN-γ expression in the
mesenteric lymph node and ileum (Fig. 7D). The chemokines Cxcl9 (Mig) and Cxcl1 (Kc)
were also reduced in the absence of IL-22. Similarly, expression of Arg1 and IL-13 were
also decreased. Together, these observations suggest that a wide array of inflammatory
cytokines and chemokines were reduced when IL-22 is blocked. Furthermore, IL-10, which
exhibits significant regulatory activity in the gut, was also reduced, presumably due to the
reduced inflammatory response. Thus, a marked pathogenic role for IL-22 was revealed in
the intestine during oral T. gondii infection.

Discussion
IL-10, the first identified member of the IL-10 cytokine family, exhibits critical
immunoregulatory activity in many infectious diseases (47). In T. gondii infections, IL-10
prevents host protective Th1-type responses from going out of control and killing the
infected host (48). IL-10 plays a similar role in M. avium and M. tuberculosis infections,
where IL-10 has been shown to both reduce immunity and reactivate chronic pulmonary
tuberculosis by regulating IFN-γ production (49–53). IL-10 also plays a key regulatory role
in many Th2-associated helminth infections by slowing the development of morbidity and
mortality (36, 54). IL-22, an IL-10–like cytokine, signals through the common IL-10R2
subunit and the IL-22R subunit and activates the STAT3 signaling pathway (55, 56). In
consideration of the possible therapeutic blockade of the IL-22 pathway for the amelioration
of autoimmune pathology (23–25), a better understanding of the contribution of IL-22 to
infectious immunity could be beneficial. The results of this comprehensive study suggest
that, unlike IL-10, IL-22 is redundant in the control of chronic percutaneous infections with
S. mansoni, i.v. infections with M. avium, airway mucosal infection with M. tuberculosis,
and acute and chronic i.p. infections with T. gondii. However, a pathogenic role for IL-22
was identified in oral T. gondii infections, because anti–IL-22 Ab-treated mice were
significantly protected from intestinal immunopathology, thus supporting the hypothesis that
IL-22 functions as a modulator of gut mucosal inflammation (57). Although prior studies
have shown that IL-22 is protective in the context of gut infectious and noninfectious
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inflammation (13, 17, 19, 20), we show that IL-22 also has the capability to contribute to a
pathogenic response in the intestines.

Extracellular helminth infections are largely controlled by Th2-type responses, whereas
most intracellular bacterial and protozoan pathogens are generally controlled by Th1-type
responses (58). A new class of Th cell designated Th17 has received considerable attention
in recent years because of its involvement in a variety of inflammatory, autoimmune, and
infectious diseases (59). IL-22, along with IL-21 and IL-17A, is among a suite of cytokines
derived from αβ+CD4+ Th17 cells (4). However, IL-22 and IL-17A are clearly differentially
regulated because either IL-23 or IL-6 alone is sufficient to induce IL-22 but not IL-17A
production (23). These and related studies have suggested that IL-22 is not exclusively
associated with Th17 cells. Th17 cells have been identified in the acute response to the
extracellular helminth S. mansoni (60), in Mycobacterium infections (61, 62), and during
acute (63) and chronic (64) infections with the intracellular protozoan parasite T. gondii. In
the mouse model of schistosomiasis, acutely infected CBA mice and preimmunized C57BL/
6 mice develop large hepatic granulomas that are characterized by a mixed IFN-γ and
IL-17A response (60). Studies conducted with neutralizing IL-17 mAbs identified an
important role for IL-17 in the S. mansoni egg-induced granulomatous responses (65).
Nevertheless, the specific contribution of the Th17-associated cytokine IL-22 in
schistosomiasis and other helminth infections was not previously investigated. In our
studies, IL-22 deficiency had no significant effect on the establishment or maintenance of
dermal infections because both WT and il22−/− mice displayed similar worm and tissue egg
burdens. Infective S. mansoni cercariae penetrate through the dermis and migrate to the
vasculature within hours of infection (66), a rate that may be too fast for immunological
control. We did however observe a modest decrease in IL-13 production, SEA-specific IgE,
and hepatic fibrosis in the infected il22−/− mice. Mortality was also delayed slightly during a
high-dose infection; however, none of these parameters consistently reached significance,
suggesting that IL-22 plays a relatively minor role in this infection. Finally, the size and
cellular composition of hepatic and intestinal granulomas were nearly identical during both
acute and chronic infection. Similar observations were generated with both il22−/− mice and
in WT mice treated with anti–IL-22 mAb (data not shown). When viewed together, these
data clearly demonstrate that IL-22 plays little to no role in the pathogenesis of
schistosomiasis.

Although immunity to mycobacteria is mediated primarily by Th1-type responses, bacterial
infections also induce IL-17A+ CD4+ T cells that can enhance antibacterial defenses (61,
62). IL-23 has also been shown to enhance purified protein derivative-specific IL-17A and
IFN-γ responses and increase resistance to M. tuberculosis infection (67). Furthermore, mice
vaccinated with an I-Ab–restricted peptide ESAT-61–20 exhibited an early antibacterial
IL-17A–dependent response that accelerated the recruitment of IFN-γ–producing cells upon
challenge, resulting in reduced M. tuberculosis infection (68). Although these studies failed
to directly implicate IL-22, increased levels of IL-22 have been reported in nonhuman
primates suffering from severe tuberculosis (69). Similarly, humans infected with M.
tuberculosis have also been found to have elevated frequencies of purified protein
derivative-specific IL-22+ cells in PBMCs and increased IL-22 in bronchoalveolar lavage
fluid (70). Despite the many correlative observations in both human and nonhuman primates
as well as the involvement of IL-17A+ T cells in murine studies, we found that IL-22 was
redundant in our infection studies with systemic M. avium and aerosol M. tuberculosis
infections. Thus, unlike previous reports that demonstrated a significant role for IL-22 in the
control of respiratory Gram-negative bacterial infections (13), IL-22 appears to be
dispensable for the control of Gram-positive mycobacterial infections.
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Immunity to T. gondii requires the establishment of a tightly controlled Th1-type immune
response. In the absence of IL-10, although infected mice develop stronger T. gondii-
specific IFN-γ responses and reduced parasite burdens (71), animals quickly succumb to
infection due to the development of an uncontrolled proinflammatory Th1-type response
(48). Previous studies have linked IL-17A production with the development of pathology in
chronic toxoplasmosis (64). Stumhofer et al. (64) showed that in the absence of the IL-27
receptor, mice chronically infected with T. gondii display severe neuroinflammation and
accelerated mortality, which is associated with the development of a marked IL-17A
response. They also found that IL-27 triggers the production of the anti-inflammatory
cytokine IL-10. Thus, like IFN-γ and IL-10 (48), the outcome of T. gondii infection appears
to be controlled by the IL-17A/IL-10 ratio (72). The influence of the highly related cytokine
IL-22, however, has not been previously investigated in toxoplasmosis. Because of the
reported involvement of IL-17A in the pathogenesis of toxoplasmosis and the fact that Th17
cells produce IL-22 (4), a series of studies were performed to dissect the role of IL-22 in
acute and chronic T. gondii infection. Surprisingly, although iNOS production was
decreased in the absence of IL-22, immunity was not significantly altered in il22−/− mice
following either i.p. or oral infections with T. gondii. Indeed, WT and il22−/− both
developed robust IL-12/23p40, IFN-γ, IL-10, and TNF-α responses following i.p. infection.
The number and cellular composition of hepatic lesions were also similar as well as the
degree of hepatic damage. Interestingly, however, anti–IL-22–treated mice infected orally
developed significantly less intestinal pathology, even though their parasite burdens were
similar to those of WT mice. Natural transmission of T. gondii is via the oral route, and
acute toxoplasmosis is often characterized by the development of significant small intestine
immunopathology and ileitis (73).

Orally infected mice treated with anti–IL-22 mAb were significantly protected from T.
gondii-induced immunopathology, suggesting that IL-22 was either directly contributing to
the development of intestinal pathology or indirectly regulating downstream targets that
trigger intestinal inflammation. IL-22 can stimulate TNF-α and IL-8 release from epithelial
cells (74) and colonic fibroblasts (75). Interactions between CD4 T cells and epithelial cells
during T. gondii-mediated intestinal pathologies have previously been described (76),
suggesting that IL-22–producing lymphocytes acting upon T. gondii-infected epithelial cells
may be a significant interaction. Recently, studies have identified a CCR2-dependent Th1/
Th17-mediated inflammatory response in the ileum following peroral infection with T.
gondii. However, in these studies, IL-22 was not reported. CCR2-expressing lymphocytes
are also recruited to the ileum during Crohn’s disease (77), and unlike TNF-α and IL-6,
IL-22 correlates with Crohn’s disease activity (75, 78, 79), suggesting that IL-22 may be
central to intestinal inflammatory pathologies. CCR2 (80) and IL-22 (7) have also been
associated with activated NK cells, an essential cell type required for the control of T. gondii
(81). NK cell-derived IL-22 may also be responsible for the immunopathology, as
previously reported in a C. rodentium model (15). Interestingly, Sanos et al. (45) found that
intestinal microflora were required for production of IL-22 by NK cells. Because oral T.
gondii infections can disrupt gut barrier function, intestinal microflora could also be
contributing to the T. gondii-induced IL-22 response, and consequently to the development
of intestinal inflammation. The relative contribution of intestinal microflora to T. gondii-
induced immunopathology requires further dissection.

IL-22 is a potential target for the treatment of autoimmune and inflammatory diseases (25,
82). The results of our study suggest that few if any infectious complications would be
expected with an immunotherapeutic that blocks this cytokine. This is particularly relevant
for M. avium, M. tuberculosis, and T. gondii infections, which are typically found as latent
opportunistic infections that pose a constant risk of reactivating during prolonged
immunosuppressive therapy (13, 19). Indeed, this complication has emerged as an important
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problem with drugs that target the TNF-α pathway (83). In our studies, IL-22 blockade had
little to no effect on the establishment or progression of infection with M. avium, M.
tuberculosis, or S. mansoni. In addition, in the case of oral T. gondii infections, IL-22
blockade had the added benefit of reducing the development of intestinal inflammation.
When viewed together, our studies suggest therapeutics targeting the IL-22 pathway might
provide an important alternative or complimentary strategy to treat chronic inflammatory
diseases.
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FIGURE 1.
Elevated IL-22BP in the liver following S. mansoni, M. avium, and T. gondii infection.
IL-22BP gene expression in liver tissue taken from 9-wk S. mansoni-infected liver (left
panel), 30-d M. avium-infected liver (middle panel), or 30-d T. gondii-infected liver (right
panel). One of three experiments is shown with mean ± SEM. *p < 0.05.
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FIGURE 2.
Th2 development during acute and chronic infection with S. mansoni is unaffected in the
absence of IL-22. Mice were infected with 35 cercariae, unless indicated, with worm burden,
hepatic pathology, and immunological parameters assessed at week 8, 9, or 16 postinfection.
One of three experiments with mean ± SEM (C–E, G, H), or individual mice per data point
(B, F) are shown. A, Giemsa-stained liver section taken during acute (week 8), peak (week
9), and chronic (week 16) phases of S. mansoni infection (×10 magnification). B,
Susceptibility and infection intensity expressed as worm burden. C, Serum AST and ALT
levels throughout infection. D, Liver fibrosis expressed as hydroxyproline content per
10,000 eggs throughout infection. E, Granuloma volume determined from histological
analysis. F, mRNA for IL-4, IL-13, IL-25, IL-17A, TNF-α, IFN-γ, IL-13Rα2, and IL-10 at
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week 9 of infection. G, Serum Ab isotypes specific for SEAs throughout infection. H,
Weight change and percentage Kaplan–Meier graph showing survival following a high-dose
(100 cercariae) infection.
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FIGURE 3.
Efficient control of M. avium despite IL-22 deficiency. Mice were i.v. infected with 5 × 106

CFU of M. avium (Strain SmT 2151). Bacterial loads in infected mice were determined at
day 30 postinfection. One of two experiments with five mice per group showing mean ±
SEM (C–G, H–J) or individual mice per data point are shown (A). A, M. avium CFU in the
liver following 30 d of infection. B, Paraffin-embedded liver sections stained with H&E
(×10 magnification). C, M. avium lesion frequency in the liver following 30 d of infection.
D, M. avium lesion size in the liver following 30 d of infection. E, Percentage of
lymphocytes in M. avium lesions. F, Percentage of polymorphonuclear neutrophils in M.
avium lesions. G, Hydroxyproline content, as an indicator of hepatic fibrosis, in M. avium-
infected liver following 30 d of infection. H, Frequency of IFN-γ+ lymphocytes in spleen. I,
Frequency of TNF-α+ lymphocytes in spleen. J, Frequency of CD25+Foxp3+ in CD4+ cells
in spleen.
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FIGURE 4.
Neutralization of TNF-α, but not IL-22, reactivates lethal M. tuberculosis. Mice were
exposed to aerosolized M. tuberculosis with ~100 CFU measured in the lung at 24 h after
exposure. One of two experiments, with 10 mice per group, showing individual mice per
data point is shown (B, D). Groups of mice were given 1 mg/wk anti–IL-22, anti–TNF-α, or
control Ab (isotype) i.p. from week 12 to week 16. A, Kaplan–Meier graph showing percent
survival following Ab treatment starting at week 12 until week 16. B, Bacterial burden in the
lung and spleen 16 wk postinfection. C, Giemsa-stained lung sections taken from mice at
week 16 (5×, 10×, and 40× magnification as indicated). D, Percentage of lung affected by
pneumonia at week 16.
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FIGURE 5.
IL-22 deletion does not impact T. gondii-induced Th1 responses in vivo. Mice were infected
i.p. with 20 cysts of T. gondii (ME49 strain). One of three experiments with five mice per
group is shown. Data are presented as mean ± SEM. A, Serum IL-12/23p40 and IFN-γ at day
5 and day 12. B, Frequency of IFN-γ+ lymphocytes in spleen. Representative FACS plots are
shown on the left, with mean ± SEM of five mice per group shown on the right. C,
Frequency of TNF-α+ lymphocytes in spleen. Representative FACS plots are shown on the
left, with mean ± SEM of five mice per group shown on the right. D, Frequency of
CD25+Foxp3+ in CD4+ cells in spleen. Representative FACS plots are shown on the left,
with mean ± SEM of five mice per group shown on the right. E, T. gondii cyst burden in the
brain of mice infected for 30 d.
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FIGURE 6.
T. gondii -associated liver pathology and control of chronic infection are not altered
inil22−/− mice. Micewere infected with T. gondii (ME49 strain) as in Fig. 5. One of two
experiments, with five mice per group, is shown. Data are shown as mean ± SEM (A, C–E).
A, Expression of iNOS, TNF-α, and IL-10 mRNA in liver of 30-d T. gondii-infected mice.
B, H&E-stained liver section taken from WT and il22−/− mice infected for 30 d (×20
magnification). C, Liver lesion frequency, percentage of lymphocytes, and percentage of
macrophages. D, T. gondii cyst frequency in brain tissue infected for 120 d. E, Brain
pathology with meningitis and peri-vascular inflammation score. F, Brain-infiltrating
lymphocytes stained for CD4, TNF-α, and IFN-γ.
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FIGURE 7.
Neutralization of IL-22 reduces T. gondii-associated intestinal pathology and mortality.
Mice were infected orally with 20, 50, or 100 cysts of T. gondii (ME49 strain) as indicated.
One of two experiments, with five mice per group, is shown. Data are shown as mean ±
SEM (A, D) with representative images (B). Groups of mice were given 1 mg/wk anti–IL-22
or control Ab (isotype) i.p. from day 1 until day 35. *p < 0.05. A, Weight loss at day 10
post-infection with 50 T. gondii cysts. B, Kaplan–Meier graph showing percentage survival
following oral T. gondii infection with mice treated with anti–IL-22 from day 1 to day 30. C,
H&E-stained section of the small intestine at day 8 after oral infection with 50 T. gondii
cysts (original magnification ×100). D, Expression of il17a, il17f, il22, tnfα, ifnγ, mig
(cxcl9), kc (cxcl1), il10, arg1, and il13 mRNA in the ileum of infected mice at day 9 of mice
infected with 50 cysts.

Wilson et al. Page 24

J Immunol. Author manuscript; available in PMC 2011 September 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


