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Abstract
BACKGROUND & AIMS—Caspase recruitment domain 9 (CARD9) is an adaptor protein that
integrates signals downstream of pattern recognition receptors. CARD9 has been associated with
autoinflammatory disorders, and loss-of-function mutations have been associated with chronic
mucocutaneous candidiasis, but the role of CARD9 in intestinal inflammation is unknown. We
characterized the role of Card9 in mucosal immune responses to intestinal epithelial injury and
infection.

METHODS—We induced intestinal inflammation in Card9-null mice by administration of
dextran sulfate sodium (DSS) or Citrobacter rodentium. We analyzed body weight, assessed
inflammation by histology, and measured levels of cytokines and chemokines using quantitative
reverse-transcription polymerase chain reaction and enzyme-linked immunosorbent assay. Cell
populations were compared between wild-type and Card9-null mice by flow cytometry analysis.

RESULTS—Colon tissues and mesenteric lymph nodes of Card9-null mice had reduced levels of
interleukin (IL)-6, interferon-γ, and T-helper (Th)17 cytokines after administration of DSS,
compared with wild-type mice. IL-17A and IL-22 expression were reduced in the recovery phase
after DSS administration, coincident with decreased expression of antimicrobial peptides and the
chemokine (C-C motif) ligand 20 (Ccl20). Although Card9-null mice had more intestinal fungi
based on 18S analysis, their Th17 responses remained defective even when an antifungal agent
was administered throughout DSS exposure. Moreover, Card9-null mice had impaired immune
responses to C rodentium, characterized by decreased levels of colonic IL-6, IL-17A, IL-22, and
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regenerating islet-derived 3 gamma (RegIIIγ), as well as fewer IL-22—producing innate lymphoid
cells (ILCs) in colon lamina propria.

CONCLUSIONS—The adaptor protein CARD9 coordinates Th17- and innate lymphoid cell-
mediated intestinal immune responses after epithelial injury in mice.
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Colitis; ILC; Inflammatory Response; Mouse Model

The gastrointestinal tract is lined by epithelium, which not only serves as a protective barrier
but also assists in nutrient absorption and innate immunity. The mucosa exists indynamic
equilibrium with luminal flora and dietary antigens, and immune homeostasis is maintained
with the aid of a pre-epithelial layer consisting of protective mucus, antimicrobial peptides
(AMPs), and IgA. The intestinal immune system is poised to detect bacterial antigens at the
mucosal surface and drive appropriate responses, depending on the nature of the stimulus, to
maintain tolerance or initiate immune signaling. In some circumstances, tolerance toward
the microbiota is lost, leading to inappropriate immune responses and inflammation. This is
the case in inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis, and,
importantly, an altered composition of the gut microbiota, termed dysbiosis, has been
reported in inflammatory bowel disease patients.

Caspase recruitment domain 9 (CARD9) is an adaptor protein that assists in the integration
of signals downstream of pattern recognition receptors.1 In particular, CARD9 plays a major
role in sensing fungi via several C-type lectins including dectin-1, dectin-2, and mincle. For
example, dectin-1 binding by β-glucan, a component of the fungal wall, successively
induces the activation of SYK, CARD9, Bcl10, and MALT1, leading to activation of nuclear
factor-κB, c-Jun-N-terminal kinase (JNK), and p38 mitogen-activated protein kinase
pathways.2,3 Furthermore, CARD9 is required to mount adaptive T-helper (Th)17 responses
during fungal infection via dectin-14–6 and during Mycobacteria infection via mincle.7 A
loss-of-function mutation in CARD9 was identified in patients with chronic mucocutaneous
candidiasis and congenital susceptibility to Candida,4 supporting a role for CARD9 in
antifungal innate immunity in human beings.

In addition to its role in sensing fungi, CARD9 is involved in innate immune responses to
bacteria and viruses. CARD9 mediates mincle-dependent Mycobacteria sensing and Nod2-
dependent p38/JNK signaling,8 enhances Toll-like receptor signaling,9,10 and facilitates
microbe-elicited reactive oxygen species production.11 Furthermore, p38 and JNK
activation, as well as cytokine production after infection with RNA viruses, relies on
CARD9 through Mda5, RIG-I, and MAVS.12 CARD9 is therefore a key adapter protein for
innate immunity against a range of microorganisms including intestinal commensals and
pathogens.

Although the role of CARD9 in systemic immunity has been explored,1 its function in the
gastrointestinal immune system has not yet been investigated. Here, we show that Card9 is a
key molecule in intestinal homeostasis and is required to mount appropriate interleukin
(IL)-6, IL-17A, interferon (IFN)γ, and IL-22 responses. We show that Card9-null mice are
more susceptible to dextran sulfate sodium (DSS)-induced colitis and that recovery is
impaired in this model. The enhanced inflammation in Card9-null mice is characterized by
defective IFNγ and Th17 cytokine responses, as well as impaired chemokine responses. By
using the Th17-dependent Citrobacter rodentium colitis model, we further show that Card9-
null mice have fewer colonic Th17 cells and innate lymphoid cells (ILCs) than wild-type
mice. As a result, Card9-null mice develop more severe inflammation during C rodentium-
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induced colitis, indicating that Card9 is important to reestablish homeostasis after epithelial
injury.

Materials and Methods
DSS

Mice were fed 3% (wt/vol) DSS (molecular weight, 36,000–50,000; MP Biomedicals,
Solon, OH) dissolved in sterile drinking water ad libitum. Animals were monitored daily for
weight loss.

C rodentium Infection
Mice were inoculated orally with C rodentium (strain DBS100; American Type Culture
Collection, Manassas, VA) as previously described.13,14 Bacteria were grown overnight in
Luria broth and resuspended in phosphate-buffered saline (PBS) before infection (0.5 mL/
mouse, 1 × 109 colony forming units [CFU] unless otherwise noted). When used, nalidixic
acid was administered by intragastric gavage (100 mg/mice) 24 hours before infection with
C rodentium. To assess clearance of C rodentium, fecal pellets were homogenized, serially
diluted, and plated onto selective MacConkey agar (selective for gram-negative organisms).
After overnight culture at 37°C, colonies were counted based on the size and distinctive
appearance of C rodentium colonies (pink center with white outer rim), as described
previously.

Lymphocyte Isolation and Measurement of Cytokine Production
Lymphocytes were cultured in the presence or absence of anti-CD3 (10 μg/mL) or C
rodentium Antigen (50 mg/mL) for 72 hours. Supernatants were analyzed using an enzyme-
linked immunosorbent assay (see the Supplementary Materials and Methods section for
details).

Ccl20 Assay
Splenic macrophages were isolated using MACs CD11b+ magnetic beads per the
manufacturer’s protocol (Miltenyi Biotec, Auburn, CA). Cells (1 × 105) were stimulated
with 100 ng/mL lipopolysaccharide, 10 μg/mL muramyl dipeptide, and 50 μg/mL tumor
necrosis factor (TNF)-α for 4 days, and supernatants were analyzed for chemokine (C-C
motif) ligand 20 (Ccl20) production per the manufacturer’s protocol (Quantikine; R&D
Systems, Minneapolis, MN).

Laser Injury and Epithelial Permeability Assay
We used a custom-built, 2-photon endomicroscopy system with a side-view probe as
previously described.15,16 Micro-wounds were introduced in colonic epithelium via laser,
and the epithelial barrier function was assessed 4 days later (see the Supplementary
Materials and Methods section for details).

Fungal Translocation
Mesenteric lymph nodes (MLNs) were harvested after DSS recovery (day 12) and 18S
ribosomal RNA levels were determined using quantitative reverse-transcription polymerase
chain reaction (qRT-PCR) normalized to glyceraldehyde-3-phosphate dehydrogenase (see
the Supplementary Materials and Methods section for details).
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Mouse Anti-Saccharomyces cerevisiae Antibody Detection
Serum was harvested on days 0, 7, and 12 after DSS exposure as described earlier. Anti–
Saccharomyces cerevisiae antibody (ASCA) levels were quantified by an enzyme-linked
immunosorbent assay (MyBiosource, San Diego, CA).

Fluconazole Administration
Mice were fed 0.5 mg/mL fluconazole in drinking water (Sigma-Aldrich, St. Louis, MO) 2
days before DSS administration, and everyday thereafter, as previously described.

Lamina Propria Isolation
Colonic and small intestine lamina propria (LP) cells were isolated as previously described
with slight modifications (see the Supplementary Materials and Methods section for details).

Statistics
Statistical analyses were performed using the 2-tailed Student t test for unpaired data or by
the nonparametric Mann–Whitney test. Differences with a P value less than .05 were
considered significant.

Results
Card9-Null Mice Show Impaired Recovery After DSS-Induced Injury

To determine the role of Card9 in mucosal immune responses, we worked with 2 mouse
models of epithelial injury. Previous studies have shown that Card9-null mice have normal
B-cell, T-cell, and myeloid cell development and function, suggesting that the immune
system is intact.1 Upon histologic examination, intestinal epithelial cell distribution
appeared normal, including Paneth and goblet cells, and we did not observe spontaneous
colitis (data not shown). We therefore decided to induce intestinal injury and inflammation
using the DSS colitis model. Mice were killed after receiving 3% DSS in their drinking
water for 7 days (acute injury, day 7), or after an additional 5 days in which DSS was
discontinued (recovery, day 12). The severity of acute injury (defined by weight loss, colon
length, and histologic score) was not statistically different between wild-type and Card9-null
mice 7 days after initial DSS exposure (Supplementary Figure 1). However, during
recovery, Card9-null mice had greater body weight loss (Figure 1A). Colon shortening, a
macroscopic parameter of colitis severity, was more pronounced in Card9-null mice than in
wild-type littermates (5.68 ± 0.23 cm vs 6.99 ± 0.30 cm; Figure 1B), and histologic scores
were significantly higher in Card9-null mice (Figure 1C and D) 5 days after DSS was
discontinued. These deficits during the recovery phase after DSS injury suggest that Card9
may play a role in intestinal healing.

Card9-Null Mice Show Impaired Immune Responses After DSS Administration
To decipher the mechanisms leading to defective recovery from DSS-induced injury in
Card9-null mice, we assessed colonic expression levels of both proinflammatory cytokines
and cytokines that promote epithelial healing via qRT-PCR (Figure 2A). No significant
differences were observed between wild-type and Card9-null mice in the absence of DSS
(data not shown). We observed that during acute injury and after discontinuing DSS
(recovery), the expression of TNFα, IL-10, and IL-23R were increased similarly in wild-
type and Card9-null mice, whereas IL-23, IL-17A, and IFNg were significantly lower in
Card9-null mice. The expression of IL-6, IL-17F, IL-21, and IL-22 also were decreased
significantly in Card9-null colon compared with wild-type, however, only during recovery
after DSS was discontinued (Figure 2A). Systemic IL-6 and IL-17A were similar in wild-
type and Card9-null mice after recovery, suggesting that these responses were specific for
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the intestinal environment (Supplementary Figure 2A). Furthermore, we found decreased
IFNγ, IL-17A, IL-21, and IL-22 expression in Card9-null MLNs compared with wild-type,
as well as impaired IFNγ and IL-17A secretion after T-cell stimulation (Figure 2B). These
results suggest that deficient IL-17 and IL-22 cytokine responses may underlie the defective
recovery of Card9-null mice during DSS-induced epithelial injury. Importantly, IL-6
protects the intestinal epithelium from injury by regulating intestinal trefoil factor and/or
AMP secretion.18,19 Therefore, the defect in IL-6 expression observed in Card9-null mice
also may play a role in impaired epithelial restitution.

Chemokines play a major role in recruiting immune cells to sites of injury or infection.
Ccl20 is involved in recruitment of Ccr6-expressing cells, including Th17 cells and ILCs,
which are the main producers of IL-17 and IL-22 in the gut. In agreement with the cytokine
expression results, which showed lower levels of IL-17A, IL-21, and IL-22 in Card9-null
colon, expression of the chemokines Ccl20 and monocyte chemoattractant protein-1 (Mcp1)
were decreased significantly in Card9-null colon, compared with wild-type, 5 days after
DSS was discontinued (Figure 2C and Supplementary Figure 2B). Moreover, when primary
macrophages, key Ccl20 secretors, were activated ex vivo, Card9-null macrophages showed
impaired production of the Th17-recruiting chemokine (Figure 2D).

To investigate the consequences of reduced IL-17 and IL-22 expression in the intestine of
Card9-null mice, we assessed downstream effectors induced by these cytokines. IL-22–
mediated signaling acts through STAT3 to regulate mucosal wound healing in intestinal
epithelial cells.20 Similar to Card9-null mice, IL-22-null mice develop more severe DSS-
induced colitis as measured by weight loss and disease activity, with major differences
during recovery.20 IL-22 induces expression of AMPs and the antibacterial protein
regenerating islet-derived 3 gamma (RegIIIg) in epithelial cells.21 In line with these data, the
expression of RegIIIγ in Card9-null colon was significantly lower than in wild-type mice 5
days after DSS was discontinued (Figure 2E). Moreover, in accordance with the role of
IL-17A and IL-17F in the induction of colonic β-defensin (DEFB1) expression,22 β-defensin
1 expression was decreased in Card9-null colon, compared with wild-type, after 5 days of
recovery (Figure 2E). Decreased AMP expression in Card9-null mice after recovery may
lead to altered responses to intestinal microbiota and suggests one potential mechanism for
the observed restitution defect.

To directly assess the defective epithelial restitution in Card9-null mice, we used an in vivo
model system to induce epithelial microwounds using laser photodamage. By using 2-
photon endomicroscopy, we were able to induce photodamage in the colonic epithelium of
wild-type and Card9-null mice and assess epithelial permeability over time. After 4 days,
Card9-null epithelium showed more vascular leakage (as detected via fluorescein
isothiocyanate dextran) and epithelial permeability (as detected by Evans Blue dye) at the
site of injury (Figure 2F). Moreover, although the site of injury was not detected in wild-
type mice after 7 days, the site of injury remained identifiable in Card9-null mice at this time
point, indicating impaired wound healing (data not shown). Thus, Card9 regulates wound
healing, possibly via IL-22-specific functions.

Taken together, these results show that, after DSS exposure, Card9-null mice show impaired
epithelial recovery, which is characterized by defective Th17 cytokines, IFNγ, and IL-6
production. The data suggest that repair processes are compromised, which can be explained
in part by defective production of restitutive cytokines and AMPs.

Card9 Is Required to Control Fungi in Gut Microbiota
Given the impaired Th17 responses observed in Card9-null mice after DSS injury, we next
quantified the level of segmented filamentous bacteria (SFB) present in wild-type and
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Card9-null mice, because SFB colonization is required for Th17 cell development23,24

(Supplementary Figure 3). We found no difference in SFB levels between wild-type and
Card9-null mice in the gut microbiota, ruling out a role for defective SFB colonization in the
Th17 phenotype observed in Card9-null mice.

Because Card9 is involved in the immune response to fungi, we also assessed the level of
total fungi in the gut microbiota of wild-type and Card9-null mice using 18S analysis
(Figure 3A). Interestingly, the level of total fungi was 70% higher in the gut microbiota of
Card9-null mice compared with wild-type (Figure 3A). Moreover, greater fungal
translocation to the MLN, as measured by 18S qRT-PCR, and higher levels of systemic
ASCA were detected in Card9-null mice 5 days after withdrawal of DSS (Figure 3B and C).
These data suggest that the gastrointestinal immune system is less efficient in controlling
fungi in Card9-null mice. To address whether this alteration in Card9-null mice accounts for
enhanced susceptibility to inflammation, we administered the antifungal drug fluconazole
before, during, and after DSS exposure. Efficient depletion of the fungi population in the
small intestine and colon was validated using qRT-PCR (data not shown). As previously
published,17 wild-type mice lost less body weight in the absence of fungi. Similarly,
fluconazole-treated Card9-null mice showed less body weight loss than their nontreated
counterparts. However, the fluconazole-treated Card9-null mice showed greater weight loss
than fluconazole-treated wild-type mice (Figure 3D). Consistent with our observations from
mice treated only with DSS (Figure 2B), MLN T cells from fluconazole-treated Card9-null
mice produced significantly lower amounts of IL-17A and IFNγ than wild-type mice (Figure
3E). Together, these observations suggest that fungal burden alone does not account for the
differences we report.

Card9 Is Required to Mount an Appropriate Immune Response Toward C Rodentium
The results acquired in 2 epithelial injury models suggest that Card9 is involved in Th17
responses, and we therefore next used the C rodentium colitis model in which IL-17A,
IL-17F, and IL-22 are required for protection against infection.22,25 C rodentium is a gram-
negative attaching and effacing bacterial pathogen equivalent to the human enteropathogenic
Escherichia coli,26 which infects mouse colon and causes inflammation. We first assessed
colonic RegIIIγ, IL-6, IL-17A, and IL-22 expression after C rodentium infection (Figure
4A). As previously reported,25 IL-22, IL-6, and RegIIIγ were induced rapidly, with peak
expression around day 5 after infection, whereas IL-17A induction was slower, reaching
maximal levels 2 weeks after infection (Figure 4A). In Card9-null mice, the induction of
RegIIIγ, IL-6, and Th17 cytokines was lower compared with wild-type mice, suggesting an
impaired immune response to C rodentium.

We further investigated the immune response elicited by C rodentium by examining total
and antigen-specific T-cell cytokine production in MLNs and spleen 5 and 14 days after
infection. Isolated MLN lymphocytes were restimulated in vitro with C rodentium antigen or
anti-CD3 antibody and, as anticipated, IL-17A production in response to both stimulations
was significantly lower in Card9-null mice on day 5 (Figure 4B). However, 2 weeks after
infection, the differences between wild-type and Card9-null IL-17A levels persisted only
after antigen-specific stimulation (Figure 4B). No significant differences were observed in
the spleen, suggesting that T-cell responses are not globally defective but are impaired
specifically in cells involved in gut immunity (Figure 4C). Similar results were observed for
IFNγ secretion (Supplementary Figure 4A and B).

We next isolated colonic LP cells to assess the frequency and number of Th17 cells in wild-
type and Card9-null mice. As shown in Figure 4D–F, Card9-null mice had significantly
fewer CD3+CD4+IL-17A+ cells present during C rodentium infection. Given this phenotype
in the C rodentium model, we revisited the DSS injury model and likewise observed
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significantly fewer CD3+CD4+IL-17A+ cells in Card9-null mice in this model
(Supplementary Figure 2C and D). Taken together, these data confirm that Card9 is required
for Th17-mediated intestinal immune responses.

Card9 Deficiency Is Associated With Decreased ILCs in the Gastrointestinal Tract During C
Rodentium Infection

In addition to Th17 cells, ILCs also produce IL-17A and IL-22 in the gut, particularly during
C rodentium infection.27–31 Analysis of colon LP cells 5 days after C rodentium infection
showed that Card9-null mice had a decreased frequency and number of CD3−CD4+IL-17A+

and CD3−CD4−NKP46+ ILC populations compared with wild-type mice (Figure 5A–F).
These results suggest that Card9 is required not only for the development of Th17 cells, but
also is important for the generation and/or recruitment of ILCs in the gastrointestinal tract
during C rodentium infection.

Card9 Is Required to Control C rodentium Infection
Given the observed defect in IL-17A and IL-22 pathways in Card9-null mice during C
rodentium–induced colitis, we hypothesized that these mice would be unable to control
bacterial propagation and therefore would be more susceptible to infection. As predicted, the
levels of C rodentium present in the feces of Card9-null mice were higher than in wild-type
mice 7 and 15 days after oral infection with C rodentium (Figure 6A), indicating impairment
in bacterial clearance. Complementing these results, we observed increased C rodentium
translocation to the spleen 5 days after infection in Card9-null mice compared with wild-
type mice (Figure 6B). In addition, the severity of colitis, as assessed by histologic scoring,
was higher in Card9-null mice 15 days after infection (Figure 6C and D). Despite increased
colitis severity, no mortality was observed and all animals recovered within several weeks.

To better discriminate the altered phenotype in Card9-null mice, we used a modified
protocol for C rodentium infection.32 Mice were pretreated with nalidixic acid to disrupt the
microbiota and infected with 1 × 1010 CFU C rodentium, a dose 10-fold higher than in the
earlier-described experiments. In addition to the expected higher levels of C rodentium in
the feces of Card9-null mice (Figure 6E), the Card9-null mice showed an increased
mortality rate compared with wild-type mice (Figure 6F), confirming heightened
susceptibility to this bacterium.

Discussion
CARD9 is a key adapter molecule that regulates responses to various microbes as well as
responses to tissue injury associated with high levels of apoptosis.33 Although the role of
CARD9 in systemic immunity against fungi and other microbes has been explored,1 its
function in the gastrointestinal tract was unknown before this report. Here, we present
evidence that Card9 is important in epithelial injury, ILC, and Th17 responses. Card9-null
mice were more susceptible to DSS colitis than wild-type mice as a result of delayed
recovery characterized by impaired colonic IFNγ, IL-6, IL-17A, IL-22, and Ccl20
expression. In addition, AMP expression was reduced in Card9-null mice, implicating a
defect in the epithelial responses important for healing. By using the C rodentium colitis
model, which requires IL-22, IL-17A, and IL-6 for protection,22,25,32 we validated the
findings observed in the DSS system. As predicted, Card9-null mice showed impaired
expression of IL-6, IL-17A, IL-22, and RegIIIγ in the colon, and fewer Th17 cells and ILCs
were detected in the colon LP during C rodentium infection. Based on the insight gained
from these 2 models, we propose that Card9 mediates IL-17 and IL-22 signaling pathways,
which subsequently regulate intestinal defense mechanisms.
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Many pathways function in a coordinated manner to restore homeostasis after epithelial
injury, and the data shown here suggest that Card9 may be a novel player in these restitutive
processes. After epithelial damage, cytokines and chemokines are secreted to recruit
immune cells to the site of injury, whereas necrotic and apoptotic cells release prostaglandin
E2 and other growth factors to induce cellular proliferation.34 Wnt5a expression is known to
regulate transforming growth factor-β and is required for intestinal epithelial crypt
generation, high-lighting the diverse pathways necessary for epithelial restitution.35 In
addition, IL-22 also regulates mucosal wound healing,20 and defects in this cytokine
exacerbate DSS-induced colitis.36 IL-22 aids in intestinal restitution by inducing expression
of epithelial RegIIIγ; as expected, we show here that Card9-null mice express significantly
lower levels of RegIIIγ compared with wild-type after recovery from DSS injury. Moreover,
Card9-null mice displayed impaired healing after the introduction of epithelial micro-
wounds using laser photodamage, high-lighting an inherent defect in restitution. Thus,
Card9 expression is required for reestablishing epithelial homeostasis after injury.

ILCs, a main source of IL-22 in both mice and human beings, continuously produce IL-22 to
fortify the epithelial barrier.37–39 Because IL-22 messenger RNA levels after acute DSS
injury (day 7) were comparable in wild-type and Card9-null mice, but significantly reduced
in Card9-null mice after recovery (day 12), we speculate that ILC recruitment and/or
proliferation, rather than development, requires Card9 signaling, which will be the subject of
future studies. Consistent with this hypothesis, we show that the reduced colonic IL-22 and
IL-17 levels in Card9-null mice correlate with a decreased number of CD3−CD4+IL17+ and
CD3−CD4+NKp46+ ILCs after epithelial injury. Expression of Ccl20, the ligand for the
chemokine receptor Ccr6 that is secreted by myeloid cells to recruit Th17 and ILC
populations to the site of injury, is also lower in Card9-null mice after recovery from DSS.
Moreover, activated Card9-null macrophages secrete significantly less Ccl20 in response to
bacterial ligands in vitro. Together, these data suggest that Card9 may control ILC
recruitment to the injury site through induction of Ccl20 by myeloid cells. In addition to
ILCs, we show lower absolute numbers of Th17 cells in Card9-null mice after epithelial
injury, further suggesting that aberrant Ccl20-mediated recruitment of innate and adaptive
immune cells may contribute to enhanced inflammation. Alternatively, Card9 may control
ILC and Th17 expansion and function by inducing homeostatic cytokines such as IL-23,
which we have shown to be lower in Card9-null mice after recovery from DSS-induced
injury.

In addition to defective Th17 cell recruitment, T-cell differentiation also may be
compromised in Card9-null mice. IL-6 is required for Th17 cell differentiation in mice,40

and here we show lower levels of IL-6 in Card9-null mice during colitis, which is coincident
with a decrease in colonic Th17 cells. Indeed, signals downstream of the Card9 receptors
dectin-1 and dectin-2, as well as other pattern recognition receptors, have been shown to
direct T-cell differentiation, depending on the receptors that are engaged.41 Recent studies
have shown that SFB can induce Th17 differentiation24; however, our data suggest that this
mechanism is not skewing our results because both wild-type and Card9-null mice possess
similar levels of these bacteria. Therefore, Card9 not only may regulate immune cell
recruitment, but also may direct effector T-cell differentiation, both of which are critical
during mucosal inflammation.

In addition to bacteria, an abundant and diverse fungal population exists in the gut42 and
CARD9 plays a major role in fungal sensing. Mice lacking dectin-1, a Card9-dependent
receptor, show increased susceptibility to DSS colitis with an altered response to commensal
fungi.17 Similarly, we show here that in the absence of Card9, greater fungal colonization
exists in the intestine, suggesting that this adaptor protein plays a role in controlling gut
fungi. Consistent with this finding, Card9-null mice have higher systemic ASCA and fungal
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translocation after DSS injury. However, our experiments using anti-fungal administration
suggest that the greater fungal burden does not solely account for the impaired Th17 and
IL-22 responses we describe. Therefore, Card9 signaling regulates fungi and, in addition to
other Card9-mediated processes, plays a role in intestinal homeostasis.

In conclusion, we have shown that Card9 orchestrates Th17- and ILC-mediated immune
responses, which are important for restitution after epithelial injury. The mechanisms by
which Card9 regulates these processes will be the subject of future studies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AMP antimicrobial peptide

ASCA anti–Saccharomyces cerevisiae antibody

CARD9 caspase recruitment domain 9

Ccl20 chemokine (C-C motif) ligand 20

CFU colony forming unit

DSS dextran sulfate sodium

IFN interferon

IL interleukin

ILC innate lymphoid cell

JNK c-Jun-N-terminal kinase

LP lamina propria

MLN mesenteric lymph node

PBS phosphate-buffered saline

qRT-PCR quantitative reverse-transcription polymerase chain reaction

SFB segmented filamentous bacteria

Th T-helper

TNF tumor necrosis factor
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Figure 1.
Card9-null mice show impaired recovery after DSS-induced injury. (A) Weight loss in DSS-
exposed wild-type (WT) and Card9-null (KO) mice. (B) Colon length of WT and KO mice
after administration of DSS. (C) Histologic score of WT and KO mice after administration
of DSS. (D) H&E staining of representative cross-sections of medial colon (magnification,
20×). Data are representative of at least 2 independent experiments (N = 5). Error bars
represent SEM. *P < .05.
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Figure 2.
Card9-null mice show impaired immune responses after DSS administration. (A) Cytokine
expression in colon of wild-type (WT) and Card9-null (KO) mice as quantified by qRT-
PCR. Data are shown as fold changes relative to WT mice without DSS for each time point.
(B) Cytokine expression by qRT-PCR (left) and secretion by ELISA (right) in MLN cells
after DSS administration and after stimulation with anti-CD3/anti-CD28 antibodies. Data are
shown as fold changes relative to WT mice without anti-CD3/anti-CD28. (C) Ccl20
expression in colon of WT and KO mice after DSS administration. Quantification by qRT-
PCR. Data are shown as fold changes relative to WT mice without DSS for each time point.
(D) Isolated splenic macrophages were stimulated with 100 ng/mL lipopolysaccharide, 10
μg/mL MDP, and 50 μg/mL TNFα for 4 days. Culture supernatants were harvested and
analyzed for Ccl20 via enzyme-linked immunosorbent assay. (E) AMP expression in colon
of WT and KO mice after recovery from DSS-induced injury. Quantification by qRT-PCR.
Data are shown as fold changes relative to WT mice without DSS. (F) Femtosecond laser
injuries were introduced into colonic epithelium via a 2-photon endomicroscopy system.

SOKOL et al. Page 13

Gastroenterology. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Mice were injected with 2 million Daltons fluorescein isothiocyanate dextran before
colonoscopy to determine successful photodamage (formation of intravascular clots and
extravasation of fluorescent dye after laser exposure). Four days after injury, colons were
stained with Evans Blue dye and imaged using bright-field microscopy (top). Residual
fluorescein isothiocyanate fluorescence also was assessed using fluorescence microscopy
(bottom). Data are representative of at least 2 independent experiments (N = 5). Error bars
represent SEM. *P < .05, **P < .01. ND, not detectable.
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Figure 3.
Card9 is required to control fungi in gut microbiota. (A) Basal fungi levels in fecal
microbiota of wild-type (WT) and Card9-null (KO) mice were quantified by 18S qRT-PCR,
normalized to the threshold cycle value of the 16S ribosomal RNA gene. Data are plotted
relative to WT mice. (B) MLNs were harvested 5 days after DSS was discontinued, and 18S
fungi levels were determined by qRT-PCR normalized to glyceraldehyde-3-phosphate
dehydrogenase. Data are plotted relative to WT mice. (C) Serum ASCA concentrations were
quantified on days 0, 7 (acute injury), and 12 (recovery) via enzyme-linked immunosorbent
assay. (D) Weight loss in DSS-treated WT and KO mice. Indicated mice were treated with
0.5 mg/mL fluconazole 2 days before, and throughout the 12-day DSS course described
earlier. (E) MLN T cells from fluconazole-treated mice (after acute injury) were stimulated
with anti-CD3/anti-CD28 for detection of IFNγ and IL-17A by enzyme-linked
immunosorbent assay. Data are representative of at least 2 independent experiments (N = 5–
6). Error bars represent SEM. *P < .05.
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Figure 4.
Card9 is required for Th17 and ILC responses in colon after C rodentium infection. (A)
Cytokine expression in colon of wild-type (WT) and Card9-null (KO) mice after C
rodentium infection, as quantified by qRT-PCR. Data are shown as fold changes relative to
uninfected WT mice. (B–C) Secretion of IL-17A by (B) MLN and (C) spleen cells after C
rodentium infection. Cells were stimulated with anti-CD3 or C rodentium antigen. ND, not
detectable. (D) IL-17A and IFNγ intracellular staining of CD3+CD4+ T cells from colon LP
lymphocytes (top) and MLN (bottom). Representative fluorescence-activated cell sorter
plots are shown. (E) Proportion of IL-17A+ cells among colon LP lymphocyte CD3+CD4+ T
cells. (F) Number of CD3+CD4+IL-17A+ cells in colon LP lymphocytes. Data are
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representative of at least 2 independent experiments (N = 5). Error bars represent SEM. *P
< .05.
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Figure 5.
Card9 deficiency is associated with decreased ILCs in the gastrointestinal tract during C
rodentium infection. (A) Representative fluorescence-activated cell sorter plots of
CD3−CD4+IL-17A+ ILCs in colon LP cells from wild-type (WT) and Card9-null (KO)
mice. (B) Proportion and (C) number of CD3−CD4+IL-17A+ ILCs in colon LP. (D)
Representative fluorescence-activated cell sorter plots of CD3−CD4−NKP46+ ILCs in colon
LP cells. (E) Proportion and (F) number of CD3−CD4−NKP46+ ILCs in colon LP. Data are
representative of at least 2 independent experiments (N = 4–6). Error bars represent SEM.
*P < .05.
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Figure 6.
Card9 is required to control C rodentium infection. (A) C rodentium count in feces after
infection in wild-type (WT) and Card9-null (KO). (B) C rodentium count in spleen 5 days
after infection. (C) Colitis histology score at indicated time points after infection. (D) H&E
staining of representative cross-sections of medial colon (magnification, 20x) on day 15
after infection. (E) C rodentium count in feces of mice pretreated with 100 mg nalidixic acid
(NA) and infected with 1010 CFU C rodentium. (F) Survival curve of mice pretreated with
100 μg NA and infected with 1010 CFU C rodentium. Data are representative of at least 2
independent experiments (N = 5). Error bars represent SEM. *P < .05.
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