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Brief Definit ive Report

The vitamin A metabolite retinoic acid (RA)  

is produced predominantly by DCs in the gut, 

skin, lungs, and their associated draining LNs 

(Guilliams et al., 2010). RA production by DCs 

is enhanced by in�ammatory stimuli, and RA 

signaling is increased at sites of in�ammation 

(Yokota et al., 2009; Pino-Lagos et al., 2011). 

The e�ect of RA is mediated by two classes of 

receptors, the RA receptors (RARs) and the 

retinoid X receptors, which act as transcription 

factors to regulate gene expression. These re-

ceptors are expressed by lymphoid cells, and re-

cent studies have highlighted the importance  

of RA in regulating the homing capacity, acti-

vation, and di�erentiation of  T cells (Iwata et al., 

2004; Mora et al., 2006; Hall et al., 2011b). RA 

promotes induction of CD4+Foxp3+ T regula-

tory cells (Coombes et al., 2007; Denning et al., 

2007; Sun et al., 2007) and inhibits the di�eren-

tiation of IL-17–producing CD4+ T helper cells 

(Th17; Mucida et al., 2007; Elias et al., 2008). 

Although RA plays a role in immune homeo-

stasis and the maintenance of intestinal toler-

ance in the steady-state, it has the reciprocal 

role of promoting e�ector T cell responses during 

infection or autoimmune in�ammation (DePaolo 

et al., 2011; Hall et al., 2011a).
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Retinoic acid (RA), a vitamin A metabolite, modulates mucosal T helper cell responses. 

Here we examined the role of RA in regulating IL-22 production by  T cells and 

innate lymphoid cells in intestinal in�ammation. RA signi�cantly enhanced IL-22 

production by  T cells stimulated in vitro with IL-1 or IL-18 and IL-23. In vivo RA 

attenuated colon in�ammation induced by dextran sodium sulfate treatment or Citro-
bacter rodentium infection. This was associated with a signi�cant increase in IL-22 

secretion by  T cells and innate lymphoid cells. In addition, RA treatment enhanced 

production of the IL-22–responsive antimicrobial peptides Reg3 and Reg3 in the 

colon. The attenuating effects of RA on colitis were reversed by treatment with an 

anti–IL-22 neutralizing antibody, demonstrating that RA mediates protection by en-

hancing IL-22 production. To de�ne the molecular events involved, we used chromatin 

immunoprecipitation assays and found that RA promoted binding of RA receptor to the 

IL-22 promoter in  T cells. Our �ndings provide novel insights into the molecular 

events controlling IL-22 transcription and suggest that one key outcome of RA signal-

ing may be to shape early intestinal immune responses by promoting IL-22 synthesis by 

 T cells and innate lymphoid cells.

© 2013 Mielke et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the �rst six months after 
the publication date (see http://www.rupress.org/terms). After six months it is 
available under a Creative Commons License (Attribution–Noncommercial–Share 
Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/
by-nc-sa/3.0/).
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DSS treatment induces RA production in the colon,  
and RA is protective against colon in�ammation
We tested the hypothesis that RA acts to enhance IL-22 pro-

duction in vivo leading to protection against colitis. First we 

examined whether endogenous RA is produced during de-

velopment of DSS-induced colitis. We examined expression 

of active aldehyde dehydrogenases, enzymes involved in RA 

production, by cleavage of a �uorescent synthetic substrate, 

ALDEFLUOR, which accumulates within the cell after cleav-

age. The total number of ALDEFLUOR+CD11c+ DCs dra-

matically increased in the colon of mice treated with DSS, 

peaking on day 3, and remained increased at day 7 (Fig. 2 A). 

ALDEFLUOR+CD11c+ DCs were also enhanced in mesen-

teric LNs (MLNs) and peaked 5 d after DSS treatment (Fig. 2, 

A and B). We also observed an increase in ALDEFLUOR 

staining of non-lymphocytes in the colon (Fig. 2 B). These 

results show that RA production by DCs and non-lymphocytes 

(possibly epithelial or stromal cells) increases during intestinal 

in�ammation and may play a role in controlling DSS-induced 

in�ammation.

Previous studies showed that mice reared on a vitamin  

A–de�cient diet or mice lacking RAR have altered gut  

homeostasis resulting from defects in T helper cell activation, 

goblet cell hyperplasia, and alterations in the gut microbiome 

(Cha et al., 2010; Hall et al., 2011a). Treatment of mice with 

DSS results in damage to epithelial cells in the colon, thereby 

compromising barrier function and leading to in�ammation, 

characterized by loss of crypt structure and gross shortening 

of the colon. Treatment of mice with RA for 7 d signi�cantly 

reduced the DSS-induced colon shortening when compared 

with mice treated with DSS alone (Fig. 2 C). RA treatment 

also promoted recovery from colitis, even if administered after 

colitis was established (Fig. 2 D). To examine the role of en-

dogenous RA without the possible conditioning e�ects of 

rearing mice on a vitamin A–de�cient diet, we treated mice 

with an RARi. Blocking RA signaling enhanced colon short-

ening induced by DSS (Fig. 2 E). Histopathological analysis 

revealed that mice treated with DSS had morphological 

changes in their ascending colon, with crypt damage and in-

�ammatory cell in�ltrate characteristic of acute colitis, and 

that this intestinal in�ammation was reversed by treatment 

with RA and exacerbated by treatment with RARi (Fig. 2,  

F and G). RA also reversed early weight loss (Fig. 2 H), colon 

shortening (Fig. 2 I), and intestinal in�ammation (Fig. 2, J and K) 

induced by infection of mice with C. rodentium. RARi treat-

ment exacerbated intestinal damage, as determined by colon 

shortening and histology, induced by C. rodentium infection 

(Fig. 2, I–K). These �ndings demonstrate that treatment with 

RA protects against intestinal damage in two models of colitis 

and suggest that endogenous RA plays a role in controlling 

intestinal in�ammation.

RA increases IL-22 production in the colon
It has been reported that RA modulates production of IL-17 

and IFN- by CD4+ T cells, cytokines thought to promote 

intestinal in�ammation (Mucida et al., 2007; Elias et al.,  

2008; DePaolo et al., 2011). We have demonstrated that RA  

IL-22 in the intestine induces epithelial cell repair and  

secretion of antimicrobial peptides that limit bacterial dis-

semination and intestinal in�ammation (Zheng et al., 2008; 

Sonnenberg et al., 2012). IL-22–de�cient mice are more sus-

ceptible to colitis (Zenewicz et al., 2008), and IL-22 produc-

tion is increased in the intestine of patients with Crohn’s 

disease or ulcerative colitis (Geremia et al., 2011); however, 

little is known about the regulatory pathways controlling  

IL-22 production. The IL-23R signaling pathway and the 

nuclear factors aryl hydrocarbon receptor (AhR) and RAR-

related orphan receptor gamma (RORt) have been impli-

cated in promoting IL-22 (Simonian et al., 2010; Qiu et al., 

2012), although how these pathways interact with the IL-22 

locus and the requirement for additional factors have not 

been investigated.  T cells and RORt-expressing lamina 

propria innate lymphoid cells (ILC3; Spits et al., 2013) are 

two key sources of innate IL-22 (Chen et al., 2002; Sutton  

et al., 2009; Simonian et al., 2010; Li et al., 2011; Sawa et al., 

2011; Spits and Di Santo, 2011), although IL-22 expression is 

not limited to these cell types (Zenewicz et al., 2007).

In the present study, we show that RA protects against 

colitis by promoting innate IL-22 production. RA enhanced 

IL-22 production by  T cells and ILC3, and this corre-

sponded with attenuated dextran sodium sulfate (DSS)– and 

Citrobacter rodentium infection–induced colon in�ammation.

RESULTS AND DISCUSSION
RA enhances IL-22 production by LN  T cells  
and intestinal ILC3
We have previously shown that  T cells in LNs of mice can 

produce IL-22 in response to IL-1 or IL-18 with IL-23 in-

dependent of TCR stimulation (Sutton et al., 2009; Lalor  

et al., 2011), but the e�ects of RA on IL-22 production have not 

been investigated. Puri�ed LN  T cells expressed both Rar 

and Rar, and their expression increased upon stimulation 

with IL-1 and IL-23, as did Rorc expression (Fig. 1 A).

We examined the e�ect of RA on IL-22 production by 

LN  T cells. Addition of RA to puri�ed  T cells signi�-

cantly enhanced Il22 mRNA production induced by IL-1 

and IL-23 or IL-18 and IL-23 (Fig. 1 B). RA also enhanced 

IFN- but suppressed IL-17 production by  T cells (Fig. 1 B). 

We observed similar results when cytokine production was 

analyzed by �ow cytometry (Fig. 1 C). CD27  T cells 

produced IL-17 and IL-22 after stimulation with IL-1 and 

IL-23 (Fig. 1 D and not depicted), and RA appears to act as a 

molecular switch to inhibit IL-17 and promote IL-22 pro-

duction. Treatment with an RAR inhibitor (RARi) hindered 

IL-22 production induced by puri�ed  T cells stimulated 

with IL-1 and IL-23 (Fig. 1 E).

NKp46+ ILC3 (NCR+ ILC3) puri�ed from the intestinal 

lamina propria also expressed Rar and Rar (Fig. 1 F). Fur-

thermore, RA enhanced IL-22 production by NCR+ ILC3 

(Fig. 1 G) and  T cells from the lamina propria (Fig. 1 H). 

In contrast, RA did not enhance IL-22 production by CD4+ 

T cells, although it did suppress IL-17 (not depicted). These 

results suggest that RA plays an important role in enhancing 

innate lymphocyte production of IL-22.
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production by ILC3 during colitis induced by DSS treatment 

or C. rodentium infection (Fig. 3 D). Furthermore, RA treat-

ment enhanced the frequency of IL-22–secreting  T cells 

(Fig. 3 E). These results suggest that treatment with RA stim-

ulates IL-22 production by ILC3 and  T cells during intes-

tinal in�ammation.

IL-22 and  T cells mediate the protective effect  
of RA in intestinal in�ammation
We have shown that RA enhances IL-22 production by   

T cells and that RA protects against colon in�ammation. To  

test whether the protective e�ect of RA is mediated through 

promotes IL-22 secretion by NCR+ ILC3 and  T cells  

ex vivo and that administration of RA attenuates intestinal 

in�ammation. Here we found that development of DSS- 

induced colitis was associated with an increase in IL-22–, 

IFN-–, IL-17–expressing cells (Fig. 3 A) and/or mRNA 

(Fig. 3 B). Treatment with RA did not signi�cantly a�ect Il17, 

Ifn, or Foxp3 but signi�cantly enhanced expression of Il22 

mRNA (Fig. 3 B) and IL-22 protein (Fig. 3, A and C) in  

colons. Furthermore, expression of the antimicrobial peptides 

Reg3 and Reg3, which are produced by intestinal epithelial 

cells in response to IL-22, were also increased in the colons  

of mice treated with RA (Fig. 3 B). RA enhanced IL-22 

Figure 1. RA enhances IL-22 production by  T cells and ILC3. (A) Relative mRNA expression of Rorc, Rar, -, and - in puri�ed  T cells 

from LNs, ±IL-1 and IL-23 stimulation for 48 h. (B) Relative mRNA expression (RE) of Il22, Il17a, and Ifn in LN  T cells stimulated with IL-1 and 

IL-23 or IL-18 and IL-23 with or without RA. (C) IL-22, IL-17, and IFN- production by ICS on puri�ed LN  T cells stimulated with IL-1 and IL-23 or 

IL-18 and IL-23 ± RA or vehicle control for 72 h (mean ± SE). (D) ICS on puri�ed LN  T cells stimulated with IL-1 and IL-23 ± RA. (E) IL-22 produc-

tion by ELISA on puri�ed LN  T cells stimulated with IL-1 and IL-23 for 72 h ± 100 nM RA or 0.5 or 5.0 µM RARi (mean ± SD). (F) Relative mRNA 

expression of Rar and - in FACS-sorted lamina propria NCR+ ILC3 (CD3CD19CD11cNK1.1NKp46+) with and without stimulation with IL-1 

and IL-23 for 48 h. (A, B, and F) Results are mean and SD values for triplicate samples. (G and H) IL-22 production detected by ELISA on lamina pro-

pria NCR+ ILC3 (G) or  T cells (H) stimulated with IL-1 and IL-23 ± RA (mean ± SD). Results are representative of two to four independent experi-

ments (n = 3 for A, B, E, and F; n = 4 for C, G, and H; D is representative of four samples). *, P < 0.05; and **, P < 0.01 versus DMSO control.
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treatment with RA (Fig. 2 B) and protected against weight 

loss (Fig. 4 F). We next used TCR/ mice to examine the 

role of  T cells in mediating the protective e�ect of RA in 

colitis. We did not observe protection against colon shorten-

ing in TCR/ mice treated with RA, whereas RA did 

protect TCR+/ littermate controls (Fig. 4 G). In contrast, 

treatment with rIL-22 signi�cantly reduced colon shortening 

in TCR/ mice (Fig. 4 G). Collectively, our study demon-

strates that endogenous IL-22 is protective against DSS- 

induced colon in�ammation and that administration of IL-22 

can enhance protection. In addition, RA attenuates intestinal 

in�ammation at least in part by enhancing IL-22 production 

by  T cells, ILC3, and possibly other cell types.

IL-22, we neutralized IL-22 in vivo. Mice treated with DSS 

and isotype control antibody developed colitis, and disease 

symptoms were reduced by treatment with RA (Fig. 4, A and B). 

In contrast, administration of neutralizing antibodies to IL-22 

reversed the protective e�ect of RA on colon length (Fig. 4 A) 

and weight loss (Fig. 4 B). Histological analysis revealed that 

anti–IL-22 reversed the protective e�ect of RA on colon  

in�ammation and no longer prevented crypt damage in the 

colons of mice with DSS-induced colitis (Fig. 4, C and D). To 

con�rm that IL-22 plays an antiin�ammatory role in DSS-

induced colitis, we examined the e�ect of direct administra-

tion of rIL-22. Treatment of wild-type mice with rIL-22 

reversed colon shortening (Fig. 4 E) to a similar degree as 

Figure 2. RA protects against DSS-induced 
colitis. (A and B) Colon LPLs and MLNs were 

prepared from naive mice or mice treated 

with 2% DSS in their drinking water for 3–7 d. 

Cells were stained with ALDEFLUOR, CD45, 

and anti-CD11c. (A) Mean ± SEM (n = 5) 

ALDEFLUOR+CD11c+ cells. (B) Sample FACS 

plots of CD11c+ cells and non-lymphocytes 

(CD45 cells) from naive mice (blue) or DSS-

treated mice (red) isolated from colon or 

MLNs. ALDEFLUOR-negative control is shown 

in gray. (C) Mice were given normal water or 

2% DSS in their drinking water for 7 d, and 

every second day mice were treated i.p. with 

200 µg RA or vehicle (V) only. Colon lengths 

were recorded on day 7 (n = 6). (D) Mice were 

given water or 2% DSS in their drinking water 

for 7 d and were then allowed to recover with 

normal drinking water for a further 7 d. Mice 

were treated every second day i.p. with 200 µg 

RA or vehicle from days 1–7 or only in the 

recovery period (days 7–14). (E) Mice were 

treated with normal water or 2% DSS in their 

drinking water for 7 d, and every second day 

mice were treated i.p. with 200 µg RA, 400 µg 

RARi, or vehicle. Colon lengths were recorded 

on day 7 (mean ± SE; n = 6). (F) Sections from 

the ascending colons were stained with H&E. 

Areas of in�ammatory cell in�ltration are 

shown as arrowheads. (G) Histological scores 

for inflammatory cell infiltration and tissue 

disruption. (H–K) Mice were infected with  

2 × 109 CFUs of C. rodentium and treated 

with RA or vehicle, and weight loss was 

monitored. Weights (H), colon lengths (I), 

colitis scores (J), and histology on day 7 (K) in 

mice infected with C. rodentium and treated 

with RA or RARi. (G and J) Horizontal lines are 

means. Bars: (F [top] and K) 160 µm; (F, bot-

tom) 45 µm. Results in all panels are mean ± 

SE (n = 5–6 mice) from two to three indepen-

dent experiments or representative sections 

from one of six mice per group. *, P < 0.05; 

**, P < 0.01; and ***, P < 0.001 versus vehicle.
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with a pan-RAR antibody, we observed binding of RAR  

to a site containing two predicted RAR-binding motifs 

(1762 bp/1654 bp) in the Il22 promoter in  T cells. 

Importantly, binding of RAR to this site was detected in cells 

stimulated with IL-1, IL-23, and RA but not with IL-1 

and IL-23 alone (Fig. 5 B). We did not observe any enrich-

ment of the RAR-binding site (5495 bp) in the promoter 

region of Il22, indicating that RARs were not bound to this 

site under these conditions. Binding of RAR to the promoter 

of Hoxb3 was included as a positive control, as it is a known 

RAR target gene (Fig. 5 B, right). Our �ndings show that 

RAR transcription factors bind to the Il22 promoter and 

provide a plausible mechanism whereby RA directly pro-

motes Il22 transcription.

In this study, we have identi�ed RAR as novel transcrip-

tional regulators of the Il22 promoter. We have also demon-

strated a previously unidenti�ed function for RA in enhancing 

RAR binds the Il22 promoter
The molecular events controlling Il22 transcription are not 

well de�ned. We determined the e�ect of RA on transcrip-

tion of factors known to regulate IL-22 production and found 

that treatment of  T cells with IL-1 and IL-23 enhanced 

Il1r, Il23r, and Rort expression, but addition of RA did not 

in�uence their expression or the expression of Arnt, Ahr, or 

Cyp1a1, a known target gene of AhR (not depicted). In addi-

tion, RA did not enhance expression of the  TCR (not  

depicted). Our in vitro studies with  T cells were performed 

in the absence of a TCR stimulus, suggesting that RA acts  

independently of TCR signaling to enhance IL-22 produc-

tion. Because RARs act as transcription factors, we examined 

the possibility that RAR and RAR act directly on the Il22 

locus. We performed promoter analysis and found putative 

binding sites for RAR and RAR in the promoter region 

of Il22 (Fig. 5 A). Using chromatin immunoprecipitation 

Figure 3. RA enhances IL-22 and  
antimicrobial peptide expression in the 
intestine. (A–D) Mice were treated with  

DSS ± RA, as described in Fig. 2. (A) LPLs were 

purified and ICS performed for IL-22, IL-17, 

IFN-, and Foxp3; gated on total LPLs or 

CD3+ LPLs as indicated and pooled data  

(n = 6). (B and C) Colons were removed on 

day 7, and relative mRNA expression (RE) of 

Il22, Il17a, Ifn, Foxp3, Reg3, and Reg3 

was quantified by RT-PCR (B), and IL-22 

concentrations in colon homogenates were 

quantified by ELISA (C; mean ± SEM; n = 6). 

(D and E) LPLs were purified from the small 

intestine of RA-treated mice after DSS 

treatment or C. rodentium infection, and 

ICS was performed for IL-22 and quantified 

by flow cytometry. (D) Representative plots 

of CD3Rort+ ILC3; pooled data are shown 

in the right panel (n = 6). (E) Representative 

plots of  T cells (CD3+TCR+), and pooled 

data are shown in the right panel (n = 6).  

*, P < 0.05; and **, P < 0.01 versus control. 

Results are representative of two or three 

independent experiments.
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were obtained from the Jackson Laboratory. Animal protocols were reviewed 

and approved by the Trinity College Dublin animal ethics committee.

Induction and assessment of DSS colitis. Mice were given 2% DSS 

(molecular weight: 36,000-50,000; MP Biomedicals) in their drinking water 

for 7 d, and mice were weighed every 24 h. Mice were treated i.p. with 

200 µg all-trans RA (Enzo Life Sciences), 400 µg RARi (BMS 493; Tocris 

Bioscience), or DMSO as a control every second day. Where indicated, 

mice were given one i.p. dose of 500 µg anti–IL-22 (clone IL22JOP; eBio-

science) or 500 µg rat IgG2a  isotype control (eBioscience). In some  

experiments, mice were treated every day i.p. with 500 ng mouse rIL-22 

(R&D Systems). Sections from the ascending colon of each mouse were 

analyzed using hematoxylin and eosin (H&E) staining. Colitis severity was 

assessed by a combined score of colon cellular in�ltration (0–3, according 

IL-22 production by  T cells and ILC3 and protecting 

against colon in�ammation by initiating the repair process in 

the intestine. Together these �ndings suggest that RA can en-

hance innate lymphocyte function, integrating and enhanc-

ing signals from the environment whether they are pro- or 

antiin�ammatory to promote CD4+ e�ector responses. Our 

study also demonstrates that RA initiates tissue repair by increas-

ing innate IL-22 production by  T cells and innate lym-

phoid cells.

MATERIALS AND METHODS

Mice. C57BL/6 mice were obtained from Harlan UK and maintained at Trin-

ity College Dublin in a speci�c pathogen–free facility. TCR-de�cient mice 

Figure 4. IL-22 mediates the protective 
effect of RA against DSS-induced colitis. 
(A–C) Mice were treated with DSS ± RA as 

described in Fig. 2 and given anti–IL-22 or 500 µg 

of an isotype control antibody i.p. once on day 

0. (A) Colon lengths were recorded on day 7 

(mean ± SD; n = 5). (B) Weights of mice  

were recorded daily (mean ± SD; n = 5).  

**, P < 0.01. (C) Histological scores for in�amma-

tory cell in�ltration and tissue disruption after 

H&E staining of sections from the ascending 

colons of mice (n = 5). Horizontal lines are 

means. **, P < 0.01 for anti–IL-22 + RA versus 

isotype + RA. (D) Representative sections with 

areas of in�ammatory cell in�ltration shown 

as arrowheads. Bar, 160 µm. (E and F) WT 

mice were treated with normal water or 2% 

DSS in their drinking water for 7 d and were 

treated i.p. with 500 ng rIL-22 or PBS as a 

control (mice were treated every day for 7 d). 

(E) Colon lengths were recorded on day 7; 

mean ± SEM (n = 6); *, P < 0.05. (F) Mice were 

weighed daily; mean ± SD (n = 6); **, P < 0.01 

for rIL-22 versus PBS. (G) TCR/ or litter 

mate control TCR+/ mice were treated with 

2% DSS in their drinking water for 7 d and 

were treated i.p. with RA every second day or 

treated with rIL-22 daily, and colon lengths 

were recorded (mean ± SD; n = 5). **, P < 0.01; 

and ***, P < 0.001.

Figure 5. RAR binds the Il22 promoter 
to enhance Il22 transcription. (A) Putative 

RAR and RAR response elements in the 

mouse Il22 promoter region. The transcription 

initiation site was designated as 1. (B) A pan-

RAR antibody (or control HA antibody) was 

used to detect binding of RAR to the promoter 

region of Il22 in LN  T cells after stimula-

tion with IL-1, IL-23, and RA. The predicted 

RAR-binding site is located 5,495 bp  

upstream, whereas the predicted adjacent 

RAR-binding sites are 1,762/1,654 bp 

upstream of the transcription initiation site. 

RAR binding to the Hoxb3 promoter region is 

shown as a positive control. Data shown are 

mean ± SEM (n = 4). **, P < 0.01.
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Statistical analysis. Data were compared by two-tailed Student’s t test, one-

way ANOVA, or Mann–Whitney U test. Where signi�cant di�erences were 

found, the Tukey-Kramer multiple comparisons test was used for identifying 

di�erences between individual groups.
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