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 INTRODUCTION 
 Th17 cells are effector T cells that characteristically express 

interleukin (IL)-17A, IL-17F, IL-21, and IL-22. 1 – 6  IL-17A 

and IL-17F are important in inflammation and host defense 

by inducing cytokines (IL-6, GM-CSF, G-CSF) and chemok-

ines. 7 – 9  IL-21 broadly regulates innate and acquired immune 

responses and promotes the generation of Th17 cells, 10 – 12  and 

IL-22 has both inflammatory and antiinflammatory functions 

and induces antimicrobial proteins and lipopolysaccharide-

binding protein. 13 – 16  Thus, Th17 cells are thought to have diverse 

functions in regulation of inflammation and immune responses. 

Th17 cells are induced from naive T cells during antigen priming 

in the presence of certain cytokines such as IL-6, transforming 

growth factor (TGF)- � 1, and IL-23. 17 – 20  In generation of Th17 

cells, STAT3, ROR- � t, and ROR- �  are implicated. 21 – 24  STAT3 is 

activated downstream of IL-6 and induces ROR- � , and ROR- � t 

is an orphan nuclear receptor and is involved also in survival 

of thymocytes and lymphoid tissue inducer cells. 25 – 27  Certain 

cytokines such as IL-27 28,29  and IL-2 30  suppress the induction 

of Th17 cells. 

 Th17 cells are highly enriched in the intestine. The enrich-

ment of Th17 cells in the intestine may be due to their induction /

 expansion in the intestine or homing of Th17 cells into the 

intestine. In terms of induction and expansion, it has been reported 

that mucosal dendritic cells can produce inflammatory cytokines 

such as tumor-necrosis factor- �  (TNF- � ), IL-6, IL-12p40, and 

IL-23p19 upon stimulation with lipopolysaccharide 31  and can 

induce Th17 cells  in vitro . 32  In terms of homing, however, it is 

not clear which trafficking receptor is important for the migra-

tion of Th17 cells to the gut. It has been reported that Th17 

cells in mice and humans express various trafficking receptors 

such as CCR2, CCR4, CCR5, CCR7, CCR8, CCR10, CXCR4, 

CXCR5, CXCR6, and L-selectin. 33 – 37  Among the receptors, 

CCR6 is characteristically expressed by both human and mouse 

Th17 cells. 

 To gain more insights into the molecular basis for the 

intestine-specific tissue tropism of Th17 cells, we took a system-

atic approach to identify and determine the function of the major 

trafficking receptors of Th17 cells. Although Th17 cells express 

many trafficking receptors in a tissue-specific manner, CCR6 is 

the only receptor that is uniformly expressed by all subsets of 

Th17 cells. We found that regulation of CCR6 expression is coor-

dinately regulated by TGF- � 1 and IL-2. Although CCR6 is not 

required for long-term population of Th17 cells in the intestinal 

lamina propria of normal hosts, CCR6 is required for migration 

of Th17 cells in Peyer ’ s patches (PPs) and other related tissue sites 

of the intestine where CCL20 is expressed. We also present data 

that CCR6 regulates effector T-cell balance and distribution in 

inflamed intestinal lamina propria; and it has a positive function 

in prevention of excessive inflammation in the intestine.   
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 RESULTS  
 Th17 cells and FoxP3     +      T cells are differentially distributed 
in the body 
 It has been reported that many Th17 cells are found in the gut 

but the exact distribution of Th17 cells in the intestine vs. other 

tissue sites has not been determined. We examined the tissue 

distribution of Th17 cells in young (5- to 7-week old) BALB / c 

mice ( Figure 1a ). We examined also the distribution of FoxP3     +      

T cells for comparison because Th17 cells and FoxP3     +      T cells 

are the two important T-cell subsets that share certain features in 

development but have different functions. Th17 cells were iden-

tified by staining for expression of intracellular IL-17A (here-

after referred to as IL-17), and FoxP3     +      T cells were examined 

by intranuclear staining of FoxP3. Although FoxP3     +      cells were 

present in secondary lymphoid tissues at significant frequencies 

( ~ 10 %  of CD4     +      T cells), Th17 cells were scarce in mesenteric 

lymph nodes, peripheral lymph nodes, and spleen. Instead, most 

Th17 cells were found in the intestine and PPs. Some Th17 cells 

were found also in nonlymphoid tissues such as peritoneal cavity 

(PC) and liver. In percentage distribution among the selected 

organs, most Th17 cells were present in the small intestine (SI), 

PP, liver, and mesenteric lymph node ( Supplementary Figure 

1 ). Thus, Th17 cells have a tissue tropism relatively more specific 

for the gut and associated lymphoid tissues.   

 Th17 cells and FoxP3     +      cells migrate differently  in vivo  
 The high prevalence of Th17 cells in the gut and associated lym-

phoid tissues suggests that Th17 cells would be induced from 

naive T cells, expand in numbers, and / or migrate to the tis-

sues. It is likely that all of these processes are important for the 

enrichment of Th17 cells in the gut. The possibility that Th17 

cells can be induced by antigen-presenting cells in the gut has 

been raised by the discovery that dendritic cells can convert 

naive T cells into Th17 cells  in vitro . 32  To separately examine 

the migratory ability of Th17 cells apart from the process of 

induction / expansion, we performed a short-term (20   h) homing 

assay for  in vitro -generated Th17 cells ( Figure 1b and c ). Again, 

the FoxP3     +      T cells, similarly generated with IL-2 and TGF- � 1 

 in vitro , were included for comparison. Th17 cells migrated 

well to PP, PC, and large intestinal lamina propria (LI), whereas 

FoxP3     +      T cells migrated very well to peripheral lymph node, 

and marrow ( Figure 1b and c ). In contrast, Th17 cells poorly 

migrated to peripheral lymph node. Both Th17 cells and FoxP3     +      

T cells can migrate to spleen, SI, and liver at similar rates. Thus, 

Th17 cells and FoxP3     +      T cells are quite different from each other 

in short-term homing behavior.   

  In vivo -generated Th17 cells are heterogeneous in expression 
of trafficking receptors 
 Th17 cells are known to express CCR6 34,35,37,38  but the exact 

trafficking receptor phenotype of Th17 cells has been debated. 

Migration of T cells is regulated by trafficking receptors such 

as chemokine receptors and adhesion molecules. Therefore, we 

examined the chemokine receptors expressed by the Th17 cell 

subsets of selected organs (PP, spleen, SI, and large intestine (LI)) 

( Figure 2 ;  Supplementary Figure 2 ). We also examined the 

chemokine receptors that are expressed by control CD4     +      T cells 

subsets (CD62L     +      CD44     −      naive and CD62L     −      CD44     +      non-Th17 

memory T cells; and FoxP3     +      cells) for comparison ( Figure 2 ). 

Th17 cells of the four organs differentially expressed the chem-

okine receptors such as CCR4 (Th2 associated), CCR7 (lym-

phoid tissue homing), CCR9 (SI homing), and CXCR5 (B-cell 

follicle homing). CCR4 was expressed by colonic Th17 cells but 

not by small intestinal Th17 cells. CCR7 and CXCR5 were highly 

expressed by splenic and PP Th17 cells but expressed by fewer 

Th17 cells of small and LI. In contrast, CCR9 was more pref-

erentially expressed by intestinal Th17 cells than splenic Th17 

cells. CCR6 is the chemokine receptor universally expressed by 

the Th17 cells of the all four organs. In contrast, the FoxP3     +      

cells of SI and LI, but not spleen, expressed CCR6. Thus, the 

CCR6 expression by FoxP3     +      T cells is not the universal feature 

of all FoxP3     +      T cells. Many memory (non-Th17) T cells also 

expressed CCR6 but at lower frequencies than Th17 cells. Few 

naive T cells expressed CCR6. Many more Th17 cells of spleen 

and PP than those of SI and LI expressed CCR7. CCR9     +      Th17 

cells were enriched in SI and, to a lesser degree, in LI. We found 

many Th17 cells expressed CXCR5. CXCR5 was more preferen-

tially expressed by Th17 cells in PP, spleen, and LI than the Th17 

cells of SI origin. These results show that Th17 cell subsets are 

highly heterogeneous in expression of trafficking receptors.   

 Trafficking receptor phenotype of  in vitro -generated Th17 cells 
 Th17 cells can be generated  in vitro  by activating naive CD4     +      T 

cells in the presence of IL-6 and TGF- � 1. It is a question of inter-

est if these  in vitro -generated Th17 cells would have the same 

phenotype as the  in vivo -generated Th17 cells. We cultured naive 

CD4     +      T cells in a Th17-cell induction condition and examined 

the trafficking receptors expressed by the Th17 cells. We pre-

pared also FoxP3     +      T cells by culturing naive CD4     +      T cells with 

TGF- � 1 and IL-2 for comparison ( Figure 3a ). Even though the 

two cell populations were induced using the same TGF- � 1, most 

Th17 cells remained as CD103     −      whereas the majority of FoxP3     +      

T cells were CD103     +      ( Figure 3a ). CD103 is the  � -subunit of the 

 � E � 7 integrin, which is involved in cell – cell interaction with 

epithelial cells by binding to E-cadherin. 39  We found that the 

 in vitro -generated Th17 cells expressed CCR4, CCR6, and CCR7, 

whereas the  in vitro -generated FoxP3     +      T cells expressed CCR4 

and CCR7 but not CCR6 ( Figure 3b ). Thus, CCR6 is the recep-

tor that is uniquely expressed by the  in vitro -generated Th17 

cells compared to FoxP3     +      cells.   

 Reciprocal functions of TGF- � 1 and IL-2 in CCR6 expression 
by Th17 cells 
 The unique CCR6 expression by Th17 cells is interesting and 

implies that CCR6 would be important for the Th17 cell biology. 

It is likely that one (or some) of the cytokines used to generate 

the Th17 cells is responsible for the upregulation of CCR6. We 

examined the functions of IL-6 and TGF- � 1 in upregulation 

of CCR6. It was TGF- � 1, but not IL-6, that was able to induce 

CCR6 on T cells ( Figure 4a ). Importantly, IL-2, when added to 

the culture, effectively suppressed the expression of CCR6 on 

Th17 cells ( Figure 4b ). On the other hand, neutralizing anti-
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IL-2 antibody enhanced the CCR6 expression by Th17 cells 

( Figure 4b ). The effects of the two cytokines on Th17-cell 

expression of CCR6 were dose dependent ( Supplementary 

Figure 3a ). Similarly, IL-2 was able to suppress CCR6 expres-

sion by FoxP3     +      T cells ( Supplementary Figure 3b ). 

 We further investigated if TGF- � 1 is required for CCR6 

expression on Th17 cells  in vivo  by examining the phenotype of 

the T cells isolated from DN-TGF-RII mice. DN-TGF-RII mice 

express a dominant-negative form of TGF- � -RII in T cells and, 

therefore, the T cells from these mice are defective in responding 

to TGF- � . 40  As shown in  Figure 4c  and reported previously by 

others, 41  Th17 cells were decreased in numbers in DN-TGF-RII 

mice, but there were still some Th17 cells which were detectable 

in many organs ( Figure 4c ). The CCR6 expression by the Th17 
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    Figure 1        Tissue distribution of Th17 cells and homing capacity of  in vitro -generated Th17 cells in normal mice. ( a ) Frequencies ( % ) of Th17 cells 
among the CD4     +      cells of the selected organs of normal BALB / c mice. Thymus, blood, spleen, mesenteric lymph nodes (MLN), peripheral lymph nodes 
(PLNs: inguinal, auxiliary, and brachial), colonic patches (Col. Patch), Peyer ’ s patches (PPs), small intestine, large intestine (L. Int.), bone marrow 
(marrow), and liver were examined. ( b ,  c ) Short-term homing capacity of  in vitro -generated Th17 cells. Naive CD4     +      T cells, isolated from the spleen of 
DO11.10 rag2 (    −     /     −    ) mice, were cultured in a Th17 cell induction condition (OVA 323 – 339 , TGF- � 1, IL-6, IL-1 � , TNF- � , IL-21, and IL-23) or Treg induction 
condition (IL-2 and TGF- � 1) for 7 days.  In vitro -generated Th17 cells and FoxP3     +      T cells were injected into a tail vein of host mice. Mice were killed 
20   h later and organs were harvested to determine the homing behavior of KJ1.26     +      Th17 cells vs. KJ1.26     +      FoxP3     +      cells. A representative set of dot 
plot data is shown in  b . The homing behavior is shown as homing index in  c . Homing index    =    (injected Th17 cells or FoxP3     +      cells in organ A)  ÷  (total 
injected CD4     +      cells in organ A) / (Th17 cells or FoxP3     +      cells in input)  ÷  (total CD4     +      cells in Input).  * Significant difference from the input. Averages of the 
data obtained from five different experiments are shown.  
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cells, isolated from spleen, SI, and LI of DN-TGF-RII mice, was 

clearly decreased compared to those of wild-type mice. This 

information strongly supports the positive function of TGF- � 1 

in up-regulation of CCR6 on Th17 cells. However, the CCR6 

expression by the PP T cells of DN-TGF-RII mice was not 

decreased; and the CCR6 expression by CD44     −      non-Th17 cells 

in PP and LI of DN-TGF-RII mice was somewhat increased.   

 ROR- � t has a limited function in the CCR6 expression by 
Th17 cells 
 ROR- � t is associated with the naive T-cell differentiation into 

Th17 cells. We examined if this orphan nuclear receptor is 

involved also in induction of CCR6 expression by Th17 cells. 

We expressed ROR- � t in T cells using a retroviral method 42  

and cultured the cells in a Th17 cell differentiation condition. 

As expected, most of the IL-17     +      T cells were found within the 

GFP     +      cell (representing ROR- � t     +     ) but not the GFP     −      T-cell pop-

ulation. The GFP     +      IL-17     +      T cells most highly expressed CCR6. 

GFP     +      IL-17     −      T cells did express CCR6 but at somewhat lower 

frequencies. Most GFP     −      IL-17     −      T cells did not express CCR6 

( Supplementary Figure 4a ). Thus, ROR- � t appears to play a 

positive function in expression of CCR6 in Th17 cells. 

 One caveat with the retroviral transduction study is that only 

well-activated T cells are likely to get transduced by the retrovi-

rus and express GFP, and CCR6 can be preferentially expressed 

by only the well-activated T cells. To rule out this possibility, we 

employed ROR- � t transgenic mice. Using this system, we further 

determined the impact of ROR- � t on CCR6 expression by Th17 

cells and non-Th17 cells  in vivo . The ROR- � t transgenic mice 

express ROR- � t and GFP under the control of the CD4 pro-

moter. 43  Almost all GFP     +      IL-17     +      cells expressed CCR6, whereas 

most GFP     +      IL-17     −      cells did not express CCR6 ( Supplementary 

Figure 4b ). This is somewhat different from the data obtained 

 in vitro  with retroviral transduction ( Supplementary Figure 

4a ). The frequency of CCR6     +      cells among GFP     +      IL-17     +      cells 

was higher than that of GFP     −      IL-17     +      cells, and the frequency 

of CCR6     +      cells among GFP     +      IL-17     −      cells was higher than that 

of GFP     −      IL-17     −      CD4     +      T cells. Thus, ROR- � t expression has a 

small positive effect on the CCR6 expression in some T cells 

but does not guarantee, by itself, the expression of CCR6 in all 

ROR- � t     +      T cells  in vivo .   

 CCR6 is required for normal migration of Th17 cells and 
prevention of excessive colonic inflammation 
 To gain insights into the function of CCR6 in Th17 cells ’  tis-

sue tropism, we employed CCR6 (    −     /     −    ) mice. We examined 

the Th17 cell distribution in various organs of CCR6 (    −     /     −    ) 

and wild-type mice ( Figure 5a and b ). CCR6 (    −     /     −    ) Th17 cells 

were specifically decreased in numbers in PPs. This alteration of 

T-cell distribution due to CCR6 deficiency appears to be more 

specific for Th17 cells than FoxP3     +      T cells as there are no statis-

tically significant differences in the FoxP3     +      T-cell distribution 

between CCR6 (    +     /     +    ) and CCR6 (    −     /     −    ) mice. 

 The specific decrease of Th17 cells in the PP of CCR6 (    −     /     −    ) 

mice suggests that CCR6 may act as the homing receptor for 

PP. We overexpressed CCR6 in T cells by retroviral transfer of 

the mouse  CCR6  gene and determined if CCR6, indeed, has 

the function as the homing receptor for PP ( Figure 6a ). The 

T cells migrated to CCL20 in a manner dependent on the level 

of green fluorescent protein (GFP) (CCR6) expression ( Figure 

6b ). GFP     +      T cells, when injected into normal hosts, were highly 

efficient in migration to PP compared to GFP     −      T cells ( Figure 

6c ). This demonstrates that CCR6 is the trafficking receptor 

that guides T-cell migration to PP and explains, in part, why 
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   Figure 2        The chemokine receptors expressed by Th17 cells that were naturally generated  in vivo . Expression of selected chemokine receptors by Th17 
cells in spleen, Peyer ’ s patches, and lamina propria of small and large intestine. Other CD4     +      T-cell subsets (CD62L     +     CD44     −      naive, CD62L     −     CD44     +      
non-Th17 memory, and FoxP3     +      cells) were also included for comparison. Combined data from three independent experiments are shown. Cells 
isolated from 2 to 3 mice were pooled for each experiment.  
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there was a selective decrease of Th17 cells in PP. The real-time 

PCR examination demonstrated that CCL20 is specifically 

expressed in PP at the highest level and in colonic patches (Col. 

Patch) and omentum at lower levels ( Figure 6d ). We generated 

Th17 cells from the naive CD4     +      T cells (isolated from CCR6 

(    −     /     −    ) mice and wild-type mice) for a short-term homing 

study ( Figure 6e ). The migration of CCR6 (    −     /     −    ) Th17 cells to 

the PP was decreased compared to wild-type Th17 cells 

( Figure 6e ). In addition, CCR6 (    −     /     −    ) Th17 cells were less effi-

cient in migration to small intestinal lamina propria and PC. 

Short-term migration of CCR6 (    −     /     −    ) Th17 cells to the LI of 

the normal hosts was not decreased. 

 To compare the effector functions of wild-type and CCR6 

(    −     /     −    ) Th17 cells in inducing intestinal inflammation, the two 

Th17-cell populations were injected into Rag1 (    −     /     −    ) severe 

combined immunodeficiency (SCID) mice ( Figure 7 ). Injection 

of the wild-type Th17 cells decreased their weight due to intesti-

nal inflammation as expected. Interestingly, CCR6 (    −     /     −    ) Th17 

cells induced greater weight loss in the SCID mice ( Figure 7a ). 

Consistently, more severe intestinal inflammation as evidenced 

by mucosal hyperplasia and infiltration with mononuclear and 

polymorphonuclear cells in the intestine of SCID mice trans-

ferred with CCR6 (    −     /     −    ) Th17 cells vs. wild-type Th17 cells 

was observed ( Figure 7b and c ). When the distribution of T 

cells was examined  in situ  in the inflamed lamina propria of the 

SCID mice injected with CCR6 (    −     /     −    ) Th17 cells or wild-type 

Th17 cells, we found the T cells were differentially localized in 

the two groups of mice. Wild-type T cells were found localized 

in the isolated lymphoid follicles / patches and crypt side of the 

intestinal mucosa, whereas CCR6 (    −     /     −    ) T cells were evenly 

scattered throughout the entire intestinal mucosa ( Figure 7d ). 

 We examined also the frequencies of effector or suppressor T 

cells to find potential explanations for the increased inflamma-

tion in the SCID mice injected with CCR6 (    −     /     −    ) Th17 cells. 

Significantly fewer Th17 cells were found in the intestine of the 

SCID mice injected with CCR6 (    −     /     −    ) Th17 cells compared to 

wild-type Th17 cells ( Figure 8a ). In contrast, Th1 cells were 

significantly increased in frequency in the intestine of SCID 

mice injected with CCR6 (    −     /     −    ) Th17 cells ( Figure 8b ). The 

frequencies of FoxP3     +      T cells were low in both groups of mice 

but they were significantly decreased in the SCID mice injected 

with CCR6 (    −     /     −    ) Th17 cells compared to wild-type Th17 cells 

( Figure 8 c ).    

 DISCUSSION 
 We investigated the homing behavior of Th17 cells and deter-

mined the trafficking receptors of Th17 cells in the gut vs. other 

tissue sites. We found that Th17 cells efficiently migrate to the 

gut and associated tissues and express trafficking receptors in 

a tissue-specific manner. One receptor (CCR6) is universally 

expressed by all Th17-cell subsets induced  in vivo  and  in vitro  

and the function of this receptor was investigated in detail. CCR6 

expression is required for normal population of Th17 cells in PP. 

It promotes Th17-cell migration to PP and SI of normal hosts. 

The SCID mice injected with Th17 cells that can not express 

CCR6 had aberrantly increased Th1 cells spread throughout 

the lamina propria but decreased Th17 cells and FoxP3     +      T cells, 

suggesting that CCR6 is involved also in regulating effector 

T-cell balance and distribution in inflamed intestine. 

 Both Th17 cells and FoxP3     +      cells require TGF- � 1 in their 

induction, and therefore, it was expected that they share certain 

trafficking receptors. In this regard, the mouse Th17 cells and 

FoxP3     +      T cells share the expression of CCR4, CCR6, CCR7, and 

CCR9. Also, the human Th17 cells and FoxP3     +      T cells share 

many other chemokine receptors (CCR2, CCR4, CCR5, CCR6, 

and CCR7) as published before. 38  We observed in this study 

that the trafficking receptors that are expressed by Th17 cells 

reflect the tissue source of each Th17 cell subset. For example, 

the Th17 cells of the SI express CCR9. Th17 cells of B-cell-rich 

secondary lymphoid tissues express CXCR5. Preferential loss of 

CCR7 by the Th17 cells of nonlymphoid tissue sites is another 

example. 

 Although Th17 cells and FoxP3     +      T cells share many chem-

okine receptors, it is not the case in all tissue sites. For exam-

ple, CCR6 is expressed by Th17 cells but by few FoxP3     +      T 

cells in spleen. We found that TGF- � 1 is a potent inducer of 
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CCR6 expression in T cells ( Figure 4 ). This raises the question 

why only Th17 cells but not the FoxP3     +      T cells express CCR6 

( Figure 3 ). We reason that this is due to the IL-2 effect. IL-2 

promotes peripheral induction of FoxP3     +      T cells but suppresses 

that of Th17 cells. Importantly, IL-2 suppresses CCR6 expression 

by T cells. Thus, FoxP3     +      T cells that are induced in an IL-2-rich 

condition would not express CCR6 because excessive IL-2 over-

rides the TGF- � 1 signal in upregulation of CCR6. We observed 

also that the  in vitro -derived Th17 cells were somewhat differ-

ent from the Th17 cells generated  in vivo  in trafficking receptor 

expression. We believe that this is due to the artificially high 

concentrations of cytokines, particularly TGF- � 1, used for the 

culture. Another reason would be lack of  in vivo  tissue-specific 

signals in the  in vitro  culture condition. 

 Together with IL-6, TGF- � 1 is a major cytokine required for 

induction of Th17 cells. Therefore, Th17 cells are dramatically 

reduced in mice expressing a dominant-negative form of TGF-

 � -RII. Small numbers of Th17 cells are still present in these mice 

and we found that they express CCR6 at reduced levels. This 

suggests that TGF- � 1 is important not only for induction of 

Th17 cells but also for CCR6 expression. However, the Th17 

cells in PP of the transgenic mice, although dramatically reduced 

in numbers, still expressed CCR6 at high levels. This is puz-

zling but can be explained. First, there may be TGF- � 1-inde-

pendent induction mechanisms for CCR6 expression in Th17 

cells. A recent study on arthritogenic CCR6     +      Th17 cells found 

that IL-1 and lack of IL-4 and IFN- �  have positive functions in 

induction of CCR6. 35  Second, the majority of CCR6     −      Th17 cells 
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could have been released from the PP because they are lacking 

the PP homing receptor. Consequently, only CCR6 high  Th17 

cells (probably induced by a TGF- � -independent mechanism) 

would be retained in the PP of the DN-TGF- � -RII transgenic 

animals. Although CCR6 expression is reduced on Th17 cells of 

DN-TGF- � -RII mice, it was slightly increased on some CD44     −      

non-Th17 cells of DN-TGF- � -RII mice. As the T-cell activation 

signal is a positive factor in upregulating CCR6, we reason that 

this modest increase in CCR6 expression would be the result 

of hyperactivation of T cells due to TGF- � 1-signaling 

deficiency. 

 ROR- � t is a key transcription factor for Th17 cells. The con-

nection between ROR- � t and Th17 cells is reminiscent of that 

between CCR6 and Th17 cells. This raises a question if ROR- � t 

is important for CCR6 expression on Th17 cells. We found that 

ROR- � t has a positive effect on Th17-cell expression of CCR6 

 in vitro .  In vivo , however, this effect is small and not all ROR-

 � t     +      T cells express CCR6. Thus, expression of ROR- � t, by itself, 

is not sufficient to induce CCR6 expression by Th17 cells. 

 We were surprised to see that Th17 cells are very different 

from FoxP3     +      T cells in migration. For this experiment, we used 

 in vitro  generated Th17 cells, which highly expressed CCR6 but 

not CD103. The control T cells, used in this study, were FoxP3     +      

T cells, which did not express CCR6 but expressed CD103. The 

Th17 cells mainly migrated to the gut and associated lymphoid 

tissues (e.g. PP), whereas FoxP3     +      T cells migrated to most tissue 

sites but particularly more efficiently to the secondary lymphoid 

tissues and marrow. This suggests a potential function of CCR6 

in Th17 migration to the gut. The function of CCR6 in Th17-cell 

trafficking to the gut has been unknown. We found that CCR6 

deficiency led to decreased short-term migration of Th17 cells 

to PP, SI, and PC. The long-term effect of the CCR6 deficiency, 

as seen in CCR6 (    −     /     −    ) mice, was the decreased numbers of 

Th17 cells in PP. It has been reported that CCR6 (    −     /     −    ) mice 

are deficient with the CD11b     +      CD11c     +      dendritic cell subset 

in subepithelial dome of PPs (where CCL20 is expressed) and 

have impaired humoral immune responses to rotavirus. 44,45  

Our results suggest that CCR6 would not be important in long-

term population of Th17 cells in the lamina propria of SI in 

normal hosts. Long-term population of Th17 cells involves not 

only migration but also induction and proliferation. Thus, the 

normal population of Th17 cells in the intestine of CCR6 (    −     /     −    ) 

mice implies that the intestine is a site of active induction and 

proliferation of Th17 cells. The dominant function of CCR6 in 

T-cell homing to PP is well supported by our data presented in 

 Figure 6c . These data are consistent with the expression pattern 

of CCL20, which is highly expressed by PP cells ( Figure 6d ). 

It has been previously reported that epithelial cells lining PP 

and isolated lymphoid follicles highly express CCL20. 46,47  In 

addition, we showed that colonic patch (a PP-like structure in 

colon) cells express CCL20 ( Figure 6d ). This information pro-

vides an explanation for the failure of the effector T cells derived 

from CCR6 (    −     /     −    ) Th1 cells to localize in specialized tissue 

sites such colonic patches and crypt side of the inflamed lamina 

propria ( Figure 7d ). We also observed that omentum (a gate to 

peritoneal cavity 48 ) expresses CCL20, which is in line with the 

decreased migration of CCR6 (    −     /     −    ) Th17 cells to peritoneal 

cavity ( Figure 6e ). 

 We are not claiming that CCR6 would be the only trafficking 

receptor that is important for migration and localization of Th17 
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  Figure 5        Th17 cells are selectively decreased in the Peyer ’ s patches of CCR6-deficient mice. ( a ) The frequencies of Th17 cells and FoxP3     +      CD4     +      cells 
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cell in the gut. We found that Th17 cells express other trafficking 

receptors such as CCR5, CCR7, CXCR5, and CXCR6 in a tis-

sue-specific manner. Although the function of these receptors 

should be investigated in the future in terms of Th17-cell migra-

tion, we predict that these receptors have the potential to further 

modify the function of CCR6 in determining the sites of Th17 

localization in the gut. 

 It is an important question if the CCR6-mediated migration 

of Th17 cells to the gut and associated lymphoid tissue would 

have any effect on intestine pathology. Our study on the  in vivo  

inflammatory activity of CCR6 (    −     /     −    ) vs. CCR6 (    +     /     +    ) Th17 

cells showed that administration of CCR6 (    −     /     −    ) Th17 cells 

into SCID mice led to more aggressive inflammation than their 

wild-type counterparts. We initially suspected that CCR6 (    −     /     −    ) 

Th17 cells would be less inflammatory than wild-type Th17 cells 

in the intestine of SCID mice. However, this appears to be not 

true as Th17 cell numbers were decreased in the SCID mice 

injected with CCR6 (    −     /     −    ) Th17 cells compared to wild-type 

Th17 cells; and there was compensatory increase in Th1 cells 

which is in line with the excessive inflammation. It appears that 

the injected Th17 cells seem to become the inflammatory Th1 

cells, a process accelerated in the absence of CCR6. Although 

 in vitro -generated Th17 cells can induce intestinal inflammation 

in a certain model, 49  it has been established that Th1 cells are 

the dominant inflammatory effector T cells in the colitis model 

that we used in this study. 50,51  Thus, our results argue against 

that the injected Th17 cells are the major inflammatory cells 

for this model. In this regard, it has been documented that the 

Th17 cells stimulated in the presence of TGF- � 1 plus IL-6 are 

not inflammatory or even antiinflammatory in an experimental 

encephalomyelitis model. 52  It requires further studies to fully 

understand the connection between the functions of CCR6 in 

regulation of T-cell migration and in regulation of effector T-cell 

balance in inflamed intestine.   

 METHODS  
 Mice 
 BALB / c mice and C57BL / 6 mice were purchased from Harlan 
(Indianapolis, IN). CD4-TGF- � -R2 mice, expressing a dominant-nega-
tive form of the human TGF- �  receptor II (DN-TGF- � -RII) expressed 
under the direction of the mouse CD4 antigen promoter, 40  CCR6 (    −     /     −    ) 
mice, and Rag1 (    −     /     −    ) mice were obtained from the Jackson Laboratory, 
Bar Harbor, Maine. ROR- � t mice were generated as described before. 43  
All animal experiments were performed according to the approved pro-
tocols and institutional guidelines. Generally, the mice were used between 
6 and 10 weeks of age at the start of each experiment.   

  In vitro  generation of Th17 cells 
 Preparation of the cell suspensions of various tissues was performed as 
described before. 42  Single-cell suspensions of lymph nodes (mesenteric, 
inguinal, auxiliary, and brachial) and spleens were prepared by grinding 
tissues through an iron mesh. CD4     +      T cells were isolated by a CD4     +      
T-cell isolation kit (Miltenyi Biotec, Auburn, CA) from BALB / c mice 
and further processed for isolation of CD4     +     CD25  –  CD44  –  CD69  –   naive 
T cells with an AutoMACS separator (Miltenyi Biotec). Splenocytes of 
DO11.10 Rag2 (    −     /     −    ) mice were also used for some experiments. The 
cells were cultured for 5 – 6 days in complete RPMI 1640 medium (10 %  
fetal bovine serum) supplemented with irradiated splenocytes (three 
times of T-cell numbers), concanavalin A (2.5    � g / ml) or OVA 323 – 339  
(1.0    � g / ml), hTGF- � 1 (5   ng / ml), mIL-6 (20   ng / ml), mIL-21 (10   ng / ml), 
mIL-23 (10   ng / ml), mIL-1 �  (10   ng / ml), and mTNF- �  (20   ng / ml), anti-
mIL-4 (11B11, 10    � g / ml) and anti-mIFN- �  (XMG2.4, 10    � g / ml). All 
cytokines were from R & D Systems, Minneapolis, MN, or PeproTech, 
Rocky Hill, NJ, and the antibodies were from BioLegend, San Diego, CA, 
eBioscience, San Diego, CA, and / or BD Bioscience, San Diego, CA.   

 Examination of trafficking receptor expression by Th17 cells 
 Expression of chemokine receptors and adhesion molecules was exam-
ined as previously described. 53 Single-cell suspensions, isolated from vari-
ous organs of BALB / c, C57BL / 6, CCR6 (    −     /     −    ), or ROR- � t mice, were 
stained with antibodies or chemokine-Fc proteins for 30   min, followed by 
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           Figure 6        CCR6 regulates the migration of Th17 cells to certain 
compartments of the intestine. ( a ) Retroviral expression of CCR6 in 
CD4     +      T cells. Mouse spleen T cells were transduced with retrovirus 
expressing CCR6 and GFP. ( b ) Chemotactic response of CCR6-
expressing CD4     +      T cells to CCL20. ( c ) CCR6 confers the homing 
ability of T cells to PP. A 20   h homing study was performed in BALB / c 
mice. Combined data (averages ± s.e.m.) of 4 independent homing 
experiments are shown. ( d ) Expression of the CCR6 ligand CCL20 
in gut tissues. A set of representative real time RT-PCR data of three 
independent experiments is shown. The error bars indicate differences 
between duplicates. ( e ) CCR6 (    −     /     −    ; KO) Th17 cells poorly migrate to 
Peyer ’ s patches, small intestine lamina propria (S. Int.), and peritoneal 
cavity (Per. Cav.). Th17 cells were generated  in vitro  from the naive 
spleen CD4     +      T cells isolated from wild-type (WT) and CCR6 (    −     /     −    ) 
mice. The two Th17-cell populations were injected into a tail vein of host 
mice for a 20   h homing study. The relative homing index of Th17 cells 
(and non-Th17 cells) was calculated based on the absolute numbers 
of the migrated cells in each organ normalized by the numbers in the 
input. Homing index    =    (CCR6 (    +     /     +    ) in organ A)  ÷  (CCR6 (    −     /     −    ) in 
organ A) / (CCR6 (    +     /     +    ) in input)  ÷  (CCR6 (    −     /     −    ) in input). Data from four 
independent experiments were combined, and averages are shown.  
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staining with APC-streptavidin (BD) and antibodies to CD44 and CD4. 
The cells were further activated with phorbol 13-myristate 12-acetate and 
ionomycin for 4   h in the presence of monensin, fixed and permeabilized, 
and stained with anti-mIL-17 (BioLegend, San Diego, CA).   

 Retroviral overexpression of CCR6 and ROR- � t 
 The full open reading frame of the mouse  CCR6  gene or the mouse  ROR-
 � t  gene was amplified by reverse transcriptase – PCR and cloned into a ret-
roviral vector containing internal ribosome entry site (IRES) and GFP. 42  
The DNA sequence of the CCR6 open reading frame was verified to be 
free of mutations. The vector was transfected into a retrovirus packaging 
cell line (Phoenix-ECO, ATCC, Manassas, VA) and the resulting recom-
binant virus in the culture supernatant was used to overexpress CCR6 
in T cells as described before. 42  T cells were activated for 36   h with IL-2 
and concanavalin A and spin infected. T cells were harvested 6 – 7 days 
later, examined for CCR6 expression, and used for the chemotaxis assay 
and homing study as described before. 53    

 Short-term migration of Th17 cells 
 Naive CD4     +      T cells of DO11.10. Rag2 (    −     /     −    ) mice, wild-type, and 
CCR6 (    −     /     −    ) mice were cultured to generate Th17 cells or FoxP3     +      cells. 

The method for  in vitro  generation of Th17 cells is described above. 
For T cells from DO11.10 Rag2 (    −     /     −    ) mice, OVA 323 – 339  was used to 
activate T cells. For T cells from other mice, concanavalin A (2.5    � g / ml) 
or phytohemagglutinin (5    � g / ml) was used. FoxP3     +      cells were 
prepared by culturing cells in complete RPMI 1640 medium (10 %  
fetal bovine serum) supplemented with hIL-2 (100   U / ml) and hTGF-
 � 1 (5   ng / ml; R & D Systems). Th17 cells and FoxP3     +      cells ( ~ 10 7  cells 
per mouse) were injected together into BALB / c mice through a tail 
vein. The host mice were killed 20   h later, and indicated organs 
were harvested. The KJ-1.26     +      Th17     +      and KJ-1.26     +      FoxP3     +      cells 
that migrated to various tissue sites were identified with flow cyto  metry 
using anti-DO11.10 TCR (KJ-1.26), anti-mIL-17A (TC11-18H10.1) 
and anti-FoxP3 Ab (FJK-16s). For homing of CCR6 (    −     /     −    ) Th17 cells, 
wild-type and CCR6 (    −     /     −    ) Th17 cells were labeled differently with 
carboxyfluorescein succinimidyl ester (CFSE) and tetramethylrhodamine 
isothiocyanate (TRITC) as described before 53  and injected into a tail 
vein of C57BL / 6 mice. The absolute numbers of T cells that migrated 
to various organs were determined as described before. 53  We also 
normalized the absolute numbers of the T cells present in each organ 
with that of the injected cells to obtain a parameter termed  ‘ homing 
index ’ . 53    
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      Figure 7        More severe intestinal inflammation occurs in SCID mice injected with CCR6 (    −     /     −    ) Th17 cells compared to wild-type Th17 cells. Wild-type 
(WT) Th17 cells and CCR6 (    −     /     −    ) Th17 cells, generated  in vitro , were injected into Rag1 (    −     /     −    ) mice to induce intestinal inflammation. ( a ) Weight 
change due to the intestinal inflammation ( n     =    10 – 11 per group). Results from three experiments were combined and averages are shown with s.e.m. 
( b ) Inflammation scores of distal colon.  * Significant differences (    <    0.05) between wild-type CCR6 (    +     /     +    ) and CCR6 (    −     /     −    ) Th17 cells. ( c ) H & E staining 
of the distal colon (magnification:  × 200). ( d ) Distribution of T cells in the inflamed distal colon of SCID mice injected with wild-type CCR6 (    +     /     +    ) or 
CCR6 (    −     /     −    ) Th17 cells. The CCR6 (    +     /     +    ) T cells localized in the isolated lymphoid follicles and crypt side of the intestinal mucosa are highlighted with 
green circles.  
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 Induction of colitis in SCID mice and immunohistochemistry 
 Th17 cells were generated  in vitro  in the Th17-cell induction condition 
as described above from wild-type and CCR6 (    −     /     −    ) naive T cells. The 
wild-type and CCR6 (    −     /     −    ) Th17 cells were injected i.p. into SCID mice 
(2 million per mouse) to induce colitis. Mice were weighed every 2 days, 
and all mice were killed when the average weight of any group reached 
 ~ 85 %  of original weight (which took 8 – 24 days). Intestinal tissues were 
fixed in 10 %  formalin, and stained with hematoxylin and eosin for histo-
logical analysis as described previously. 42  Briefly, the inflammation score 
was obtained by combining severity scores (0, no inflammation; 1, slight 
infiltration of inflammatory cells in the lamina propria; 2, moderate infiltra-
tion with inflammatory cells with mild mucosa hyperplasia; 3, marked infil-
tration with inflammatory cells with disturbed mucosal architecture, crypt 
abscesses, and marked hyperplasia; 4, massive infiltration with inflammatory 
cells with severe mucosa hyperplasia) and area scores (0, no area affected; 1, 
1 – 25 % ; 2, 26 – 50 % ; 3, 51 – 75 % ; 4, 76 – 100 % ). The formalin-fixed and paraf-
fin-embedded intestine sections were antigen retrieved with heating in 1   m M  
EDTA with a microwave, dewaxed in xylene, and rehydrated in decreasing 
ethanol gradient. The slides were stained with anti-CD3 (clone CD3-12) 
followed by biotin-labeled goat-anti-rat immunoglobulin and streptavidin-
horseradish peroxidase. The slides were developed with diaminobenzidin 
and counterstained with hematoxylin.   

 Statistical analyses 
 Averages with s.e.m. are shown in most of the figures. Student ’ s 
paired  t -test (two-tailed) was used to determine the significance of 

differences between two groups.  P  values     <     or     =    0.05 were considered 
significant.       

    SUPPLEMENTARY MATERIAL  is linked to the online version of the 
paper at  http://www.nature.com/mi    
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    Figure 8        Aberrant T-cell balance in the intestine of SCID mice injected with CCR6 (    −     /     −    ) Th17 cells compared to wild-type Th17 cells. The frequencies 
of ( a ) Th17 cells, ( b ) Th1 cells, and ( c ) FoxP3     +      T cells in the intestine and spleen of SCID mice injected with WT CCR6 (    +     /     +    ) or CCR6 (    −     /     −    ) Th17 
cells were determined.  * Significant differences (    <    0.05) between wild-type CCR6 (    +     /     +    ) and CCR6 (    −     /     −    ) Th17 cells ( n     =    7 – 8 per group).  
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