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 INTRODUCTION 
 In mucosal tissues, the development of inflammation and 

immunity is central to effective host defense against invading 

pathogens, yet must be tightly regulated to prevent abnormal 

responses to innocuous environmental antigens and commen-

sal organisms that result in allergy or chronic inflammatory 

diseases. This is particularly true in the intestine, where 

there is continuous exposure to a vastly complex mixture 

of ingested environmental and food antigens, and intestinal 

microbiota. 

 This review will highlight recent findings regarding the phe-

notype and function of dendritic cells (DCs) and macrophages in 

the induction and regulation of immune responses in the intes-

tine. DCs likely have a key role in immune regulation as they 

are prominently localized to mucosal surfaces, both at sites of 

antigen uptake and within inductive lymphoid tissues, and have 

been shown to process antigens given in both tolerogenic and 

immunogenic forms, as well as to directly sample endogenous 

flora and pathogenic microorganisms  in vivo . Furthermore, 

sub-populations of mucosal DCs have unique functions when 

compared to DCs from non-mucosal sites. These include the 

imprinting of mucosal homing receptors on T and B cells, the 

induction of regulatory T cells (Tregs) to soluble antigens in the 

resting or  “ steady ”  state, and the direct contribution to immu-

noglobulin A (IgA) B cell class switching. Mucosal macrophages 

are also found prominently in the intestine, primarily within 

the lamina propria (LP), and are particularly capable of taking 

up and killing bacteria. Evidence also indicates that intestinal 

macrophages have immunoregulatory roles, including the pro-

duction of suppressive cytokines that affect DC function, and 

the potential to directly induce the differentiation of Tregs.   

 ANTIGEN UPTAKE AND CELL TRAFFICKING 
 Important for understanding how mucosal immune responses 

are induced and regulated is the issue of where different types 

of antigens are taken up and presented to T and B cells. Primary 

sites for the induction of intestinal T and B cell responses are 

Peyer ’ s patches (PPs) in the small intestine, isolated lymphoid 

follicles (ILFs) in the small and large intestine, and mesenteric 

lymph nodes (MLNs). In contrast, the diffuse LP and the 

intraepithelial cell compartments are primarily effector sites. 

One caveat to this conclusion, however is that recent evidence 

indicates that B cells may undergo class-switch recombination 

directly in the LP (see below). 

 Luminal antigens, including macromolecules, bacteria, and 

viruses gain access to the cells of PPs and ILFs through specialized 

antigen-transporting epithelial cells, M (micro-fold) cells, present 

in the follicle-associated epithelium (FAE) above organized lym-

phoid structures of most mucosal tissues. 1,2  M-cell transport 

is promiscuous and mediated by binding to surface-expressed 

carbohydrates in regions free of overlying mucus, but can be 

enhanced by the presence of antigen-specific IgA, 3 – 5  by immune 
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targeting with anti-M-cell antibodies, 6  or by oral administration 

of toll-like receptor (TLR) 2 or TLR4 ligands. 7,8  

 Dendritic cells are present within the FAE in small num-

bers and in large numbers in the subepithelial dome (SED). 9  

Furthermore, orally administered cholera toxin, cholera toxin 

B-subunit, or  Escherichia coli  heat-labile toxin, 10  and proteo-

some vaccines 8  as well as  Salmonella typhimurium  infection 11  

can induce an influx of DCs from the SED into the FAE. In the 

latter study, PP DCs in the SED that express CCR6 appear to 

migrate into the FAE, where they form clusters with antigen-

specific CD4 T cells. Furthermore the activation and expansion 

of specific T cells was dependent on CCR6. 11  In contrast, CCR6-

expressing DCs were not recruited to the intestinal LP, suggest-

ing that CCD6 +  DCs may have specific functions in organized 

lymphoid structures, where the CCR6 ligand, CCL20, is consti-

tutively expressed. 12  

 Peyer ’ s patch DCs in the SED capture soluble antigens given 

orally 9,13  and take up, or are initial targets of, orally admin-

istered pathogens, including  S. typhimurium , 14,15   Listeria 

monocytogenes , 16   Brucella abortus , 17  and  Helicobacter pylori . 18  

Furthermore, PP DCs in the SED take up apoptotic epithelial 

cells following intestinal reovirus infection. 19  

 Following activation, DCs in the SED can migrate to T-cell 

interfollicular regions (IFR), as shown following oral CT or 

systemic administration of a soluble antigen preparation from 

 Toxoplasma gondii  tachyzoites (STAg). 12  In the later study, PP 

DCs downregulated CCR6, expressed CCR7, and migrated to 

the IFR where CCR7 ligands, CCL19 and CCL21, are 

expressed. 12  

 Increasing data also suggest that PPs are primary sites for the 

uptake of commensal bacteria and that DCs may be primary 

targets. Following oral administration of  Enterobacter cloacae , 

organisms were found in DCs in the PPs and MLNs, but not 

in the LP or spleen, where they likely help drive IgA produc-

tion that then overall limits their contact with epithelial cells 

and penetration into the LP. 20  Organisms were not found in 

presumed macrophages (CD11b    +     CD11c    −     cells) from these 

tissues, and in contrast to DCs,  ex vivo  CD11b    +    CD11c    −     cells 

were able to kill  E. cloacae  efficiently. This indicated that com-

mensal bacteria can be taken up and persist in DCs in PPs (and 

possibly ILFs) and MLNs, but cannot migrate to systemic sites, 

thus limiting their potential to cause systemic inflammation. 20  

Furthermore, specific IgA induced against commensal bacteria 

may target these organisms for limited, directed uptake into PPs 

and ILFs. 5  Interestingly, initial erosions in ileal Crohn ’ s disease 

appear to occur over lymphoid follicles, and uptake of nonpath-

ogenic  E. coli  by FAE is enhanced in patients with long-standing 

disease, suggesting that abnormal uptake and / or poorly regu-

lated immune responses to commensal bacteria in PPs may be 

involved in early pathogenesis of Crohn ’ s disease. 21,22  

 The extent to which PP DCs traffic to the MLNs is not yet 

clear; however, the presence of chemokines, such as CCL19 and 

CCL21, important for DC migration to LN within the T-cell 

zones of PPs 12  suggests that PP DC migration, as well as specific 

immune responses, may be relatively contained within the PP. 

Furthermore, phenotypic analysis of DC sub-populations in the 

rat indicates that the primary source of migratory DCs is the 

intestinal LP and not the PPs. 23  

 A second site for antigen entry into the intestine is the non-

follicular absorptive epithelium, where both soluble antigens 

and bacteria can gain access to DCs in the LP. This can occur 

by trans- or paracellular transport, by receptor-mediated traf-

ficking, such as occurs through the neonatal FcR expressed on 

absorptive epithelial cells in humans, 24  by direct sampling of 

luminal contents by DC extensions that reach between epithelial 

cells into the intestinal lumen 25 – 27  or by direct damage to the 

epithelium, as can occur during inflammatory bowel disease, or 

by infection with human immunodeficiency virus 28  or  Shigella 

flexneri . 29  Antigen sampling may also occur by uptake of exo-

somes from epithelial cells or across villous M cells. 30  

 Even in the absence of infection or inflammation, LP DCs 

constitutively traffic to MLNs, 31  which appears to be a rela-

tively active process. These migratory DCs can carry self- or 

cell-associated antigens from apoptotic epithelial cells 32  or solu-

ble proteins given orally. 33 – 35  Soluble antigens given orally can 

be processed by LP DCs, which then migrate to the MLN in a 

CCR7-dependent manner, which was shown to be essential for 

oral tolerance induction. 35  In addition, commensal bacteria are 

present within LP DCs, and both  S. typhimurium  and noninva-

sive  E. coli  can be taken up by luminal dendrites in the terminal 

ileum when given orally, 25,26  which may carry these bacteria 

to the MLN. Interestingly, it was recently shown that the major 

route of entry into the body of noninvasive  S. typhimurium  

may indeed be through DC extensions, whereas pathogenic 

 S. typhimurium  preferentially invade PPs to induce systemic or 

mucosal humoral immune responses, respectively. 36   

 Activation of LP DCs results in enhanced migration to MLNs, 

as occurs following systemic administration of lipopolysaccha-

ride or orally administered TLR7/8 agonists. 37,38  Furthermore, 

when compared with DCs from other sites, LP DCs preferentially 

express TLR5, 39  which on activation by bacterial flagellin, 40  may 

be important for DC activation and migration to MLNs or spread 

of invasive bacteria to systemic sites. 39  These studies indicate that 

LP DCs are fully capable of becoming activated following admin-

istration of microbial products, resulting in enhanced migration 

to MLN. However it is not yet clear whether this effect is direct or 

mediated by inflammatory cytokines produced by other cells.   

 THE EXPANDING FAMILY OF INTESTINAL DC POPULATIONS 
AND THEIR SPECIALIZED FUNCTIONS 
 Multiple DC sub-populations have been identified in the PP, 

MLN, and intestinal LP, which differ in their surface pheno-

type, localization, cytokine production, and ability to drive 

T-cell differentiation  in vitro . These studies have been the 

subject of several recent reviews 41 – 44  (and see  Table 1 ). Over 

the past several years, several unique functions of intestinal DCs 

have been identified including the imprinting of lymphocytes 

with unique homing receptors that allow for their recirculation 

to intestinal tissues, the capacity to provide direct signals for the 

differentiation of IgA-producing B cells, and the ability to drive 

the differentiation of regulatory T cells that are involved in toler-

ance to soluble oral antigens and commensal bacteria.   
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  Table 1     Steady-state intestinal DC and macrophage populations 

   Subset  Surface phenotypea  Localization  Referencesb     

   CD8 +   CD11c hi   PP: IFR    12,19,53,71,72,112 – 115  

     CD8 �  +   MLN: T-cell zone   

     CD11b     −       Colon LP ?ILF   

     CD4     −       Small   

     CD205 +      

   CD11b +   CD11c hi   PP: SED    12,26,53,71 – 73,92,93,112,113,115 – 118  

     CD8 �      −       MLN: Perifolicular   

     CD11b +   Small intestine (SI) LP:   

     CD4     −       Scattered, intraepithelial   

     CD205     −      (PP)  dendrites   

       CD11c lo   SI LP    93  

     F4/80+

CX3CR1      +       
    

      

   CD8     −     /CD11b     −       CD11c hi   PP: FAE, SED, IFR,    12,19,53,71,72,112,113,119  

     CD8 �      −      (PP)  B cell follicle   

     CD8 �      −    int  (MLN)  MLN   

     CD11b     −       SI LP: Scattered   

     CD4     −          

     CD205     −      (PP)     

     CD205 int  (MLN)     

   CCR6 +   CD11ch i   PP: SED    11  

     CX3CR1     −          

   CX3CR1 +   CD11clo or CD11chi    PP: SED    11,26,93,101,120  

     CCR6     −       SI LP: Scattered,   

     CD11b +  (SI LP)  intraepithelial dendrites   

   CD103 +   CD11c hi   PP    53 – 55,73,75,93  

     CD8 �  +  (MLN)  MLN   

     CD11b +  (SI LP) 75  SI LP   

     CD11b     −      (MLN73, SI LP93)     

   CD103     −       CD11c hi   PP    53 – 55,73,75,93  

     CD8 �   −   MLN   

     CD11b+   SI LP   

   PDC  CD11c int   PP: SED, IFR    38,116,121 – 124  

     CD8 �  +  or CD8 �      −       MLN: T-cell zone   

     CD11b     −       LP: scatter ed   

     B220 +      

     Ly6C +      

   F4/80+ cells  CD11c lo  or CD11c hi   PP: base of follicle    9,92,93  

     CD11b +   MLN   

         SI and LI LP: scattered   
   a For predominant populations.
 b Recent references for defi ned cell populations.      
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 Induction of homing receptors 
 Initial studies implicating the importance of the lymphoid 

microenvironment in the imprinting of homing receptors on 

T cells demonstrated that adoptively transferred TCR trans-

genic CD4    +     and CD8    +     T cells primed in the mesenteric, but 

not cutaneous LNs or spleen, expressed high levels of  � 4 � 7, an 

integrin that binds to MadCAM-1 expressed on high-endothelial 

venules of intestinal tissues, and CCR9 and migrated in response 

to CCL25, the chemokine ligand of CCR9 expressed constitu-

tively in the small intestine. 45 – 47  Subsequently, it was shown 

that T cells primed  in vitro  with antigen-pulsed MLN or PP 

DCs, but not DCs from the spleen or peripheral lymph nodes, 

expressed CCR9 and high levels of  � 4 � 7. 46,48,49  Furthermore, 

PP DC-primed CD8    +     T cells had enhanced migration to the 

small intestine, 48  which was dependent on a fixation-sensitive 

signal from the DCs. 50  

 The capacity of intestinal DCs to drive intestinal homing 

receptors on T cells is largely dependent on retinoic acid (RA), 

a metabolite of retinol (vitamin A). Dietary retinol or retinoids 

hydrolyzed to retinol are stored in the liver and released at a con-

stant level in the blood. Retinol becomes successively oxidized 

inside cells to retinal by alcohol dehydrogenases or members of 

the short-chain dehydrogenase / reductase family and then to RA 

by retinal dehydrogenases. RA signaling is mediated by nuclear 

receptors of the RA receptor (RAR) and retinoid X (RXR) 

families, which form RAR / RXR heterodimers. On RA binding 

to the RAR, the RAR / RXR heterodimers act as transcription 

factors. 

 In initial studies, exogenous RA directly drove the expression 

of  � 4 � 7 and CCR9 on T cells activated  in vitro  with anti-CD3 

and anti-CD28, which homed to the intestine. 51  Furthermore, 

PP and MLN DCs expressed retinal dehydrogenases, produced 

RA from retinol, and inhibitors of RA production and signaling 

blocked DC-induced  � 4 � 7 and CCR9 expression. Finally, mice 

on vitamin A-deficient diets had a reduction in  � 4 � 7    +     memory 

T cells in lymphoid organs and a dramatic deficiency of LP T 

cells in the small intestine. 51  Interestingly, epithelial cells in PPs 

also expressed high levels of an isoform of retinal dehydrogenase, 

RALDH1, indicating that RA production is not likely restricted 

to DCs. In addition, it is possible that RA from epithelial cells 

conditions local DCs for the ability to produce transforming 

growth factor- �  (TGF- � ) and interleukin (IL)-6 and the capacity 

to augment mucosal homing receptor expression. 52  

 In studies from two laboratories, intestinal DCs expressing 

CD103, the  � E compenent of the   � E � 7 integrin, were shown 

to have unique functional properties. 53,54  In studies of hom-

ing receptor expression, LP DCs were demonstrated to be as 

potent as MLN DCs in inducing  � 4 � 7 on CD8    +     T cells and bet-

ter at inducing CCR9. Extensive phenotypic analysis identified 

particularly high numbers of DCs expressing CD103 in the LP 

compared with the MLN. 54  Furthermore, CD103    +     DCs from 

the MLN were found to express higher levels of major histocom-

patibility complex II than the same cells from the LP and to be 

far lower in number in the MLN of mice lacking CCR7, indicat-

ing that this population likely migrates from the LP to the MLN 

in the steady state. When tested  in vitro , only CD103    +     DCs 

from either the MLN or LP were found to drive the expression 

of high levels of CCR9 and  � 4 � 7 on CD8 T cells. Furthermore, 

CCR9 and  � 4 � 7 were not induced on CD8    +     T cells in MLNs of 

CCR7-deficient mice given systemic antigen and lipopolysac-

charide, despite equivalent levels of proliferation of the CD8    +     

T cells in the MLN. 

 In studies in the T-cell transfer model of colitis, CD103 expres-

sion by host cells was essential for the ability of CD4    +    CD25    +     

regulatory T cells to protect against colitis induction. 53  DCs 

were the predominant host cells expressing CD103 in the spleen, 

and high numbers of CD103    +     DCs were found in the colon 

and MLN. Interestingly, CD103 expression was found on the 

three previously identified DC subsets from the spleen, MLN, 

and colon, which were CD8    +     / CD11b    −    , CD8    −     / CD11b    +    , and 

CD8    −     / CD11b    −    , with the highest percentage of CD103    +     DCs 

in the CD8    +     population. Functional studies demonstrated that 

CD103    +     DCs, but not their CD103 –  counterparts, promoted 

expression of the gut-homing receptor CCR9 on CD4    +     T cells. 

Collectively, these studies indicated that a sub-population of 

MLN DCs expressing CD103 was likely derived from the intes-

tinal LP and, on migration to MLNs, were essential for driving 

homing receptors on CD4    +     and CD8    +     T cells. 

 Most recently, studies using RA-responsive element reporter 

mice demonstrated that whereas both spleen and MLN DCs 

were capable of driving RAR signaling and  � 4 � 7 expression 

in CD8    +     T cells, only CD103    +     DCs from the MLN drove an 

early RAR signal that was required for CCR9 and high levels of 

 � 4 � 7 expression  in vitro . 55  Furthermore, CD8    +     T cells primed 

 in vivo  in the MLN had evidence of enhanced RAR signaling. 

Interestingly, DC-mediated induction of gut-homing receptors 

was inhibited on CD8    +     T cells at a high antigen dose without 

influencing RAR signaling events, indicating that the induction 

of gut-homing receptors is likely controlled by the intensity of 

both RAR signaling and antigen dose. These data implied that 

the early and high levels of RA production by mucosal CD103    +     

DCs are largely responsible for their ability to drive CCR9 and 

 � 4 � 7 expression on activated lymphocytes, and that this can be 

overcome by high antigen doses. 

 Finally, similar to what was shown for T cells, PP and MLN 

DCs induced CCR9 and  � 4 � 7 expression on both naive- and 

antigen-experienced B cells stimulated with anti-IgM. This was 

dependent on RA, and allowed B cells to selectively home to the 

intestine. 56  Furthermore, repeated stimulation of human naive 

B cells with spleen DCs with and without RA demonstrated 

flexibility in homing receptor expression, in that cells initially 

stimulated in the absence of RA still expressed high levels of 

CCR9 and  � 4 � 7 on repeated activation in the presence of RA 

and vice versa. This implicated gut-associated lymphoid tissue 

DCs in driving homing receptors on both T and B lymphocytes, 

which was dependent on RA.   

 Induction of IgA responses 
 A central function of the mucosal immune system is the pro-

duction of IgA. High-affinity IgA acts to exclude microorgan-

isms and toxins from entering the body, whereas low-affinity 

IgA is thought to inhibit the binding of commensal bacteria to 
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epithelial cells. Furthermore, the latter may be important in the 

maintenance of an appropriate intestinal microbiota. 57  

 Naive B cells are induced to undergo class switch recombi-

nation and somatic hypermutation in organized lymphoid tis-

sues of the intestine; however, recent data indicate class switch 

recombination may also occur in the diffuse LP, where activa-

tion-induced cytodine deaminase (AID), an essential enzyme 

for isotype switching, has been detected in B cells in some, but 

not all studies (see ref.  57 ). In organized tissues, such as the PPs, 

MLNs, and ILFs, local factors including TGF- � , IL-6, and IL-10, 

together with activation of CD40 by T-cell-expressed CD40L, 

which drives AID expression, are thought to be responsible for 

T-cell-dependent IgA B-cell differentiation. In the LP, TLR-

dependent induction of innate IgA class switch recombination-

inducing factors, including APRIL (a proliferation inducing 

ligand) and its homolog B cell-activating factor of the tumor 

necrosis factor family (BAFF, also known as BLyS) from epithe-

lial cells, DCs, and B cells, is thought to drive T-cell-independent 

IgA B-cell differentiation. 

Recent studies have implicated a unique role for mucosal DCs 

in regulating IgA B-cell differentiation. First, bacteria are present 

in lymphoid follicles, including PPs, and in the LP in the termi-

nal ileum of normal mice, and can be found within DCs. 20,58 – 60  

In addition, both humans and mice produce significant amounts 

of secretory IgA against commensal bacteria, which is induced 

in the absence of T cells. 20  Second, PP DCs were recently shown 

to not only induce homing receptors on B cells (as noted above), 

but also to drive IgA B cell differentiation in the absence of T-cell 

signals through the production of RA and IL-6. 56  Furthermore, 

DCs from peripheral LNs or liver were capable of inducing IgA 

B cell differentiation in the presence of exogenous RA and either 

IL-5 or IL-6, but, interestingly, not TGF- � . Finally, vitamin A-

deficient mice had a paucity of IgA    +     B cells in the LP, but normal 

numbers of naive IgM    +     B cells in PPs. 56  Therefore, mucosal DCs 

can contribute to direct IgA B cell differentiation to commen-

sal bacteria, either in lymphoid structures or in the LP through 

their ability to produce RA- and TLR-induced IL-6, and possibly 

BLyS / APRIL. Furthermore, their ability to produce TGF- � , as 

well as their superior capacity to activate naive T cells, most 

certainly indicates a central role for DCs in T-cell-dependent 

IgA B-cell differentiation in organized lymphoid structures. In 

support of this possibility, CD11b    +     DCs from PPs were shown 

to be superior to other DC populations in driving IgA B-cell dif-

ferentiation in the presence of cognate T cells  in vitro , a function 

dependent on their ability to produce IL-6. 61   

 Oral tolerance and the peripheral differentiation of 
regulatory T cells 
 Several mechanisms have been identified by which systemic 

tolerance to orally administered antigens (oral tolerance) is 

induced, which have been largely identified in mice fed soluble 

proteins, such as ovalbumin, myelin basic protein, retinal S-anti-

gen, collagen, and insulin, as well as peptides. 62,63  These mecha-

nisms include the induction of T-cell anergy, deletion, and the 

induction of CD4    +     Tregs. The mechanisms involved are influ-

enced by antigen dose and frequency with higher doses favoring 

anergy and deletion, and lower and repeated doses favoring the 

generation of Tregs capable of transferring to naive mice toler-

ance to subsequent immunization or the induction of autoim-

mune disease (see ref.  62 ). Antigen-specific Tregs capable of 

bystander suppression were initially identified as Th3 cells pro-

ducing TGF- �  (see ref.  64 ). Later studies demonstrated that oral 

antigen administration could also induce the differentiation or 

expansion of antigen-specific CD4    +    CD25    +     Tregs in the MLN 

that could transfer tolerance to naive mice. 65,66  Furthermore, 

naturally occurring CD4    +    CD25    +     T cells were required for oral 

tolerance in a CD8    +     T-cell-dependent model of skin contact 

hypersensitivity. 67  

 Initial studies implicating DCs in oral tolerance demonstrated 

that expansion of DCs  in vivo  with Flt3L administration resulted 

in an enhanced sensitivity to oral tolerance induction. 68  In addi-

tion, PP DCs could be loaded with soluble oral antigens, 9,13  and 

DCs from the PPs, but not the spleen, were shown to produce 

IL-10 and likely TGF- � , 69  and both PP DCs 69  and MLN DCs 

from fed mice 70  were able to drive the differentiation of T cells 

producing IL-4 and IL-10  in vitro.  Furthermore, PP CD11b    +     

DCs were unique in their ability to produce IL-10 and drive the 

differentiation of IL-10- and IL-4-producing T cells. 71  Finally, 

DCs from the LP were shown to take up oral antigens, to express 

mRNA for IL-10 and interferon- � , but not IL-12, and, following 

antigen feeding, were able to induce tolerance when transferred 

to naive mice. 72  Finally, data indicated that plasmacytoid DCs 

from the PP were able to drive the induction of IL10-producing 

T cells  in vitro . 122  Together, these studies indicated that PP and 

LP DCs may drive noninflammatory T-cell responses, as well 

as tolerance following antigen feeding. 

 Recently, significant new studies demonstrate that mucosal 

DCs are able to drive  de novo  induction of CD4    +    Foxp3    +     

Tregs. 73 – 75  CD4    +    Foxp3    +     Tregs can differentiate in the thy-

mus in response to self-antigens expressed at this site during 

a restricted period of postnatal development. 76  In addition, 

CD4    +    FoxP3    +     Tregs can differentiate from CD4    +    CD25    −     T 

cells  in vitro  in the presence of TGF- � , 77 – 79  which are function-

ally relevant as they can suppress experimental colitis induc-

tion. 80  Most recently, peripheral induction of Foxp3    +     Tregs was 

found to occur primarily in lymphoid tissues associated with the 

intestine (PPs, MLNs, and small intestinal LP). 73,81  Importantly, 

following adoptive transfer of naive TCR transgenic T cells to 

normal mice, oral antigen feeding resulted in the accumulation 

of antigen-specific Foxp3    +     Tregs in the PP, MLN, and small 

intestinal LP, 81  implicating peripheral Treg induction in oral 

tolerance to soluble proteins. 

 Interestingly, DCs from mucosal tissues (MLN or small intes-

tine LP) were more capable than spleen DCs of inducing Foxp3 

expression in the presence of exogenous TGF- � , 74,81,82  and 

MLN DCs were less capable of inducing Th17 cells in the pres-

ence of TGF- �  and IL-6. 74  Furthermore, CD103    +     DCs, but not 

CD103    −     DCs, from the small intestinal LP or MLN were shown 

to induce the differentiation of Tregs in the absence of exog-

enous cytokines. 73,81  This occurred by their production of RA and 

TGF- � . 73,81  The induced Foxp3    +     Tregs were as efficient as natu-

rally occurring Tregs in suppression assays  in vitro  and  in vivo.  
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 RA also enhanced the  in vitro  generation of Foxp3    +     Tregs 

from naive T cells in the presence of IL-2 and TGF- �  in the 

absence of DCs. 83,84  Furthermore, the addition TGF- �  and RA, 

but not RA, alone to spleen or CD103    −     MLN DCs was able 

to significantly enhance the differentiation of Foxp3    +     Tregs, 

whereas TGF- �  alone has modest enhancing effects, indicating 

that RA likely acts to enhance TGF- � -mediated Treg differen-

tiation. 73,74,81  

 In addition to positive effects on Treg differentiation, RA was 

able to suppress Th17 induction in the presence of IL-6 and 

TGF- � , 74,83  and IL-6 was capable of inhibiting Foxp3 induction 

with TGF- �  and RA, depending on the doses of RA and IL-6 

in the cultures. 74  This suggests that IL-6 (and possibly other 

cytokines, e.g., IL-1, TNF- � ) acts in a reciprocal fashion with 

RA to control Treg induction in the presence of TGF- � -rich 

environment of the intestine. 

 In contrast to CD103    +     DCs, CD103    −     DCs induced Th1 dif-

ferentiation and produced significant amounts of IL-6, TNF- � , 

and IL-23 in response to lipopolysaccharide or CD40 signaling, 

whereas CD103    +     DCs were much less responsive to stimulation 

and were shown to contain enzymes (ALDH1A2) involved in 

the conversion of retinol to RA. 73  In contrast, both CD103    +     

and CD103    −     DCs in the intestinal LP were capable of driv-

ing nearly equivalent Treg differentiation in the presence of 

TGF- �  that was dependent on RA. 81  Therefore, consistent with 

studies of intestinal homing receptor induction, it appears that 

CD103    +     DCs in the MLN may be derived from the intestinal 

LP, whereas the MLN CD103    −     DCs may have come directly 

from blood precursors. 73  Furthermore, the LP and not the MLN 

microenvironment may be important for DC conditioning for 

Treg induction.   

 INTESTINAL MACROPHAGES 
 Although both DCs and macrophages are members of the 

mononuclear phagocyte system, DCs can be distinguished from 

macrophages based on their dendritic morphology, their effi-

cient ability to capture, process and present antigens to naive T 

cells, and their unique life cycle, acting as sentinels in periph-

eral tissues that on tissue or microbial signals carry self- and 

foreign antigens to draining lymphoid tissues for the induction 

of T-cell tolerance and immunity. As such, DCs have developed 

unique endocytic system for processing of antigens, are localized 

in many peripheral sites exposed to the external environment, 

and go through a defined process of maturation in response to a 

variety of stimuli. Macrophages belong to a vast family of tissue 

cells, including Kupffer cells in the liver, and glial cells in the 

brain, but generally share several general functional attributes, 

at least in many tissues in which they are found. In particular, 

they have predominantly innate immune functions, such as the 

capturing and killing of microbes, the scavenging of apoptotic 

and dead cells, and the production of regulatory cytokines. They 

are also less efficient at presenting antigen to T cells. What is 

clear, however, is that the phenotype and functions of both 

DCs and macrophages can vary depending on the tissue and 

the presence of tissue injury, inflammation, and exposure to 

microorganisms and external antigens. In addition, there is 

significant overlap in the origins, surface characteristics, and 

many functional attributes of these cell types, which is becom-

ing more apparent as more sub-populations of these cell types 

are defined. 

 Macrophages have been defined in the intestinal tract in both 

mice and humans, and are present in high numbers. In fact, 

in early studies, based on the expression levels of the F4 / 80 

glycoprotein, which is present on circulating monocytes as well 

the vast majority of tissue macrophages in the mouse, the small 

and large intestines contained by far the largest reservoir of these 

cells in the body. 85  F4 / 80    +     cells are found extensively in the 

small and large intestine, where they are in close contact with 

the epithelium, and express CD11b and low-to-modest levels 

of major histocompatibility complex II. 86,87  F4 / 80    +     cells have 

also been identified in PPs of mice, however, are present at very 

low numbers and are found at the follicle base near the draining 

lacteals. 9  Of note is the fact that F4/80 is also expressed on some 

 “ DC ”  populations, such as Langerhans cells, so the extent to 

which this marker differentiates cell types in the murine intes-

tine is not yet clear. In other species, including humans, highly 

phagocytic cells described as macrophages, containing bacteria, 

are also found in the SED of the PP. In humans, LP macrophages 

in the colon to express CD11b and low levels of major histo-

compatibility complex II, as well as microsialin (CD68) and low 

levels of CD11c. 88  In the human small intestine, macrophages 

express high levels of major histocompatibility complex II and 

CD13, a zinc metalloproteinase, but negligible levels of CD11b 

and CD11c. 89  

 Intestinal macrophages from humans and mice appear to 

share several unique characteristics in the steady state. First, 

they avidly phagocytose particulate antigens and bacteria, and 

are highly active in killing these organisms. 20,89  Second, they 

are highly suppressed in their responses to activating signals 

from cytokines or pathogens, including TLR ligands, that typi-

cally induce the production of proinflammatory mediators and 

cytokines and enhance the antigen-presenting capacity of circu-

lating monocytes (see ref. 90   and ref. 91  ). This includes the poor 

proinflammatory cytokine and chemokine production, as well 

as the lack of inducible expression of costimulatory molecules. 

Intestinal macro-phages lack or have poor expression of most 

innate response receptors, notably CD14, Fc � , and Fc �  recep-

tors, TLR1-5 and TREM-1. In addition, they have suppressed 

nuclear factor- � B signaling, possibly due to the presence of sup-

pressive cytokines, such as IL-10 or TGF- � , similar to what has 

recently been shown for DC populations. 92  

 Furthermore, mouse intestinal macrophages produce 

IL-10, both constitutively 93  and following stimulation with 

bacteria. 87  In fact, IL-10 may be essential for this poor respon-

siveness of intestinal macrophages in mice, as intestinal 

macrophages from IL-10    −     /     −     mice have enhanced cytokine pro-

duction in response to TLR-ligand stimulation. 87,93,94  Therefore, 

intestinal macrophages in the steady state are noninflammatory 

cells that retain the capacity to phagocytose and kill invading 

microbes. 

 Recent data in mice suggest that intestinal macrophages may 

also have the capacity to induce Foxp3    +     Tregs. 93  Thus, it was 
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shown that intestinal macrophages (CD11c lo CD11b    +    F4 / 80    +     

cells) from the murine small intestine produced IL-10, and 

induced Foxp3    +     Tregs from naive T cells in culture, but only 

significantly in the presence of exogenously added TGF- � . 

Interestingly, in this study, Treg induction was IL-10 depend-

ent, and DC populations, including CD11b    −    CD103    +     DCs, 

were not capable of inducing Tregs in the absence of TGF- � . 

Furthermore, CD11b    +     DCs, which were identified to be pri-

marily CD103    −    , induced Th17 cells, which was suppressed by 

co-culture with intestinal macrophages. Although it is not yet 

clear why this study provided discrepant results from studies 

from other laboratories with regard to CD103    +     intestinal DC 

function, 73,75  it indicates an additional suppressive function of 

intestinal macrophages. Local macrophages may be capable of 

supporting Treg and blocking Th17 induction within the local 

tissues. 

 During active intestinal inflammation, as occurs in Crohn ’ s 

disease in humans, blood monocytes appear to be recruited to 

inflamed tissues where they release a variety of proinflammatory 

cytokines, such as TNF- � , macrophage infiltrating factor, IL-1, 

IL-6, IL-12, and IL-18, which are critically involved in the onset 

and the development of Crohn ’ s disease. Furthermore, during 

infectious inflammation of the intestine, such as that occurring 

with  S. typhimurium  infection in the mouse, a population of 

CD11c int  CD11b    +     cells is recruited to PPs that produce TNF- �  

that may be derived from monocytes. 95  These cells may be simi-

lar to the cells recruited to the spleen during listeria infection 

that produced TNF- �  and inducible nitric oxide synthase (so-

called  “ Tip DCs ” ). 96  Recently, these same cells have been impli-

cated in the regulation of IgA production in mucosa-associated 

lymphoid tissues. 97    

 DEVELOPMENT OF INTESTINAL DC POPULATIONS 
 Comparatively little is known about the developmental and 

functional relationships between DC populations and macro-

phages in the intestine, in particular when compared with what 

is known about the spleen or skin. 

 This issue was recently addressed in cell transfer studies aimed 

at identifying the progenitors of LP DCs. It is now clear that 

two sub-populations of blood monocytes exist in mice, humans, 

and rats, one that is CCR2    +     CX3CR1 int  and the other that is 

CCR2 −   CX3CRI hi  (see ref. 98  ). Both subsets in the mouse express 

F4 / 80 and CD11b. In addition, CCR2    +     cells also express high 

levels of LyC6 (stained with GR1 antibody) and were originally 

shown to migrate to inflammatory sites (so-called  “ inflamma-

tory ”  monocytes), whereas CCR2    −     cells express low levels of 

Ly6C and migrate constitutively to noninflammed sites; both 

have the potential to give rise to DCs. 99  In addition, the same 

group isolated a common progenitor from the bone marrow that 

has the capacity to differentiate into both DCs and monocytes 

(monocyte and dendritic cell progenitor, MDP). 100  Using adop-

tive transfer strategies with these defined cell populations, 101  it 

was demonstrated that CCR2    +    Ly6C hi  monocytes given intra-

venously to normal mice resulted in no detectable spleen or LP 

DCs derived from the transferred cells. However, when given 

to mice depleted of CD11c cells using the CD11c diphtheria 

toxin receptor transgenic mice given diphtheria toxin, LP DCs 

were readily replenished by transferred monocytes. In contrast, 

spleen DCs were only repopulated when given MDP and not 

CCR2    +    Ly6C hi  monocytes. The same was true for mice made 

genetically deficient for CD11c    +     cells. 101  Furthermore, all 

monocyte-derived DCs were CX3CR1    +     cells, similar to what 

has been shown for a large portion of LP DCs from normal mice, 

and in particular those that extend dendrites into the intestinal 

lumen. 26  

 These studies indicate that monocytes may be a source of at 

least a subpopulation of LP, but not spleen DCs, under steady-

state conditions. In contrast, spleen and possibly LN conven-

tional DCs develop from a separate BM-derived precursor 

population.  100   ,   102   One obvious question remaining is whether 

monocytes can only give rise to LP DCs under conditions of 

depletion, as occurs for Langerhans cells in the skin following 

ultraviolet irradiation, as no LP DCs were detectable without 

depletion. 101  The fact the surface phenotype of the generated 

LP DCs was similar to what one finds in normal mice suggests 

that this may not be the case. While the progenitors for MLN 

DC populations have not been studied, these data suggest that 

conventional DCs in organized mucosal lymphoid tissues may 

be derived from different populations than LP DCs. 55  Lastly, 

it was recently shown that some CD11c hi  as well as CD11c int  

cell populations from the small intestinal LP express F4 / 80.  92   

Whether these cell populations represent monocyte-derived 

cells is not at all clear, and raises caution in using the F4 / 80 as 

a marker of intestinal macrophages. Clearly more needs to be 

done to define the phenotype and ontological relationships of 

intestinal  “ DC ”  and  “ macrophage ”  populations. 

 CONCLUDING REMARKS 
 Recent studies point to a primary role for the local tissue envi-

ronment in the conditioning of both DCs and macrophages in 

the steady-state to promote tissue specific immune responses 

that protect against pathology. In particular, factors produced by 

epithelial cells may be involved, as highlighted in several recent 

studies. 103 – 106  These may include TSLP (IL-50), TGF � , and 

others produced under continuous signaling induced by intes-

tinal flora. In addition, IL-10 from macrophages, 87,93  and 

DCs  69,92  acting in an autocrine or paracrine manner, as well as 

prostaglandin E 2  from stromal cells 107  may significantly influ-

ence DC and macrophage function. The end result of such con-

ditioning is to affect DCs to drive less pathological Th2 and Treg 

responses, and to positively affect IgA production against com-

mensal organisms, as well as for macrophages to act as innate 

cells by phagocytosing and killing bacteria. 

 How microenvironental conditioning of DCs and TLR sig-

naling can be overcome to initiate positive immune responses 

to pathogens is not yet clear. However, the use of virulence fac-

tors by pathogenic bacteria 108  may induce the expression of 

chemokines, and inflammatory cytokines from epithelial 109  or 

other cells, likely resulting in the recruitment of innate immune 

cells including neutrophils and macrophages, as well new DC 

precursors. 110  Under these conditions, the change in the local 

milieu, including the production of IL-6, TNF �  and IL1 �  would 
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overcome regulatory effects of locally suppressive factors (TSLP, 

PGE 2 , and TGF � ) to drive monocyte differentiation into inflam-

matory macrophages and to activate new DC populations, 

which, following their migration to MLNs or to T-cell zones 

in mucosal follicles will drive effector rather than regulatory 

T-cell differentiation. In addition, the local production of proin-

flammatory factors (including IL-6) may subvert effector T-cell 

suppression by Tregs. 111  

Clearly a better understanding of how to define DC and 

macrophage populations in the intestine, and how they func-

tion together within local inductive and effector tissues has the 

potential to contribute greatly to the development of new vac-

cines and treatments for intestinal inflammation.   
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