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Abstract

Recent studies have highlighted a central role for intestinal dendritic cells (DCs) and vitamin A 

metabolite retinoic acid (RA) in the generation of α4β7+ CCR9+ “gut tropic” effector T cells. 

Here, using RA-responsive element reporter mice, we demonstrate that both splenic and 

mesenteric lymph node (MLN) DCs enhanced retinoic acid receptor (RAR) signaling in CD8+ T 

cells; however, only a subset of MLN DCs, expressing the integrin α-chain CD103, induced an 

early RAR signal that is required for efficient CCR9 induction. MLN-primed CD8+ T cells also 

received enhanced RAR-dependent signals compared with splenic-primed CD8+ T cells in vivo. 

Further DC-mediated induction of gut homing receptors was inhibited at a high antigen dose 

without influencing RAR signaling events, and resulted in less efficient CD8+ T-cell entry into the 

small intestinal mucosa. These results highlight a complex interplay between antigen dose and DC 

subset-induced RAR signaling events in the generation of tissue tropic effector T-cell subsets.

Introduction

Effector T-cell migration into lymphoid and non-lymphoid tissues is a multistep process 

mediated by the coordinated interaction of adhesion receptors on the T-cell surface with their 

ligands on vascular endothelial cells. Two homing receptors, the integrin α4β7 and the CC 

chemokine receptor (CCR)9, have been a particular focus of attention in regulating effector 

T-cell migration to the intestinal mucosa. α4β7 is expressed at high levels on a subset of 

circulating antigen-experienced T cells and mediates their entry into the intestinal mucosa 

via interactions with mucosal addressin cell adhesion molecule-1, expressed on intestinal 

lamina propria (LP) microvascular endothelium.1 CCR9 is expressed by a subset of β7+ T 

cells in the circulation and the majority of small intestinal T cells, but only by a minor 

fraction of colonic T cells,2–4 whereas its ligand CCL25 is constitutively and selectively 

expressed by small intestinal epithelial cells.2,5 T-cell receptor (TCR) adoptive transfer 

models using neutralizing antibodies to CCL25, or CCR9−/− T cells, have demonstrated a 

central role for CCL25/CCR9 in effector T-cell migration to the small intestinal mucosa, but 
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not to other peripheral tissues.3,6,7 Thus, expression of CCR9 and α4β7 marks a subset of 

circulating effector T cells with enhanced intestinal homing capacity.

Recent studies have highlighted a central role for intestinal lymph nodes and intestinal 

dendritic cells (DCs) in the generation of CCR9+ α4β7+ effector T cells.6,8–10 Using TCR 

transgenic adoptive transfer models, we and others have demonstrated that CD4+ and CD8+ 

T cells activated in mesenteric lymph nodes (MLNs), but not peripheral lymph nodes or the 

spleen, are induced to express CCR9 and α4β7.3,6,7,11 Furthermore, T cells primed with 

antigen-pulsed MLN or Peyer’s patch (PP) DCs, but not splenic or peripheral lymph node 

DCs or MLN preparations depleted of DCs, expressed CCR9 and high levels of α4β7.6,9,10

The vitamin A (retinol) metabolite retinoic acid (RA) induces expression of both CCR9 and 

α4β7 on anti-CD3 and anti-CD28 antibody-activated CD4+ T cells and on B cells.12,13 

Conversion of retinol into RA is a two-step enzymatic oxidation catalyzed by alcohol and 

retinal dehydrogenases.14,15 Importantly, MLN and PP DCs, but not splenic DCs, were 

found to be capable of converting 3H-all-trans(at)-retinol to 3H-at-RA, and the ability of 

MLN and PP DCs to induce α4β7 was partially inhibited with the retinal dehydrogenase 

inhibitor citral.12 RA signals through heterodimeric retinoic acid receptor (RAR)/retinoid X 

receptor,16 which function as ligand-induced transcription factors by interacting with 

retinoic acid-responsive elements (RAREs), so-called DR5 sequences, located in the 

promoter region of target genes to regulate transcription.17,18 Addition of a pan-RAR, but 

not RVR antagonist partially blocked α4β7 expression on CD4+ T and B cells cultured with 

PP or MLN DCs,12,13 and together, these results have led to the suggestion that the 

selective ability of intestinal DCs to induce gut homing receptors on responding 

lymphocytes in vitro lies in their ability to generate RA and induce RAR signaling in these 

cells. Nevertheless, we have recently identified a subset of DCs within the murine MLN that 

express the integrin αE(CD103)β7. These cells make up approximately 40% of DCs within 

the MLN, and T cells primed with antigen-pulsed CD103+, but not CD103−, MLN DCs 

expressed CCR9 and high levels of α4β7.8 Thus, not all MLN DCs are efficient at 

generating gut homing effector T cells.8 Moreover, splenic and CD103− MLN DCs are 

capable of inducing moderate levels of α4β7 on responding T cells in vitro, particularly 

after long-term cultures.8,19

TCR signal strength during T-cell activation, defined for example by antigen dose or the 

duration of the antigen-presenting cell (APC)/T-cell interaction,20 plays a critical role in 

determining the outcome of effector T-cell differentiation. For CD8+ T cells, antigen dose 

has been demonstrated to regulate cytolytic function and interferon-γ production,21 and 

brief compared to sustained TCR signaling resulted in reduced expression of the 

antiapoptotic factor Bcl-xL and the interleukin (IL)-2Rα, IL-15Rα, and common γ-chain 

(γc) cytokine receptors.22 The role of antigen dose in the generation of tissue tropic effector 

CD8+ T-cell subsets remains to be investigated.

In this study, we have determined the role of DC-induced RAR signaling and antigen dose in 

regulating gut homing receptor expression on CD8+ T cells. Our results highlight a complex 

interplay between DC subset-specific, early RAR signaling events and RAR-independent 
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inhibitory signals induced at high antigen dose in the regulation of gut homing receptor 

expression on CD8+ effector T cells.

Results

DC-mediated induction of gut homing receptors is dependent on RAR signaling

In initial experiments, we determined whether the ability of MLN DCs to induce CCR9 on 

responding CD8+ T cells was in part due to the generation of soluble mediators. TCR-

transgenic ovalbumin (OVA)-specific CD8+ T cells (OT-I cells) were cultured with OVA 

peptide (pOVA)-pulsed splenic DCs in the lower chamber of a transwell system, in the 

presence or absence of pOVA-pulsed MLN DCs with or without OT-I cells in the upper 

insert chambers (Figure 1a). As expected, pOVA-pulsed MLN DCs efficiently induced 

CCR9 on responding OT-I cells, although pOVA-pulsed splenic DCs did not (Figure 1a, I 

and II). When MLN DCs were placed in the upper insert, a small percentage of OT-I cells 

responding to antigen-pulsed splenic DCs expressed CCR9 (Figure 1a, III), and expression 

was further enhanced by addition of pOVA-pulsed MLN DCs with OT-I cells in the upper 

insert (Figure 1a, IV). Thus, CCR9 is induced by soluble factor(s) produced by MLN DCs, 

and the production of this factor(s) is enhanced in the presence of antigen-primed T cells.

To determine whether MLN DC-mediated induction of CCR9 and α4β7 on CD8+ T cells 

was dependent on RAR signaling, pOVA-pulsed MLN DCs were cultured with OT-I cells in 

the presence of the pan-RAR antagonist AGN194310.23 Although AGN194310 had no or 

minor effects on OT-I cell proliferation, CXC chemokine receptor 3 (αCR3) induction, and 

CD62L down-regulation over a wide range of inhibitor concentrations (Figure 1c, data not 

shown), it dose-dependently inhibited expression of CCR9 and α4β7 on responding OT-I 

cells (Figure 1b,c). Thus, MLN DC-induced RAR signaling is critical for induction of gut 

homing receptors on CD8+ T cells, as previously shown for CD4+ T cells.12

To determine whether splenic DC-mediated induction of α4β7 was also dependent on RAR 

signaling, splenic DCs were pulsed with low-dose pOVA (conditions that enhance induction 

of this integrin; see below) and incubated with OT-I cells in the presence of AGN194310. 

Splenic DC-mediated induction of α4β7 on responding OT-I cells was also completely 

blocked with 1 nM AGN194310 (Figure 1d). Together, these results suggest that splenic 

DCs are capable of generating RAR ligands, and that differences in the ability of MLN and 

splenic DCs to induce CCR9 and α4β7 on CD8+ T cells in vitro may lie in the levels of 

RAR ligands produced, in the kinetics of RAR ligand generation, and/or in the production of 

additional factors by either DC subset.

RAR signaling in T cells in response to MLN and splenic DCs

Several retinol metabolites can interact with RAR/RXR to mediate binding to RAREs, 

including at-RA, 9-cis-RA, and 4-oxo at-RA.23–25 Nevertheless, we were unable to detect 

these metabolites in DC: T-cell co-culture supernatants using sensitive high performance 

liquid chromatography-atmospheric pressure chemical ionization-mass spectrometry 

(HPLC-APCI-MS/MS)26 (detection limit 0.7 nM), whereas RA was readily detected in 

spiked control supernatants (data not shown). Thus, to compare the ability of DCs to induce 
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RAR signaling in T cells, we isolated CD8+ T cells from DR5 transgenic mice. These mice 

contain a transgene with three RARE DR5 repeats coupled to a minimal TATA box from the 

herpes simplex virus thymidine kinase promoter and a luciferase reporter (DR5-luciferase 

mice; K. Ebihara and R. Blomhoff, unpublished data). Addition of RA dose-dependently 

enhanced luciferase activity in anti-CD3 antibody-stimulated CD8+ DR5-luciferase 

(DR5.CD8) T cells (Supplementary Figure S1 online), demonstrating that the DR5 transgene 

is functionally responsive to RAR signals in these cells. As expected, addition of MLN DCs 

to anti-CD3 antibody-stimulated DR5.CD8 cells induced expression of CCR9 on a subset of 

responding DR5.CD8 cells, whereas addition of splenic DCs did not, and MLN DC-induced 

CCR9 expression was inhibited by addition of AGN194310 (Figure 2a). After 24 h culture, 

anti-CD3 antibody-stimulated DR5.CD8 cells exhibited enhanced luciferase activity when 

cultured in the presence of MLN DCs compared with splenic DCs or anti-CD3 antibody 

stimulation alone, and this enhanced activity was blocked by addition of AGN194310 

(Figure 2b). Similar results were obtained when luciferase levels were normalized to the 

total protein levels (Supplementary Figure S2 online). The levels of MLN DC-induced RAR 

signaling were similar to those observed after addition of approximately 0.5 nM RA to anti-

CD3 antibody-stimulated DR5.CD8 cells (data not shown), consistent with our inability to 

detect RAR ligands in supernatants by HPLC-APCI-MS/MS. By 72 h, total luciferase 

activity had increased in all cultures (Figure 2b), even when normalized to total protein 

content (Supplementary Figure S2 online), indicating enhanced RAR signaling and/or 

enhanced luciferase accumulation in the cells. Furthermore, at this time point, splenic and 

MLN DCs induced similar levels of luciferase activity in anti-CD3 antibody-stimulated 

DR5.CD8 cells (Figure 2b).

The inability of splenic DCs to induce CCR9, despite inducing similar levels of RAR 

signaling as MLN DCs at late time points, suggested that early RAR signals may be 

important for induction of CCR9 on responding T cells in these cultures. To test this 

hypothesis, RA was added to anti-CD3 antibody-primed CD8+ T cells at 0, 24, 48, and 72 h, 

and the expression of CCR9 on responding T cells determined at 96 h. Consistent with an 

early role for RAR signaling in CCR9 induction by MLN DCs, CD8+ T cells supplemented 

with 10 nM RA at 0 and 24 h effectively induced CCR9, whereas inclusion of RA at later 

time points induced only low levels of CCR9 expression (Figure 2c).

CD103+ MLN DCs have a unique capacity to induce early RAR signaling in CD8+ T cells

To determine whether CD103+ and CD103− MLN DCs differed in their capacity to induce 

RAR signaling in responding T cells, MLN DCs were isolated from FMS-like tyrosine 

kinase-3 ligand (Flt3L)-treated mice, and FACS (fluorescence-activated cell sorter)-sorted 

CD103+ and CD103− MLN DCs were added to anti-CD3 antibody-stimulated DR5.CD8 

cells (Figure 2d). We have previously demonstrated that CD103+, but not CD103−, MLN 

DCs from FLT3 treated mice efficiently induce gut homing receptor expression on CD8+ T 

cells, as with untreated mice.8 Moreover, although Flt3L treatment resulted in increased 

numbers of MLN DCs, it had no marked effect on MLN DC subset composition based on 

expression of CD8α, CD11b, CD103, CCR7, CD40, and CD86 (data not shown). CD103+ 

MLN DCs induced a significantly higher luciferase activity in responding DR5.CD8 cells 

compared with CD103− MLN DCs at 24 h, and a similar trend (although not significant) was 
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observed at 72 h. Together, these results suggest that the unique ability of CD103+ MLN 

DCs to induce CCR9 is due, at least in part, to their ability to induce early RAR signals in 

responding T cells.

To determine whether RAR signaling occurs in CD8+ T cells following their activation in 
vivo and whether RAR signaling differs in CD8+ T cells primed in the MLN vs. spleen, 

DR5-luciferase mice were crossed with OT-I mice and DR5.OT-I mice were immunized 

intraperitoneally (IP) with OVA (0.2 mg). Forty-two hours later, CD8+ T cells were purified 

from the MLN and spleen by magnetic cell sorting (MACS), and luciferase activity was 

assessed. Although CD8+ T cells activated in the MLN and spleen displayed a similar degree 

of activation, as assessed by CD69 expression (Figure 2e), MLN-primed CD8+ T cells 

displayed enhanced luciferase activity on a per cell basis compared with splenic DC-primed 

CD8+ T cells (Figure 2f). Thus, CD8+ T cells receive RAR-dependent signals after priming 

in both the spleen and MLN in vivo; however, the level of RAR signaling is greater in the 

MLN.

Induction of CCR9 and α4β7 on CD8+ T cells is antigen dose dependent

Antigen dose plays a central role in regulating various aspects of T-cell differentiation, 

including cytokine production and cytolytic function;21 however, the role of antigen dose in 

the induction of tissue homing receptors has yet to be explored. To determine the effect of 

peptide dose in the induction of gut homing receptors, DCs were pulsed with various doses 

of pOVA, washed, and their ability to induce gut homing receptors on responding OT-I cells 

was determined (Figure 3). As peptide dose increased, there was a dramatic reduction in the 

ability of MLN DCs to induce CCR9 and, although less pronounced, α4β7, on responding 

OT-I cells (Figure 3a,b). α4β7 induction on splenic DC-primed OT-I cells also decreased 

with increasing peptide dose (Figure 3b). Splenic DCs displayed only a limited capacity to 

induce CCR9 expression (Figure 3a,b). Differences in CCR9 and α4β7 expression on OT-I 

cells responding to the different peptide doses were also observed when comparing cells that 

had undergone a similar number of divisions (Figure 3c) and thus was cell cycle 

independent. In contrast to CCR9 and α4β7, induction of CXCR3 and downregulation of 

CD62L were similar on MLN and splenic DC-primed T cells and displayed only marginal 

changes with different peptide doses (Supplementary Figure S3 online).

As with total MLN DCs, CD103+ MLN DCs more efficiently induced CCR9 expression 

when pulsed with low compared to high antigen doses (Figure 3d), although induction of 

CCR9 occurred relatively more efficiently at the high antigen dose compared to total MLN 

DCs. Furthermore, CD103− MLN DCs pulsed with low-dose antigen were capable of 

inducing some CCR9 on responding OT-I cells, albeit to a much lesser extent than CD103+ 

MLN DCs (Figure 3d). Strikingly, and in marked contrast to gut homing receptors, 

expression of E-selectin ligand, a molecule involved in effector T-cell localization to 

inflammatory sites outside the intestine, was induced on OT-I cells by CD103−, and to a 

lesser extent by CD103+, MLN DCs pulsed with a high antigen dose (Figure 3d).
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RAR signaling is not reduced at high antigen dose

To determine whether increasing antigen dose inhibited the ability of RAR ligands to induce 

gut homing receptors, OT-I cells were incubated with pOVA-pulsed splenic DCs in the 

presence of RA. Addition of RA to splenic DC:OT-I cell cultures dose-dependently induced 

expression of CCR9 and α4β7 on OT-I cells (compare upper and lower panels in Figure 4a). 

However, when splenic DCs were pulsed with increasing doses of pOVA prior to co-culture 

with OT-I cells, the capacity of exogenous RA to induce expression of CCR9 and α4β7 

decreased (Figure 4a, data not shown). To determine whether the effect of antigen dose was 

due to an inhibition of RAR signaling, DR5.OT-I cells were activated in vitro with pOVA-

pulsed MLN DCs. As with wild-type OT-I cells, CCR9 levels decreased on DR5.OT-I cells 

when they were stimulated with high-dose pOVA-pulsed MLN DCs (data not shown). 

Nevertheless, DR5.OT-I cells primed with high-dose pOVA-pulsed MLN DCs showed 

similar luciferase activity compared with DR5.OT-I cells primed with low-dose pOVA-

pulsed MLN DCs (Figure 4b). Together, these results suggest that a negative signal is 

generated in DC:T-cell co-cultures at higher antigen doses that can inhibit RA-induced 

expression of CCR9 and α4β7 downstream of RAR signaling.

CCR9 induction in vivo is antigen dose dependent

To determine whether CCR9 induction on CD8+ T cells is antigen dose dependent in vivo, 

5,6-carboxyflurescene succinimidyl ester (CFSE)-labeled CD45.2+ OT-I cells were 

adoptively transferred into CD45.1+ wild-type recipient mice. Recipients were immunized 

IP with OVA in the presence or absence of lipopolysaccharide, and CCR9 expression on 

responding OT-I cells in the MLN was determined 2–3 days later. As the amount of OVA 

administered was increased, there was a marked and dose-dependent reduction in the 

proportion of responding OT-I cells that expressed CCR9 (Figure 5a,b), and this reduction 

was cell cycle independent (Figure 5c). Similar dose-dependent reduction of CCR9 

expression was observed when lipopolysaccharide was used as an adjuvant (data not shown). 

Thus, induction of CCR9 during CD8+ T-cell priming in MLN in vivo may also be regulated 

by antigen dose.

OT-I cell primed with high antigen dose-pulsed MLN DCs home less efficiently to the small 
intestinal epithelium

Finally, to determine whether antigen dose has an impact on the ability of OT-I cells to 

localize to the small intestine, OT-I cells primed in vitro with low (CD45.1+ CD45.2+) and 

high (CD45.2+) antigen dose-pulsed MLN DCs were coinjected into CD45.1+ recipient 

mice, and their ability to localize to the spleen, MLN, and small intestinal epithelium was 

assessed 24 h later (Figure 5d,e). Although OT-I cells from both groups entered spleen and 

MLN with a similar efficiency, OT-I cells primed by low antigen dose-pulsed DCs had a 

fourfold higher capacity to localize to the small intestinal epithelium compared to OT-I cells 

primed by high antigen dose-pulsed DCs (Figure 5d,e). Collectively, these results 

demonstrate a role for antigen dose in regulating gut homing receptor induction on CD8+ T 

cells that may impact on their ability to localize to the small intestinal mucosa.
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Discussion

Recent studies have demonstrated a central role for intestinal LN DCs in the generation of 

CCR9+ α4β7+ “gut tropic” T cells and suggested that their capacity to induce gut homing 

receptors on responding T cells lies in a selective ability to generate RA from vitamin A (for 

review see refs. 27, 28). Moreover, we have recently demonstrated that only a subset of 

MLN DCs, expressing the integrin CD103, are efficient at inducing gut homing receptors on 

responding T cells in vitro.8 Here, using a novel RARE reporter mouse, we demonstrate that 

both splenic and MLN DCs are capable of enhancing RAR signaling in CD8+ T cells and 

that the unique ability of CD103+ MLN DCs to induce gut homing receptors lies, at least in 

part, in their selective ability to induce RAR signaling events early after T-cell priming. We 

further demonstrate that DC-mediated induction of gut homing receptors is inhibited at high 

antigen dose without affecting RAR signaling events and that this results in less efficient T-

cell localization to the small intestine. Together, these results highlight a central and 

competing role for DC subset-induced RAR signaling and antigen dose-dependent inhibitory 

signals in regulating gut homing receptor expression on CD8+ T cells.

The selective ability of MLN and PP DCs to generate gut tropic effector T cells has been 

proposed to lie in their unique ability to generate RA from vitamin A.12 Consistent with this 

observation, we found that an RAR antagonist blocked the ability of MLN DCs to induce 

gut homing receptors on responding CD8+ T cells. However, several key findings in this 

study suggest an additional level of complexity in DC-mediated RAR signaling. Firstly, we 

found that splenic DC-mediated induction of α4β7 is also RAR dependent and that splenic 

DCs induced similar RAR signals as MLN DCs in responding T cells 72 h after T-cell 

activation in vitro. Thus, splenic DCs appear to possess the enzymatic machinery to generate 

functional RAR ligands at concentrations sufficiently high to induce α4β7 expression in 
vitro. These findings may help explain previous observation that antigen-pulsed splenic DCs 

are capable of inducing α4β7 on T cells in vitro, particularly late after activation.19 

DR5.OT-I T cells also received RAR-dependent signals following their activation in the 

spleen in vivo, suggesting that the ability of splenic DC to enhance RAR signaling in 

responding T cells is not due to the in vitro culture conditions used. However, in contrast to 

the in vitro situation, CD8+ T cells activated in the splenic environment fail to express α4β7. 

Thus, additional mediators within the splenic environment appear to suppress α4β7 

induction. Alternatively, in contrast to the in vitro system, where cumulative RAR signaling 

may occur, T cells activated in the splenic environment may not be exposed to sufficient 

levels of RAR ligands to induce this receptor. Secondly, we demonstrate that CD103+ but 

not CD103− MLN DCs are capable of inducing an early RAR signal in responding CD8+ T 

cells, and this correlated with their selective ability to drive efficient CCR9 expression in 
vitro. Importantly, CD8+ T cells displayed enhanced RAR signaling following their 

activation in the MLN compared with the spleen, demonstrating for the first time inductive 

site-dependent differences in RAR signaling levels in T cells in vivo. Although these results 

strongly suggest that RAR ligand generation by CD103+ MLN DC underlies the selective 

generation of CCR9+ α4β7+ “gut tropic” T cells in intestinal LN, it will be important in 

future studies to determine the potential role of non-DC-derived RAR ligands in this 

process.
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Although the mechanisms underlying the selective ability of CD103+ MLN DCs to induce 

an early RAR signal remain to be determined, we have recently demonstrated that CD103+ 

DCs are present in large numbers in the small intestinal LP and that small intestinal LP DCs 

are particularly potent at inducing CCR9 on responding T cells in vitro.8 Furthermore, 

although CD103+ DCs are also found in the murine colon and lung, these DC populations 

fail to efficiently induce CCR9 expression on responding OT-I cells (Jaensson, E., Hansson-

Uronen H. & Agole, W. Manuscript in preparation). Thus, a possible explanation underlying 

the ability of CD103+ MLN DCs to induce early RAR signaling in T cells is that these cells 

are imprinted with an enhanced ability to metabolize vitamin A in vivo, selectively in the 

small intestinal environment. The signals that regulate the ability of murine DCs to 

metabolize vitamin A are currently unclear; however, Szatmari et al.29 recently reported that 

peroxisome proliferator-activated receptor-γ ligands play a central role in regulating retinoid 

metabolism in human monocyte-derived DCs by inducing retinal dehydrogenase expression. 

As natural peroxisome proliferator-activated receptor-γ ligands are present in the intestinal 

mucosa,30 further studies examining the role of peroxisome proliferator-activated receptor-γ 
signaling in imprinting CD103+ LP DCs with the ability to generate gut tropic effector T 

cells and the ability of non-small intestinal CD103+ DC populations to induce RAR 

signaling in T cells are clearly warranted.

An additional key finding of this study is the importance of antigen dose in regulating tissue 

homing receptor expression on CD8+ T cells. Activation of OT-I cells by MLN DCs pulsed 

with a low antigen dose, or administration of a low antigen dose in vivo, led to efficient 

generation of CCR9+ α4β7+ OT-I cells, whereas pulsing of MLN DCs or in vivo 
administration of a high antigen dose resulted in reduced CCR9 and α4β7 levels. The ability 

of CD103+ and CD103− MLN DCs to induce gut homing receptors on responding T cells 

was also reduced at high antigen dose. Although the molecular mechanisms underlying 

antigen dose-dependent regulation of tissue homing receptors are currently unclear, high 

antigen dose appeared to antagonize the effects of RA without affecting RAR signaling in T 

cells. Thus, high antigen dose-dependent inhibition of CCR9 and α4β7 appears to act 

independently or downstream of RAR signaling. Sigmundsdottir et al.31 recently 

demonstrated that DCs can metabolize vitamin D and that the vitamin D metabolite 

1,25(OH)2D3 can inhibit RA-induced expression of CCR9 and α4β7 on human anti-CD3 

antibody-stimulated T cells. However, in apparent contrast to the situation reported with 

human T cells, 1,25(OH)2D3 failed to inhibit RA- or MLN DC-induced expression of CCR9 

or α4β7 in murine CD8+ T cells, across a wide range of doses and in the presence or 

absence of IL-12 (Svensson, M., & Agala W. Unpublished data). Thus, 1,25(OH)2D3 

appears not to be the inhibitor of CCR9 and α4β7 induction in these cultures. Remarkably, 

expression of E-selectin ligand, which is required for effector T-cell entry into extra-

intestinal sites of inflammation,32,33 increased on MLN DC-primed T cells with increasing 

antigen dose and thus displayed an inverse correlation to that of gut homing receptors. This 

implies that antigen dose may be an important parameter in regulating the generation of 

additional tissue tropic T-cell subsets. The antigen dosedependent increase in E-selectin 

ligand expression may also be of potential relevance regarding the mechanism of high 

antigen dose-mediated inhibition of gut homing receptors. Antigen-pulsed Langerhans cells 

or peripheral lymph node DCs induce E-selectin ligand expression on responding T cells,
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19,34 and supernatants from peripheral lymph node DC:T-cell cultures promote induction of 

E-selectin ligand expression on anti-CD3 antibody-stimulated T cells while suppressing 

expression of α4β7 and CCR9.19 Thus, it seems possible that similar signals are generated 

in DC:T-cell cultures pulsed with high antigen dose to suppress CCR9 while enhancing E-

selectin ligand expression. Indeed, our preliminary studies indicate that soluble factor(s) are 

in part responsible for the inhibition of gut homing receptor expression at high antigen dose, 

although the nature of these inhibitors remains to be resolved. As RA inhibits E- and P-

selectin ligand expression on responding T cells,12 these data collectively suggest a model 

in which competing signals generated during DC: T-cell interactions play a central role in 

regulating tissue homing receptor expression on responding T cells, and that the relative 

intensity of these signals is dependent on the DC source and antigen dose.

In addition to its role in gut homing receptor induction, RA was recently reported to 

synergize with transforming growth factor-β to promote Treg generation35–39 and to 

antagonize IL-6-dependent Th17 cell development.37,38 In addition, MLN or small 

intestinal LP DCs,36,37,39 and in particular CD103+ intestinal DCs,36,39 displayed an 

enhanced capacity to generate Treg cells, compared with splenic DCs, that was dependent on 

RAR signaling. Thus, DC-mediated RAR signaling appears to promote Treg and suppress 

Th17 development. This dual role for RAR signaling in inducing gut homing receptor 

expression and in promoting Treg generation is likely of importance in directing newly 

generated Treg populations to the small intestinal LP to help maintain gut homeostasis. 

Nevertheless, these observations beg the question of how effector/inflammatory gut tropic 

CD4+ T cells are generated in the MLN, and the role DC-mediated RAR signaling pathways 

play in this process. In this regard, we have previously demonstrated that coadministration of 

adjuvant with antigen (IP) enhances gut homing receptor induction on MLN-primed CD8+ T 

cells, indicating that these receptors are efficiently induced on T cells during immunogenic 

responses.8 Further studies aimed at unraveling the pathways regulating RAR-dependent 

Treg generation vs. RAR-dependent gut homing receptor induction on effector T-cell 

populations, including the role of adjuvant and antigen dose, will be needed to address this 

important issue.

In summary, results from this study demonstrate that DC-mediated induction of gut homing 

receptors on CD8+ T cells is dependent on the ability of distinct DC populations to induce 

RAR signaling in responding T cells and that CD103+ MLN DCs are unique in generating 

an early RAR signal that appears to underlie their selective capacity to induce CCR9. 

Moreover, we demonstrate a previously unrecognized role for antigen dose, functioning 

independently or downstream of RAR signaling, in regulating tissue homing receptor 

expression. Together, these results have potential important implications for the design of 

vaccine strategies aimed at enhancing tissue-specific immune responses.

Methods

Mice

OT-I, C57BL/6, and C57BL/6-CD45.1 mice were obtained from Jackson Laboratory (Bar 

Harbor, ME). The generation and characterization of the transgenic DR5-luciferase reporter 

mice will be published elsewhere (K. Ebihara and R. Blomhoff, unpublished data). Briefly, 
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the DR5 transgene contained three copies of the RARE motif from the RAR-β2 promoter 

(i.e., 3× DR5 elements) coupled to a luciferase reporter gene. DR5-luciferase mice that had 

been backcrossed to C57BL/6 mice for at least 10 generations were used for experiments. 

DR5.OT-I double transgenic mice were generated by crossing homozygous OT-I and DR5-

luciferase mice. All mice were bred and maintained at the BioMedical Center Animal 

Facility, Lund University, Sweden, and all animal procedures were approved by the local 

ethical board.

Reagents

R10 culture media contained the following reagents (all from Gibco-BRL, Paisley, UK): L-

glutamine-supplemented RPMI, 10% fetal calf serum, HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) (10 mM), sodium pyruvate (1 mM), β-mercaptoethanol (50 

µM), penicillin (100Uml−1), streptomycin (100µgml−1), and gentamicin(20µgml−1). DNase I 

and collagenase type IV, lipopolysaccharide (Escherichia coli serotype 055:B5), RA and 

OVA (grade VI) were from Sigma-Aldrich (Steinheim, Germany). Recombinant IL-7 and 

IL-15 were from R&D Systems Europe (Abingdon, UK). Endotoxin was removed from 

OVA preparations using Detoxi-Gel chromatography (Pierce Biotechnology, Rockford, IL). 

CFSE was from Invitrogen (Paisley, UK). Synthetic pOVAs (OVA257–264 peptide 

(SIINFEKL)) were from Innovagen (Lund, Sweden). The pan-RAR inhibitor AGN194310 

was kindly provided by Rosh Chandraratna at Allergan (Irvine, CA).

Cell purifications and CFSE labeling

CD8β+ cells and splenic or MLN DCs were isolated by MACS as previously described.3,6 

CFSE labeling was performed as previously described.3 For isolation of CD103+ and 

CD103− MLN DCs, CD11c+ MLN DCs were enriched as described.6 DCs were then 

labeled with APC-conjugated anti-CD11c (eBioscience, San Diego, CA) and phycoerythrin-

conjugated anti-CD103 (BD Biosciences Europe, Erembodegem, Belgium) and sorted on a 

FACSAria (BD Biosciences). For the experiments presented in Figure 2d, DCs were isolated 

from mice injected with Flt3L-secreting B16 melanoma cells, as previously described.8

In vitro cell cultures

Purified DCs were pulsed with varying concentrations of pOVA for 1 h at 37 °C. Following 

repeated washes, pOVA-loaded DCs were added together with OT-I cells into flat-bottomed 

96-well plates (Nunc, Roskilde, Denmark) or 24-well 0.4 µm transwell plates (Costar, New 

York, NY). For 96-well plates and upper insert chambers of transwells, 105 DCs and 2×105 

OT-I cells were added in 200 and 100 µl R10 media, respectively, whereas 2.5×105 DCs and 

5×105 OT-I cells were co-cultured in 1 ml and 600 µl R10 media in 24-well plates and lower 

transwell chambers, respectively. Cultures were analyzed by flow cytometry after 4 days of 

incubation at 37 °C. For long-term cultures, cells were supplemented with 1 ml fresh media 

containing 10 ngml−1 IL-7 and IL-15 on day 4 and were analyzed by flow cytometry after a 

total of 7 days of culture. Supernatants for retinoid measurements were collected at 18 h of 

culture in the dark to avoid light-induced RA breakdown.
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Flow cytometry

The following fluorescein isothiocyanate-, phycoerythrin-, APC- or biotin-conjugated 

antibodies were used in flow cytometry analysis: anti-Ly5.1 (clone A20), anti-Ly5.2 (104), 

anti-CD8β (53-5.8), anti-α4β7 (DATK32), anti-CD62L (Mel-14), anti-CD103 (M290), anti-

CD69 (H1.2F3), and anti-MHC-II (M5/114) from BD Biosciences. Anti-CD11c (HL3) and 

phycoerythrin-conjugated anti-Ly5.2 (104) were from eBioscience. CCR9 expression was 

detected using either a monoclonal rat anti-CCR9 antibody (7E7 (ref. 40)) kindly provided 

by O. Pabst or a polyclonal rabbit IgG anti-CCR9 antibody (K629 (ref. 41)). Monoclonal rat 

anti-CXC chemokine receptor 3 (4C4) was kindly provided by Millenium Pharmaceuticals 

(Cambridge, MA). Unconjugated antibodies were detected using relevant secondary 

reagents; biotinylated mouse anti-rat IgG2b (RG7/11.1) and biotinylated mouse anti-rat IgM 

(G53-238) were from BD Biosciences; biotinylated goat anti-rabbit IgG was from Jackson 

ImmunoResearch Laboratories (West Grove, PA). Biotinylated antibodies were detected 

using APC-conjugated streptavidin (BD Biosciences). Dead cells were distinguished using 

7-amino-actinomycin D (Sigma-Aldrich).

Flow cytometry was performed as previously described.3 Data acquisition was performed on 

a FACSCalibur or FACSAria (BD Biosciences) and analysis was performed using CellQuest 

(BD Biosciences) or FlowJo software (Tree Star, Ashland, OR).

Determination of retinol and retinol metabolites by HPLC-APCI-MS/MS

HPLC-APCI-MS/MS analysis was performed as previously described.26

Luciferase measurements

Splenic CD8+ T cells were isolated from DR5 or DR-5.OT-I mice by MACS and cultured on 

anti-CD3 antibody (10 µg ml−1)-coated 96-well plates (2×105 cells per well; Nunc) or half 

area plates (105 cells per well; Costar) in the presence of MLN or splenic DCs at a DC:T-cell 

ratio of 1:2. After 24 and 72 h, cells were spun down in the plates and washed with 

phosphate-buffered saline, and the remaining cell pellets were lysed by addition of 40 µl 

lysis buffer (Lysis Buffer; Promega, Madison, WI). Total protein concentration was 

determined using a BCA Protein Assay Kit (Pierce Biotechnology). For measurement of 

luciferase activity, 25 µl of lysate was transferred to white luminometer 96-well plates 

(Costar) together with 40 µl luciferase assay reagent (Promega). Chemiluminescence was 

quantified using a Lumistar Galaxy Luminometer (Labvision, Runcorn, UK).

For assessment of luciferase activity in CD8+ T cells from DR5.OT-I mice activated in vivo, 

MACS-purified CD8+ cells were added to 96-well plates and assayed as described above.

Adoptive transfers

CFSE-labeled OT-I cells (CD45.2+, 3–5×106 per mouse) were injected intravenously (IV) 

into C57BL/6-CD45.1 recipient mice. One day later, mice were immunized IP with 200 µl 

phosphate-buffered saline containing endotoxin-free OVA, with or without 50 µg 

lipopolysaccharide. Recipient mice were killed after 2–3 days, and donor OT-I cells in the 

MLN were analyzed by flow cytometry.
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For in vivo homing studies of in vitro-primed OT-I cells, OT-I cells were primed with MLN 

DCs pulsed with a high (2,000 pM) or low (40 pM) antigen dose as described above. 

Following 4 and 6 days of culture, cells were expanded with fresh R10 culture media 

supplemented with IL-7 (10 ng ml−1) and IL-15 (10 ng ml−1). After 7 days of culture, equal 

numbers of cells from both groups were mixed and injected in 200 µl phosphate-buffered 

saline IV into three C57BL/6-CD45.1 recipient mice (4×106 total cells per mouse). After 24 

h, recipient mice were killed and the ratio of low antigen dose-primed OT-I to high antigen 

dose-primed OT-I cells was assessed in the spleen, MLN, and small intestinal epithelium by 

flow cytometry.

Statistical analysis

All statistical analyses were performed using a two-tailed Mann–Whitney test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CCR9 and α4β7 induction requires signaling via RA receptors.
(a) Experimental setup to investigate the nature of CCR9-inducing signals. (II–IV) Purified 

CD11c+ splenic DCs (2.5×105) were pulsed with pOVA(1 nM) and incubated with 5×105 

CFSE-labeled OT-I cells in the lower chamber of a 0.4 µm transwell. (I, III, and IV) Purified 

CD11c+ MLN DCs (105) were pulsed with 1 nM pOVA and added (III) alone or (I and IV) 

together with 2×105 CFSE-labeled OT-I cells to the upper insert. After 4 days of culture, OT-

I cells cultured with (I) MLN DCs or (II–IV) splenic DCs were analyzed for CCR9 

expression by flow cytometry. Results are from one representative experiment of three 

performed. (b and c) RAR signaling is required for induction of CCR9 and α4β7 expression 

on OT-I cells. Antigen-loaded (20 pM) MLN DCs (105) were co-cultured with OT-I cells 

(2×105) in the presence or absence of pan-RAR inhibitor AGN194310. Following 4 days of 

culture, CCR9 and α4β7 expression was determined on the OT-I cells by flow cytometry. (c) 

Bars represent mean±s.e.m. from three to four experiments. *P < 0.05 compared to no added 

inhibitor. (d) RAR signaling is required for splenic DC-mediated induction of α4β7 

expression on OT-I cells. Antigen-loaded (20 pM) splenic DCs (105) were co-cultured with 
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OT-I cells (2×105) in the presence or absence of pan-RAR inhibitor AGN194310. Following 

4 days of culture, α4β7 expression was determined on the OT-I cells by flow cytometry. One 

representative experiment of four performed. CCR, CC chemokine receptor; CXCR, CXC 

chemokine receptor; DC, dendritic cell; MLN, mesenteric lymph node; pOVA, ovalbumin 

peptide; RA, retinoic acid; RAR, retinoic acid receptor; SPL, splenic.
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Figure 2. CD103+ MLN but not CD103− MLN or splenic DCs provide early RAR-stimulating 
signals required for efficient CCR9 induction.
(a) CCR9 expression by CD8+ T cells stimulated with anti-CD3 antibody in the presence of 

MLN or splenic DCs. A total of 2×105 DR5.CD8 cells were stimulated with anti-CD3 

antibody (10 µg ml−1) in the presence of 105 MLN or splenic DCs, with or without the pan-

RAR inhibitor AGN194310 (100 nM). Expression of CCR9 was determined by flow 

cytometry after 96 h. Numbers represent percentage of CCR9+ CD8+ T cells. (b) Luciferase 

activity of DR5.CD8 cells stimulated with anti-CD3 antibody in the presence or absence of 
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MLN or splenic DCs. DR5.CD8 cells were cultured as in a. Luciferase activity was 

measured after 24 h (upper panel) or 72 h (lower panel). Bars represent mean±s.e.m. from 

four to six culture wells from two to three experiments. *P < 0.05, **P < 0.01. (c) Early 

RAR signaling is required for efficient CCR9 induction in responding T cells. CD8+ T cells 

were stimulated with anti-CD3 antibody (10 µg ml−1). RA (10 nM) was added at indicated 

time points, and T-cell expression of CCR9 determined after 96 h of culture. Bars represent 

mean±s.e.m. of the percentages CCR9+ OT-I cells from four individual wells from two 

experiments. *P < 0.05. (d) Luciferase activity of anti-CD3 antibody (10 µg ml−1)-

stimulated DR5.CD8 cells cultured in the presence of 105 CD103+ or CD103− MLN DCs 

isolated from Flt3L-treated mice. Luciferase activity was measured after 24 and 72 h and 

was normalized to the protein content of each individual well. Bars represent mean±s.e.m. 

from five to eight wells from two experiments. **P < 0.01. (e and f) Luciferase activity of in 
vivo-activated CD8+ T cells. DR5.OT-I mice were injected with OVA (200 µg, IP). Forty-

two hours later, CD8+ T cells were purified from the spleen and MLN by MACS and 

analyzed for (e) CD69 expression by flow cytometry and (f) luciferase activity. (e) Numbers 

represent percentage of positive cells. (f) Bars represent mean±s.d. of three wells. CCR, CC 

chemokine receptor; DC, dendritic cell; IP, intraperitoneally; MACS, magnetic cell sorting; 

MLN, mesenteric lymph node; OVA, ovalbumin; RA, retinoic acid; RAR, retinoic acid 

receptor; SPL, splenic.
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Figure 3. Induction of CCR9, α4β7, and E-selectin ligand expression in vitro is antigen dose 
dependent.
(a–c) Purified CD11c+ MLN or splenic DCs (105) were pulsed with pOVA and incubated 

with 2×105 CFSE-labeled OT-I cells. After 4 days of culture, OT-I cells were analyzed for 

expression of (a–c) CCR9 and (b and c) α4β7 by flow cytometry. (b) Bars represent mean

±s.e.m. of the percentage positive OT-I cells (n = 6). **P < 0.01. (c) OT-I cells were 

analyzed for CCR9 and α4β7 expression as a function of division. Mean±s.e.m. from six 

experiments. *P < 0.05, **P < 0.01; asterisks are placed between compared groups. (d) 

Induction of CCR9 and E-selectin ligand expression by CD103+ and CD103− MLN DCs is 

antigen dose dependent. Purified CD103+ and CD103− CD11c+ MLN DCs (105) were 

pulsed with pOVA and incubated with 2×105 CFSE-labeled OT-I cells. OT-I cells were 

analyzed for CCR9 and E-selectin ligand expression after 4 and 6 days of culture, 

respectively. Bars represent mean±s.e.m. of the percentage positive OT-I cells (n = 3–7). *P 
< 0.05. CCR, CC chemokine receptor; DC, dendritic cell; MLN, mesenteric lymph node; 

pOVA, ovalbumin peptide; SPL, splenic.

Svensson et al. Page 19

Mucosal Immunol. Author manuscript; available in PMC 2019 April 26.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Figure 4. High antigen dose inhibition of RAR-mediated CCR9 expression does not affect RAR 
signaling events.
(a) CD11c+ splenic DCs (105) were pulsed with pOVA and incubated with 2×105 CFSE-

labeled OT-I cells in the presence of indicated concentrations of RA. After 4 days of culture, 

OT-I cells were analyzed for CCR9 expression. Numbers are percentage of CCR9+ -

responding OT-I cells. Results are from one representative experiment of four to five 

performed. (b) RAR signaling activity does not decrease with increasing antigen dose. A 

total of 2×105 CD8+ DR5.OT-I cells were activated by 105 MLN DCs pulsed with various 
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doses of pOVA, and luciferase activity was measured after 24 h. Data are normalized to the 

luciferase activity in cells stimulated by MLN DCs pulsed with 20 pM pOVA and have been 

normalized for variation in protein content. Bars represent mean±s.e.m. from four to six 

culture wells from two to three experiments. Freshly isolated unstimulated DR5.OT-I cells 

(5×105) show < 10 luciferase (a.u.) per 5 µg protein. CCR, CC chemokine receptor; DC, 

dendritic cell; MLN, mesenteric lymph node; pOVA, ovalbumin peptide; RA, retinoic acid; 

RAR, retinoic acid receptor.
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Figure 5. CCR9 induction in vivo is antigen dose dependent.
(a–c) OT-I cells (3–5×106) were labeled with CFSE and transferred IV into C57BL/6-

CD45.1 recipient mice, and OVA was administered IP at the doses indicated. Mice were 

killed 2 or 3 days later, and CCR9 expression was determined by flow cytometry. (a) 

Numbers represent the percentage of CCR9+ cells among responding OT-I cells. (b) Bars 

represent the mean±s.e.m. of the percentage CCR9+ OT-I cells (n = 2–6). **P < 0.01. (c) 

CCR9 expression as a function of cell division. Bars represent mean±s.e.m. of the 

percentage CCR9+ OT-I cells after indicated number of cell divisions (n = 2–4). *P < 0.05. 

(d and e) OT-I cells primed by a high antigen dose have reduced capacity to localize to the 

small intestinal epithelium. OT-I cells were primed in vitro with low or high antigen dose-
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pulsed MLN DCs and after 7 days mixed at an equal ratio and injected IV into C57BL/6-

CD45.1 recipient mice. The ratio of low dose-primed OT-I cells (CD45.1+ CD45.2+) and 

high dose-primed OT-I cells (CD45.1− CD45.2+) was assessed in the spleen, MLN, and 

small intestinal epithelium after 24 h by flow cytometry. (d) Representative flow cytometry 

analysis of transferred OT-I cells in the spleen, MLN, and small intestinal epithelium after 

gating on donor cells. (e) Bars represent mean±s.d. of the ratio of low-dose/high-dose-

generated cells after normalization to the input ratio (n = 3). CCR, CC chemokine receptor; 

DC, dendritic cell; IP, intraperitoneally; IV, intravenously; MLN, mesenteric lymph node; 

OVA, ovalbumin; SIEP, small intestinal epithelium; SPL, spleen.
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