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Abstract
Lymphocytes are imprinted during activation with trafficking programs (combinations of adhesion
and chemoattractant receptors) that target their migration to specific tissues and
microenvironments. Cytokines contribute, but, for gut and skin, evolution has cleverly adapted
external cues from food (vitamin A) and sunlight (ultraviolet-induced vitamin D3) to imprint
lymphocyte homing to the small intestines and T cell migration into the epidermis. Dendritic cells
are essential: they process the vitamins to their active metabolites (retinoic acid and 1,25(OH)2D3)
for presentation with antigen to lymphocytes, and they help export environmental cues through
lymphatics to draining lymph nodes, to program the trafficking and effector functions of naive T
and B cells.

Leukocyte chemoattractant and adhesion receptors direct the systemic trafficking and the
microenvironmental positioning of the cells of the immune system and control cell-cell
interactions that regulate leukocyte activation in inflammation, immunity and immune
pathology1–5. Tissue- and inflammation-selective interactions of circulating lymphocytes
and other leukocytes with specialized vascular endothelium mediate leukocyte recruitment
in an active, multistep process involving tethering (mediated primarily by selectins and α4
integrins) and rolling (in which the enzyme vascular adhesion protein-1 (ref. 6), the lectin-
like oxidized LDL receptor-1 (ref. 7) and the hyaluronate receptor CD44 can also
participate8,9); chemoattractant-induced rapid integrin activation (mediated by chemokine
and other G protein–coupled receptors); activation-dependent firm arrest on the vessel wall
(mediated by integrins, especially β2 integrins); and diapedesis in response to
chemoattractants. Recruitment can be regulated at any or all of these points, and the
implications of this for combinatorial diversity, specificity, and mechanistic resiliency in
leukocyte trafficking have been discussed in detail4.

From the perspective of regional physiology and pathology, selective trafficking provides a
mechanism for segregating the specialized immune response modalities characteristic of
cutaneous versus systemic or intestinal immune responses and for targeting specialized
lymphocyte subsets to particular immune microenvironments, such as the B or T cell zones
in lymphoid tissues or the epithelial or subcutaneous tissues in the skin. From the
perspective of therapeutics, tissue- and microenvironment-specific homing represents an
attractive target for the manipulation of localized immune and inflammatory responses.

Recently, substantial progress has been made in identifying cells and molecular mediators
that are responsible for imprinting specialized trafficking programs. This review will focus
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on the emerging appreciation of the roles of external environmental factors and of dendritic
cells (DCs), which interpret, process and transport environmental signals, in the regulation
of tissue-selective lymphocyte homing.

Skin and intestinal trafficking programming
Specialized combinations of receptors target lymphocytes to particular sites such as the skin,
small intestines, peripheral lymph nodes, bronchus-associated lymphoid tissues and gut
associated lymph tissues (GALTs), including the Peyer’s patches. Mechanisms involved in
skin and small intestinal homing are particularly well characterized; they have been
reviewed recently in detail2,3,10,11 and are summarized here because of their specific
relevance to our discussion of the environmental control of trafficking programs. Memory T
cells specific for cutaneous antigens recirculate selectively through the skin in a process
directed by cutaneous lymphocyte-associated antigen (CLA) interaction with vascular E-
selectin, variable contributions of α4β1 binding to VCAM-1 (vascular cell adhesion
molecule-1), and lymphocyte function-associated antigen-1 (LFA-1, composed of αLβ2, also
known as CD11aCD18) binding to ICAM-1 (intercellular adhesion molecule-1).
Participation of chemokine–receptor pairs CCR4–CCL17 and/or CCR10–CCL27 is also
required for and helps direct this trafficking to skin12. Additional adhesion molecules,
enzymes and chemokines likely contribute as well but have been less well studied13–15. In
contrast, small intestine homing T cells use interactions between α4β7 integrin and
MAdCAM-1 (mucosal vascular addressin cell adhesion molecule-1), LFA-1 and ICAM-1 as
well as CCR9 and CCL25. Similar selective, albeit less completely understood, mechanisms
are thought to target bronchopulmonary, central nervous system and other site-specific T
cell responses16,17. Notably, functionally specialized B cell and T cell subsets often use
distinct receptor combinations for homing, allowing control of the functional repertoire of
lymphocytes in tissues. As one example, in contrast to mucosal T cells, which are CCR10–,
most IgA antibody-secreting cells (ASCs) express CCR10 and use it to respond to the
mucosal epithelial chemokine CCL28, which is involved in targeting IgA ASCs to the gut
(in combination with α4β7 and MAdCAM1, and probably LFA-1 interactions) and lactating
mammary glands and to non-intestinal mucosae (in combination with α4β1 and
VCAM-1)18–20.

Historical studies of lymphocyte homing in murine species and recirculation in the sheep led
to the hypothesis that the trafficking properties of naive lymphocytes, which localize
primarily to the organized lymphoid tissues of the body, are reprogrammed during antigen
activation to target effector and memory cells to particular extralymphoid tissues (reviewed
in refs. 21,22), and that the local lymphoid environment (rather than the nature of the antigen)
was a key determinant of the homing properties induced. This hypothesis was eventually
confirmed by demonstrating reprogramming of a homogeneous population of naive T cells
expressing a transgenic, monospecific T cell antigen receptor. Activation of these transgenic
T cells in the mesenteric lymph nodes (MLNs) rapidly upregulated intestinal homing
properties (α4β7 and CCR9), whereas activation within skin-draining (nonmucosal) lymph
nodes upregulated selectin ligands associated with peripheral (nonmucosal) tissue trafficking
in the mouse23. Thus, during an immune response, local microenvironments within skin-
draining and intestinal secondary lymphoid organs differentially direct T cell expression of
adhesion and chemoattractant receptors, targeting their effector and memory cell progeny to
the inflamed skin or the intestinal lamina propria.

External environmental cues for trafficking
For antigen-activated memory or effector T cells to be ‘instructed’ to home specifically to
extralymphoid sites such as the skin or intestines, cues must exist within the lymphoid
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tissues to provide the instruction. Such cues may include developmentally determined
factors, but, in at least two instances, evolution has cleverly co-opted tissue-specific,
external environmental stimuli to imprint homing. Vitamin A, which enters the body
exclusively through the diet, has been adapted to ‘imprint’ small intestinal homing
properties24, and vitamin D3, which is produced at uniquely high amounts in sun-exposed
skin, induces T cell tropism for the epidermis25. DCs play a dual role in this process,
processing both local antigen and the environmental signals themselves for presentation to
responding T cells. DCs also respond to local environmental signals and show regional and
functional specialization themselves.

Vitamin A and small intestinal lymphocyte homing
Vitamin A is a dietary, fat-soluble vitamin mainly obtained as retinol from liver and dairy
products and as carotenoids from plants. Vitamin A is converted to retinal and then to
retinoic acid, which binds to specific retinoic acid receptors (RARs), in the nuclear hormone
receptor family26, to mediate pleiotropic effects on gene transcription and cellular
differentiation. Although quantitative in vivo surveys of tissue concentrations of vitamin A
or its active metabolites are not available, direct assays confirm the small intestines as the
primary site of absorption and of enzymatic processing of vitamin A and of beta-carotenoids
to retinal; thus, that the small intestines and, by extension, the lymphoid tissues of the GALT
may experience uniquely high concentrations of retinoids27.

Recent studies indicate that the induction of small intestine–homing properties in responding
T cells is regulated by DC generation and presentation of retinoic acid. Addition of retinoic
acid to activated mouse T cells in vitro induces the expression of the gut homing receptors
α4β7 and CCR9 while suppressing expression of E-selectin ligands (equivalent to human
CLA) associated with skin tropism24 (Fig. 1). DCs isolated from GALT (but not DCs
isolated from spleen) express mRNAs encoding the retinal dehydrogenases (RALDH1 and/
or RALDH2) needed to convert retinal to retinoic acid. Moreover, GALT DCs are more
effective than splenic DCs at mediating this conversion in vitro, and they are better than
peripheral lymph node DCs at upregulating the gut homing receptor α4β7 and inducing the
small intestine–targeting receptor CCR9 on T cells24. Intestinal epithelial cells also express
vitamin A–metabolizing enzymes and by local production of retinoic acid may influence gut
T cell responses as well; but the ability of DCs to present both antigen and the
environmental cue retinoic acid to T cells is likely important for the efficiency and
specificity of the imprinting process. Moreover, intestinal DCs can carry antigen and gut
homing-inducing signals to the draining MLN for presentation to naive T cells as well.

In experiments using RAR response element reporter mice, activation of CD8+ T cells in
MLNs in vivo results in enhanced RAR signaling compared with activation in the spleen,
supporting the hypothesized GALT-selective role of retinoic acid28. Induction of the small
intestine homing receptors, especially CCR9, is specifically associated with a CD103+ DC
subset that is capable of rapidly inducing RAR signaling events upon T cell priming.
Isolated spleen DCs, which do not induce CCR9 in vitro, also enhance RAR signaling in
responding CD8+ T cells in vitro, but with delayed timing. Interestingly, CD103+ DCs are
abundant in the lamina propria of the small intestines and these DCs (but not CD103+ DCs
in colon or lungs) are potent inducers of CCR9 as well29. Integrin α4β7 mediates lymphocyte
homing to large as well as small intestines and is more readily induced than CCR9 under
diverse conditions in vitro: it is even induced above the low amounts expressed by naive
cells during in vitro activation by peripheral lymph node DCs or by antibodies to CD3 and
CD28, albeit not to the high levels programmed by retinoic acid (unpublished observations).
In contrast, CCR9 is more selectively involved in small intestine homing and is under more
stringent retinoic acid–dependent control. The ability of CD103+ DCs from small but not
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large intestines to induce CCR9 thus supports a preferential role for retinoic acid in the
proximal intestines.

These findings, together with the preferential expression of RALDH1 and/or RALDH2 by
Peyer’s patches and MLN DCs24, are consistent with the hypothesis that CCR9-inductive
DCs are specifically programmed in the small intestines for enhanced retinoic acid
production. The gut wall environment, possibly through local activation of transforming
growth factor-β, upregulates CD103 on T cells. It is attractive to postulate that the small
intestinal environment may induce CD103 and, potentially, retinoic acid synthesizing
enzymes in DCs located in the gut wall as well29, and thus that CD103+ CCR9-inductive
DCs found in MLNs may have recently arrived in the MLNs through the lymph. If the
hypothesis that CCR9-inductive DCs are ‘educated’ in the small intestines is correct,
retinoic acid itself could contribute. Peroxisome proliferator activated receptor-γ (PPAR-γ)
ligands in the gut wall may also play a role, as PPAR-γ upregulates retinoid-metabolizing
enzymes and enhances retinoic acid production in human DCs30.

An alternative hypothesis to explain the CCR9-inductive properties of isolated GALT DCs
is suggested by the finding that DCs can retain and potentially transport retinoic acid itself.
Retinoic acid pretreatment of human monocyte-derived DCs endows them with the ability to
induce CCR9 and upregulate α4β7 on T cells; this ability is inhibited by RAR antagonists,
confirming an essential role for DC-associated retinoic acid presentation to the T cells31.
Unexpectedly, however, this ability is not affected by inhibition of RALDH activity,
indicating that de novo DC production of retinoic acid is not involved. Instead, the DCs are
able to retain retinoic acid in an active form available to subsequently interacting T cells.
DCs are known to acquire antigen locally within tissues for transport through the draining
lymphatics. They may also physically transport retinoic acid from the gut wall (and
potentially other inductive factors, such as vitamin D3 from skin) for presentation to
antigen-reactive T cells in the draining lymph nodes. Such preloading with active retinoic
acid could help explain the rapidity of RAR signaling induced by CD103+ GALT DC and
their enhanced effectiveness at inducing CCR9.

If retinoic acid in the gut wall either programs DCs or loads them with retinoic acid for
induction of CCR9 on T cells one might expect that CCR9 induction and involvement in T
cell homing would be most prominent in the proximal small intestines, where dietary
vitamin A is first metabolized. Indeed, in mice, the CCR9 ligand CCL25 is expressed in a
proximal to distal gradient along the gut, with reduced expression in the ileum; and
lymphocyte homing to the proximal small intestines is more highly dependent on CCR9 than
is homing to the ileum, where CCR9-independent mechanisms have been implicated32.
Enzymatic processing of vitamin A as it enters the small intestines may provide a proximal
to distal gradient of retinoids that preferentially supports CCR9 induction, allowing focused
homing of T cells responding to proximal small intestinal antigens. The gradient of CCL25
expression along the gut may, however, be influenced in a complex manner by the
commensal bacterial community as well33.

Notably, the induction of gut homing receptors by RAR signaling is strongly influenced by
antigen dose: DCs pulsed with low antigen doses efficiently and selectively generate
CCR9+α4β7+ T cells, whereas high antigen doses actually dampen the induction of α4β7 and
CCR9 and reduce homing to the gut28. High antigen doses are associated with enhanced
selectin ligand expression, associated with skin homing in the mouse. It would be of interest
to determine whether high-dose antigen generates T cells that migrate less specifically (more
promiscuously to other tissues) in vivo. Bacterial or viral proteins that activate Toll-like
receptors (TLRs) may also modify trafficking profiles34.
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Vitamin D3 and T cell epidermotropism
Vitamin D3 is produced in the skin from 7-dehydrocholesterol by the action of sunlight—
specifically, ultraviolet B radiation, which penetrates only the outer layers of the skin, the
epidermis (Fig. 2a). The highest concentrations of 7-dehydrocholesterol are also found in the
epidermis, especially the innermost epidermal layers, the stratum basale and stratum
spinosum35. The production of previtamin D3 is therefore greatest in the epidermis adjacent
to the underlying connective tissue, the dermis. Once formed, the previtamin undergoes
spontaneous but relatively slow heat-induced isomerization to vitamin D3, so that vitamin
D3 generation and elevated vitamin D3 concentrations persist for several days after a single
sun exposure35,36. In the classical model, vitamin D3 then circulates in the blood and is
enzymatically processed, first in liver by the 25-hydroxylases CYP27A1 or CYP2R1 to
25(OH)D3, and then in the kidney by the 1-hydroxylase CYP27B1 to the active
1,25(OH)2D3 (ref. 37), which circulates systemically to control calcium homeostasis.
However, it is now clear that keratinocytes38, macrophages39 and DCs25 also express the
enzymes required for vitamin D metabolism. Human DCs, in particular, express both 25-
and 1-hydroxylase activities (CYP27A1 and CYP27B1) and thus can efficiently convert the
sunlight-induced vitamin to the active form for presentation to interacting T cells. Thus, in a
situation analogous to the local production of retinoic acid from vitamin A entering the
intestinal tract, vitamin D3 is generated at uniquely high concentrations within the skin itself
and can be converted locally by DCs to the active form 1,25(OH)2D3.

1,25(OH)2D3 induces expression of the chemokine receptor CCR10 on proliferating T
cells25. Vitamin D3 itself, when added to T cell–DC cocultures at concentrations achieved in
the skin after sun exposure, induces CCR10 on a subset of the responding T cells. In
contrast, serum concentrations of 25(OH)D3 (the principal circulating form of the vitamin)
or of 1,25(OH)2D3 are too low to efficiently induce T cell epidermotropism25 (Fig. 2b).
CCR10 can participate in homing of cutaneous memory T cells from the blood into the
dermis40, but is not required for recruitment, which can be mediated by CCR4 (refs. 40,41)
or, potentially, CCR8 (ref. 14). Instead, CCR10 is thought to be particularly important in
targeting T cells from the dermis toward and into the epidermis, as it mediates attraction to
CCL27, which is selectively secreted by keratinocytes42. Thus, in sun-exposed skin, CCR10
expression may be induced by vitamin D3 on activated T cells that have been recruited to
the dermis from the blood, directing their microenvironmental redistribution toward
juxtaepidermal and epidermal sites of ultraviolet-induced tissue damage (Fig. 2a). As
vitamin D3 can be transported through the lymph and blood, it is plausible that CCR10 can
be induced not only in the skin but, in some circumstances, in response to elevated vitamin
D3 concentrations in the skin-draining lymph nodes as well. Given the proposed export of
intestinal retinoic acid by gut DCs to the MLNs it will be important to ask whether
cutaneous DCs can transport functional amounts of ultraviolet B (UVB)-induced vitamin D3
or its metabolites for presentation in peripheral lymph nodes as well.

1,25(OH)2D3 inhibits the spontaneous upregulation of the gut homing receptor α4β7 on
activated human T cells and counteracts the ability of retinoic acid to enhance α4β7 and
induce CCR9 expression25. This inhibition of essential gut trafficking receptors by vitamin
D3 may help explain the exclusion of CCR10+ memory T cells from the gastrointestinal
tract despite expression by mucosal epithelia of the alternative CCR10 ligand CCL28, which
mediates CCR10-dependent IgA ASC recruitment to diverse mucosae43. However, vitamin
D3 by itself also partially inhibits expression of the skin homing receptors CLA and CCR4,
which mediate T cell recruitment into the dermis from the blood. Because these receptors
are highly expressed by almost all circulating CCR10+ T cells in vivo, it is clear that more
complexity is involved in the physiological control of cutaneous T cell phenotypes and
trafficking.
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It remains unclear whether vitamin D3 is essential for CCR10 expression on T cells. Indeed,
the involvement of CCR10 in T cell homing to cutaneous sites of delayed type
hypersensitivity in the mouse40, a nocturnal species, suggests that D3-independent
mechanisms may also exist for CCR10 induction in skin-draining lymph nodes.
1,25(OH)2D3 is capable of, but relatively inefficient at, inducing CCR10 on mouse T cells
in vitro25; and recent studies indicate that the mouse Ccr10 gene is missing a vitamin D
response element that plays a prominent role in human lymphocyte CCR10 induction44.
Moreover, although on effector and memory T cell populations CCR10 is restricted to
cutaneous T cells, it has also been reported on a subset of suppressor phenotype T regulatory
cells in tissues including the liver45, and it is highly expressed by IgA+ plasma cells in
mucosal tissues (see below). Together, these considerations suggest that UVB-induced
vitamin D3 is a potent inducer of T cell epidermotropism in sun-exposed skin but that
CCR10 may be regulated by independent pathways as well.

The parallels between vitamin A upregulation of CCR9-dependent gut homing and vitamin
D induction of CCR10-directed epidermotropism are noteworthy. The chemokine ligands
involved, CCL25 and CCL27, are both selectively expressed by epithelial cells (small
intestinal epithelial cells and keratinocytes, respectively) and are closely related to each
other in primary sequence. Receptors for both retinoic acid and 1,25(OH)2D3 belong to the
superfamily of ligand-activated heterodimerizing nuclear hormone receptors (NHRs) and
share a common partner, the retinoid X receptor (RXR)46. It is possible that the vitamin-
regulated epidermal and intestinal homing programs evolved from a primordial common
regulatory system for targeting immune cells to epithelial surfaces. NHRs as a family often
mediate metastable transcriptional responses, and they thus represent an elegant
evolutionary choice for malleable imprinting of lymphocyte migratory properties as a
function of environment. The transcriptionally controlled trafficking programs provided by
the vitamin D receptor VDR (for CCR10 expression) and the retinoic acid receptor RAR
(for CCR9 and α4β7) may be reinforced by periodic reexposure to their nuclear hormone
receptor ligands during the recirculation of lymphocytes through their target tissues, but the
progeny of skin- or gut-homing T cells can be redirected upon activation by antigen in a
different environmental context; for example, in central lymphoid sites such as the
spleen5,47,48. It is attractive to postulate that NHRs responsive to other environmental
ligands may regulate homing to the colon, lungs, liver or genitourinary tract.

Retinoic acid and 1,25(OH)2D3 have complex effects on DC and T cell biology in addition
to their roles in imprinting lymphocyte trafficking. Retinoic acid and 1,25(OH)2D3 both
inhibit T cell proliferation, suppress TH1 differentiation (interferon-γ production) and
enhance regulatory T cell generation49–57. Consistent with a physiologic role for retinoic
acid in this context, GALT DCs (especially CD103+ DCs) promote the generation of
regulatory T cells and suppress TH-17 development through an RAR-dependent
mechanism56. The immunosuppressive effects of the vitamin metabolites may serve to
moderate immune responses in the gastrointestinal tract and in sun-exposed skin; they also
likely underlie the effectiveness of RAR and VDR agonists in the treatment of psoriasis58

and of autoimmune diseases in animal models59,60. Clearly, however, these functional
properties are under more sophisticated and complex control in vivo, as gut-homing T cells
include effector TH1 as well as TH2, TH-17 and regulatory T cell populations. These
considerations underscore the complex involvement of 1,25(OH)2D3 and retinoic acid in
immune cell responses and the importance of context and microenvironment in defining
their effects.
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Vitamin cues in IgA ASC trafficking
IgA+ plasmablasts arise in mucosa-associated lymphoid tissues and traffic through the blood
to populate the intestinal lamina propria, bronchial wall or other mucosal surfaces, where
they secrete IgA. IgA+ plasmablasts induced by antigens from the small intestines, like
memory T cells, use CCR9 and α4β7 to home to the small intestine wall19,61. Many small
intestine–associated IgA+ ASCs and all colon- and lung-homing IgA+ plasmablasts also
express CCR10, which allows them to respond to the widely expressed mucosal epithelial
chemokine CCL28 (refs. 19,43,61). CCR10+ cutaneous memory T cells are excluded from the
gut wall because they lack α4β7, required for the efficient interaction with intestinal venules
involved in lymphocyte recruitment. Conversely, most CCR10+ IgA ASCs lack CLA (ref.
62), a key homing receptor for skin.

Recent studies suggest that vitamin A is important in imprinting plasmablast homing to the
small intestine63 and that gut-associated DCs are essential for the coordinate expression of
CCR9 and the IgA immunoglobulin isotype during the GALT response to small intestinal
antigens. As for T cells, retinoic acid presented by GALT-DCs during B cell stimulation
enhances α4β7 and induces CCR9 on the responding cells. DCs from MLN also enhance IgA
production, an effect that is amplified by retinoic acid but also requires DC-expressed
interleukin (IL)-6 or IL-5 (ref. 63). In contrast to the parallel roles of retinoic acid in
imprinting CCR9 expression for small intestine T cell24 and plasmablast homing63, the
mechanisms that induce CCR10 on IgA+ plasmablasts are less clear. 1,25(OH)2D3 induces
CCR10 on human B cells44, but whether this is relevant to mucosal lymphoid tissue
induction of CCR10 remains to be determined. Vitamin A deficiency but not vitamin D
deficiency has been linked to a reduction in mucosal IgA+ ASCs; CCR10 expression on
IgA+ plasmablasts does not require vitamin D or its receptor in mice; and it is unclear
whether the concentration of 1,25(OH)2D3 in mucosaassociated lymphoid tissues is
sufficient to induce CCR10 expression. Thus, distinct mechanisms, yet to be determined but
independent of RAR or VDR signaling, are likely to control CCR10 expression by IgA+

ASCs.

Context-dependent roles for cytokines
Cytokines, crucial effectors and regulators of immune responses, also regulate lymphocyte
trafficking, but they do so in a context-dependent manner that as of yet is poorly
understood64. As one example, the TH1 cytokine IL-12 induces and the TH2 cytokine IL-4
suppresses CLA expression on in vitro activated T cells65,66; but these cytokines have the
opposite effect on the skin homing chemokine receptor CCR4, which is upregulated by IL-4
and suppressed by IL-12 (ref. 67). This discordant regulation of these receptors in vitro does
not, of course, reflect physiologic expression patterns, as the migration of TH cells into the
skin is directed by CLA and CCR4 together. It is likely that physiologic imprinting, which
must induce the coordinated expression of specific receptor combinations to target homing
of different functional T and B cell subsets, also requires the coordinated activity of multiple
cytokines in the context of environmental cues. Moreover, imprinting in vivo is likely to
involve not only combinatorial signaling but also sequential exposure to external
environmental and cytokine cues during the evolution of antigen-dependent T cell and DC
responses.

Conclusion
The immune system takes advantage of simple vitamin cues from food and sunlight to help
differentially target immune responses to the small intestines and the epidermis. DCs are key
in this process, functioning, in a broad sense, as both interpreters and exporters of local
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environments. They not only process antigens, metabolically activate vitamin cues and
respond to local cytokines, they also transport the processed environmental signals to
draining lymphoid tissues for presentation to lymphocytes. Lymphocytes in turn respond to
the antigenic and tissue-specific signals with functional specialization (for example,
specialized isotype switching or cytokine responses) and with upregulation of trafficking
receptors to target them to sites similar to those where the DCs acquired their environmental
information. In addition to imprinting tissue-selective migration of effector and memory
cells, DCs may target functionally distinct lymphocyte subsets elsewhere as well; for
example, to germinal centers in the case of B helper T cells68.

In spite of the advances outlined here, however, many aspects of the imprinting and control
of trafficking programs remain to be clarified. The in vitro environments reconstructed to
date with GALT or skin-draining lymph node DCs neither recapitulate the speed nor
reconstitute completely the phenotypes observed during T cell imprinting in vivo. For
example, α4β7, which is expressed at low but functional levels by naive lymphocytes, is
efficiently downregulated during T cell responses in non-gut-associated lymph nodes in
vivo, but not in in vitro models, even when activated by skin-associated DCs. Conversely,
CCR4 is absent on most or all intestinal T cells in vivo but is only in part suppressed by
retinoic acid. Recent studies demonstrate the importance of trafficking receptors for tissue-
selective regulatory T cell (Treg) function in vivo69,70, but whether distinct as well as
common systems imprint homing of Treg versus TH subsets is unclear. Moreover, cells and
factors responsible for programming lymphocyte homing to other tissues such as the colon,
lung, central nervous system, oral cavity and genitourinary tract remain to be determined.

Defining the environmental cues and the processing events involved in targeting in vivo
immune responses will provide new opportunities for therapeutic control of lymphocyte
trafficking, with potential applications to enhancing the efficiency of vaccine-induced
immunity and to suppressing the pathology of autoimmune and inflammatory diseases.
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Figure 1.
Vitamin A and the imprinting of small intestine trafficking. Model of diet-induced DC-
mediated imprinting of T and B cell trafficking to the small intestines. Vitamin A is obtained
through the diet as retinol or as plant carotenes, which are locally processed to retinol.
Retinol is oxidized to retinal by alcohol dehydrogenases (ADH), and retinal is then oxidized
to the active metabolite retinoic acid (RA) by retinal dehydrogenases (RALDH). The small
intestines absorb vitamin A and efficiently process retinol to RA; these retinoids are
therefore represented at high concentrations in the gut wall27. DCs in the lamina propria
process antigen internalized by M cells and are educated by the local environment. For
example, transforming growth factor (TGF)-β activated by the epithelium is hypothesized to
upregulate CD103 on a subset of DCs. Mucosal DCs, in particular the educated CD103+

subset, also express enzymes (ADH, RALDH) necessary for processing retinol to RA.
Mucosal DCs bearing processed antigen transport it to the draining MLN, where they
present it to naive T cells. Retinol bound to protein can be transported through the
lymphatics, and DCs, perhaps especially the CD103+ subset, may also transport RA itself as
an active cargo. CD103+ DCs from the small intestines induce rapid and robust RA-
dependent signaling in antigen-reactive naive T cells in the MLN, efficiently imprinting the
T cells with small intestine–homing properties by upregulating CCR9 and α4β7. RA also
inhibits induction of the skin homing receptor CLA. Mechanisms responsible for
suppression of CCR4 expression on most gut T cells are not understood. Mucosal DCs also
support B cell differentiation into small intestine-homing IgA+ ASCs, a process that
involves synergy between IL-5 or IL-6, RA and DCs. DCs may present antigen in the
context of RA to memory or effector T cells in the lamina propria, as well, potentially
reinforcing their expression of small intestine–homing receptors CCR9 and α4β7.
MAdCAM, mucosal vascular addressin cell adhesion molecule; RAR, retinoic acid receptor;
RXR, retinoid X receptor.
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Figure 2.
Sunshine, vitamin D3 and T cell epidermotropism. (a) Model of sunlight-induced T cell
epidermotropism in the context of cutaneous antigenic stimulation and DC imprinting of
skin T cell trafficking. Sunlight generates vitamin D3 locally in the skin. UVB rays, which
penetrate only the outer layers of skin, generate previtamin D3 from 7-dehydrocholesterol, a
precursor that is expressed at uniquely high concentrations in the basal epidermis. Over
hours to days, the previtamin undergoes spontaneous isomerization to vitamin D3. DCs
express the vitamin D3 hydroxylases CYP27A1 and CYP27B1 and, along with
keratinocytes, can metabolize the UVB-induced vitamin to its active form, 1,25(OH)2D3. In
the sun-exposed skin, antigen-presenting DCs therefore generate and present high
concentrations of 1,25(OH)2D3 to memory or effector T cells, which respond by
upregulating CCR10 and migrating to the keratinocyte-expressed epidermal chemokine
CCL27. Cutaneous DCs also migrate through the lymphatics to present antigens to naive T
cells in lymph nodes. Many antigen-reactive naive T cells are imprinted with a skin homing
phenotype (CLA+CCR4hiα4β7–) that directs their trafficking through the blood into the
dermis. DC cytokines such as IL-12, which enhances the expression of CLA, are important,
but the factors responsible for CCR4 upregulation and, potentially, CCR8 (not shown)
expression, and for suppression of α4β7 expression, are not understood. After sun exposure,
vitamin D3, or locally generated 25(OH)D3 or 1,25(OH)2D3, may also be transported by
DCs or transported bound to transport proteins to the draining lymph node. Vitamin D3 or
its metabolites could be presented along with IL-12 and antigen to naive T cells, thus
generating an epidermotropic CCR10+, skin-homing T cell population in the primary
cutaneous immune response. CLA, cutaneous lymphocyte-associated antigen; RXR, retinoid
X receptor; VCAM, vascular cell adhesion molecule; VDR, vitamin D receptor. (b)
Concentrations of vitamin D and its metabolites found in human skin and blood. The sun
provides a skin-specific signal for imprinting of T cell epidermotropism through the local
generation of uniquely high levels of vitamin D3. The effective concentrations of vitamin
D3 and its metabolites 25(OH) D3 and 1,25(OH)2D3 needed for inducing CCR10
expression on T cells are shown. The concentrations of vitamin D3 found in the skin are
sufficient for DCs to induce CCR10 expression on responding T cells. However, the
concentrations of vitamin D and its metabolites in the blood (circulation) and reported D
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vitamin concentrations in intestines and other tissues are too low for the efficient induction
of CCR10 (discussed in ref. 25).
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