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Summary

Vitamin A and its active metabolite retinoic acid are essential for the

development and function of many tissues including the immune system.

The induction of mucosal homing receptors on T and B cells by mucosal

dendritic cells (DC) depends on the presence of vitamin A. Recent studies

indicate that also the differentiation of CD11b+ DC subsets in the mucosa

as well as the spleen depend on vitamin A signalling. As CD11b+ DC sub-

sets exert non-redundant functions in anti-bacterial and anti-fungal

immune responses, defects in CD11b+ DC differentiation will contribute

to the clinical problems observed during vitamin A deficiency.
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Introduction

Vitamin A (retinol) and its active metabolite retinoic acid

(RA) have been well known for their crucial role in

embryonic development, vision and the nervous system,

as well as in regulation and development of the immune

system.1 An estimated 190 million children have low lev-

els of serum vitamin A, which is associated with increased

susceptibility to infectious diseases.2 Vitamin A supple-

mentation decreases childhood mortality in areas where

vitamin A deficiency is endemic,3,4 which is related to the

fact that several key features of the mucosal immune sys-

tem are dependent on the presence of vitamin A. More

recently the development of conventional dendritic cells

(DC) in both mucosal and lymphoid tissues has been

shown to be influenced by vitamin A levels. In this review

we will provide a brief update on how vitamin A and RA

are regulated and how these factors exert their influence

on the mucosal immune system; we will then focus on

their effects on murine DC development and the immu-

nological implications of vitamin A deficiency.

Vitamin A metabolism

Dietary uptake of vitamin A is crucial for all vertebrates,

because they cannot synthesize vitamin A de novo from

food sources.5 Both vegetable and fruit-derived carote-

noids and retinyl esters from animal sources are con-

verted to retinol and taken up by enterocytes. Retinol is

stored in the liver from where serum levels of retinol are

tightly regulated.6,7 Retinol is released into the circulation,

bound to retinol-binding protein; and taken up by target

cells via a Stra-6-mediated uptake process (Fig. 1). In the

cytoplasm, retinol is reversibly oxidized by alcohol dehy-

drogenases or retinol dehydrogenases to retinal. A subse-

quent irreversible oxidation step by one of three

retinaldehyde dehydrogenases (RALDH1–3) yields all-

trans retinoic acid. The RA is transported into the

nucleus where it can bind to retinoic acid receptor (RAR)

and retinoic X receptor (RXR) heterodimers, which bind

to RA response elements present in the promoter regions

of various genes.1,8 Binding of RA to these RAR–RXR
dimers results in a conformational change, release of

co-repressors, recruitment of co-activators and initiation

of transcription. Hundreds of genes are regulated by RA,

either directly or indirectly and this explains the pleiotro-

pic effects of the agent.9 Because RA has a short half-life

and its degradation is regulated by cytochrome P450 26

family members10 it is thought that active RA is gener-

ated in the target cell itself or in nearby cells.

Mucosal immunity depends on vitamin A

The mucosal immune system has the important function

of preventing infections by intestinal pathogens and

maintaining tolerance to the commensal bacterial flora.

Migration of immune cells to the mucosal tissues is

achieved by the expression of specialized homing recep-

tors. In the small intestines expression of mucosal addres-

sin cell adhesion molecule-1 on endothelial cells together

with the chemokine CCL25 leads to specific homing of

integrin a4b7 and CCR9-expressing T and B cells, while
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homing to the large intestine is mediated by a4b7 and

a4b1 integrins.11 The imprinting of mucosa-specific hom-

ing receptors was shown to be specifically induced by DC

derived from mucosal tissues, but not from other periph-

eral lymphoid organs.12–14 Subsequently, Iwata et al. dem-

onstrated that mucosal DC expressed enzymes (RALDH1

and RALDH2) to convert retinal into RA, which in turn

induced gut-homing receptors on T cells. Vitamin A-defi-

cient mice exhibited severely decreased T-cell numbers in

mucosal tissues.15 Similarly, RA was shown to be neces-

sary and sufficient for the induction of gut homing of

IgA-secreting B cells.16 In addition to DC, epithelial cells

in the intestine and stromal cells of the mucosal lym-

phoid tissues possess the ability to synthesize RA and col-

laborate with DC to induce homing receptors.15,17,18

In the absence of inflammation, the mucosal immune

system stimulates the differentiation of regulatory T

(Treg) cells, while specific members of the microflora spe-

cifically induce inflammatory T helper type 17 (Th17) T

cells.19 In vitro studies have consistently shown that RA

enhances Treg and inhibits Th17 induction.20–22 However,

since in vivo studies using vitamin A-deficient mice did

not show a decrease in Treg cell frequencies, but instead

exhibited a decrease in Th17 cells,23,24 the exact role of

RA in Treg and Th17 cell development needs to be fur-

ther defined.

Mucosal DC are thought to gain the capacity to synthe-

size RA locally in the mucosa. RA itself up-regulates the

expression of RALDH2 and thereby stimulates RA pro-

duction. This positive feedback loop seems to be func-

tional in the gut as RALDH2 expression in DC has been

shown to correlate with vitamin A levels in the diet.25 As

intestinal epithelial cells highly express RALDH1 and

produce RA, conditioning of DC by intestinal epithelial

cells leads to RA production by DC.18,26 Also Toll-like

receptor ligands and granulocyte–macrophage colony-

stimulating factor have been shown to stimulate RA pro-

duction,27–30 but the in vivo relevance of the flora in the

induction of RALDH activity is not completely clear.

Together these studies clearly demonstrate a non-

redundant role for vitamin A and RA in the differentia-

tion of gut-homing effector T and B cells by mucosal DC.

More recent studies have revealed an important role for

vitamin A in the generation of DC, in particular the local

differentiation of DC from pre-DC in both the intestines

as well as the spleen. In the next paragraphs we will pres-

ent an overview of DC development and focus on the

specific role of RA in this process.

Overview of conventional DC development

Studies conducted in the last 20 years have resulted in

the identification of three main types of DC: plasmacy-

toid DC (pDC), monocyte-derived DC (moDC) and con-

ventional DC (cDC). In this review we will focus on the

development of cDC, which is the most important DC

cell type to stimulate T-cell responses. Murine cDC are

situated in all lymphoid and peripheral tissues and are

constantly replenished by precursor cDC (pre-cDC) from

the bone marrow as they have a relatively short life-span

of 5–7 days.31–33 In the bone marrow pre-cDC differen-

tiate from a common monocyte DC progenitor that

generates the monocyte lineage and committed DC

progenitors (Fig. 2).32 The committed DC progenitors

differentiate into pDC and pre-cDC, which migrate from

the bone marrow, via the blood, to lymphoid and non-

lymphoid tissues, where they further mature. FMS-like

tyrosine kinase 3 ligand (Flt3L) is the key growth and dif-

ferentiation factor for both pDC and cDC to develop in

vivo.34 The cDC lineage is characterized by expression of

the transcription factor Zbtb46 and is, although myeloid-

derived, clearly separate from the macrophage lineage.35–38

The cDC in lymphoid and nonlymphoid organs can be

further subdivided into different subsets with specific

phenotypes and functions and differential requirements

for transcription factors and growth factors.

Conventional DC subsets in lymphoid organs and
their development

Whereas the spleen only contains resident cDC that

directly differentiate from blood-derived pre-cDC, lymph

nodes contain both resident cDC and migratory cDC that

enter from the peripheral tissues. Originally, in the mouse

different types of CD11c+ cDC in lymphoid organs were

discriminated on the basis of CD8 and CD4 expres-

sion.39,40 Initial gene expression studies showed that

the expression profiles of CD4� CD8� (DN) and
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Figure 1. Cellular vitamin A metabolism and signalling. Retinol is

taken up from the blood via binding to Stra6. Two enzymatic oxida-

tion steps convert retinol to retinal and subsequently into retinoic acid

(RA). Upon transportation into the nucleus, RA binds to retinoic acid

receptor (RAR)/ retinoic X receptor (RXR) heterodimers and these

complexes regulate transcriptional activity of target genes via binding

to retinoic acid response elements (RAREs) in the promoter regions.
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CD4+ CD8� DC closely resembled each other, unlike the

CD8+ CD4� DC, which showed a distinct gene expres-

sion profile.41,42 CD8� DC, which include both CD4+ DC

and DN DC, express high levels of CD11b, DCIR2, Sirpa
and endothelial cell-selective adhesion molecule (ESAM),

in contrast to CD8+ DC, which exhibit expression of

CD205 (DEC205), CD24, XCR1 and Clec9a/DNGR1 and

low levels of CD11b. More recent studies confirmed the

close relationship between CD4+ and DN cDC, but also

identified a small population in the CD8+ DC subset that

is more related to pDC43 and a monocyte-derived popu-

lation in the CD8� cDC subset that is characterized by

low ESAM expression.44 A similar division into two main

DC subtypes has been reported for human DC. The

human CD141+ (BDCA-3+) DC subset is homologous to

the mouse CD8+ DC and the CD1c (BDCA-1+) DC is

comparable to the CD8� DC subset.45–50

Several transcription factor knockout mice have been gen-

erated that show deficiencies in one or more cDC subsets

(reviewed in refs 51,52). The development of CD8� DC

depends on the transcription factors RelB, interferon regula-

tory factor 2 (IRF2) and IRF4. In contrast the CD8+ DC dif-

ferentiation is abrogated in IRF8�/�, Batf3�/�, Nfil3�/� and

Id2�/� mice, although a recent study showed that CD8+

DC can emerge in the absence of Id2, Nfil3 and Batf3.53–56

How these transcription factors are regulated and drive

cDC subset differentiation is not very clear. RelB mediates

signalling of the lymphotoxin b receptor and lymphotoxin-

ab (LTab) binding to this receptor is required for the

development of CD8� DC in the murine spleen.57,58 Recent

reports show that the localization of CD4+ DC in the mar-

ginal zone and bridging channels of the spleen is regulated

by the chemotactic receptor EBI2 and its ligand 7a,25-
dihydroxycholesterol.59,60 In EBI2-deficient mice CD4+ DC

survival was impaired but the defect could be overcome by

lymphotoxin-b receptor signalling, suggesting that the

LTab signal is provided in the marginal zone bridging

channels. In addition, the marginal zone is described to

provide Notch signals to CD8� DC.61 Notch signals via the

transcription factor RBP-J and RBP-J�/� mice show a spe-

cific reduction of CD8� DC.62 Notch2 signalling is essential

not only for the generation of splenic CD8� DC, which are

characterized by high ESAM expression, but also for the

generation of CD103+ CD11b+ DC in the intestines.44

In conclusion, two main cDC subsets are present in

lymphoid tissues that are regulated by different sets of

transcription factors and growth factors. Most likely the

generation of these two DC subsets is induced by stimuli

provided in specific niches, but the identity and regula-

tion of these stimuli still require elucidation.

Conventional DC subsets in non-lymphoid organs

Conventional DC in peripheral organs do not express

CD8 or CD4 and have mainly been characterized by the

expression of CD103 and CD11b. Intestinal

CD103+ CD11b+ and CD103+ CD11b� DC derive from

pre-cDC in an Flt3L-dependent manner.63,64 Similar to

CD8� DC in the spleen, intestinal CD103+ CD11b+ cDC

require IRF4 and Notch2.44,63–67 CD103+ CD11b� cDC

require IRF8, Id2 and Batf3, but not IRF4 or Notch2 and

are thought to be closely related to lymphoid tissue CD8+

cDC.44,63–67 Homologous to intestinal cDC, lung cDC can

be divided into CD103+ CD11b� and CD11b+ cDC subsets

that are dependent on Batf3 and IRF4, respectively.63,65,68

Dermal cDC are also divided into similar subsets, and

although the presence of the CD11b+ cDC subset does not

appear to be dependent on IRF4, their migration is affected

in the absence of IRF4.69 Together these studies indicate

the presence of two cDC subsets in peripheral tissues with

considerable homology to the two cDC subsets in the lym-

phoid tissues and this has been confirmed by gene expres-

sion analysis.70 However, the CD11b+ cDC subset shows

more heterogeneity and also contains CD64+ macrophages

that are dependent on CSF-1R.68,71,72 In conclusion, when

only Flt3L-dependent cDC are considered, both peripheral-

tissue-resident cDC and lymphoid-tissue-resident cDC can

be discriminated into two homologous subsets (Fig. 2).

Vitamin A stimulates the development of splenic
and intestinal CD11b+ DC

Recently, we and others have discovered an important role

for the vitamin A metabolite RA in the generation of sple-

nic CD8� CD11b+ and intestinal CD103+ CD11b+ cDC

subsets.73–75 Mice fed with vitamin A-deficient food or

treated with a pan-RAR antagonist showed a significant

defect in splenic CD8� CD11b+ DC numbers and specifi-

cally in the ESAMhigh population that is dependent on

Notch2 signalling. In addition, intestinal CD103+ CD11b+

DC were decreased in vitamin A-deficient mice and in

mice treated with the pan-RAR antagonist, whereas

CD103+ CD11b� DC that are related to splenic CD8+ DC

were not affected or even increased. In contrast, high

amounts of RA in the food led to increased numbers of

CD8� CD11b+ DC in the spleen and inhibited the genera-

tion of CD8+ DC. Since pre-DC numbers were not affected

by decreased RA signalling, RA appeared to control the

transition of pre-DC to CD8� CD11b+ DC. In accordance,

transfer of pre-DC into vitamin A-deficient mice or into

mice treated with the pan-RAR antagonist also showed

decreased generation of CD8� CD11b+ ESAMhigh DC.

Together these results indicate that RA signalling is essen-

tial for the commitment of pre-DC to develop into the

CD8-CD11b+ DC subset (Fig. 2).

Whereas our studies and those of Klebanoff et al.

pointed to a role for RA in the local differentiation of

pre-DC into splenic and intestinal DC,73,74 the study by

Zeng et al.76 indicated a role for RA in pre-DC differenti-

ation already in the bone marrow. In this study RA

ª 2013 John Wiley & Sons Ltd, Immunology, 142, 39–45 41

Vitamin A and dendritic cell differentiation



induced the mucosal homing receptor a4b7 on bone-mar-

row-derived B220+ CD11cint DC precursors that preferen-

tially homed to intestinal lamina propria and spleen and

could differentiate into pDC and CD103+ DC. Surpris-

ingly, the RA-dependent a4b7
+ B220+ DC precursor

predominantly developed into intestinal CD103+ CD11b�

and splenic CD8+ DC, which is in contrast to the studies

by the teams of Beijer and Klebanoff in which the oppo-

site CD11b+ DC subset developed under the control of

RA.73,74 How can these different outcomes be reconciled?

One of the main differences between these studies is the

gating strategy used to define pre-cDC. As RA could

potentially have different effects on different types of pre-

cursors, the discrepancy in gating strategies could have

major implications for the outcome.

Another question is why vitamin A metabolism stimu-

lates cDC subset differentiation specifically in intestinal

lamina propria, mesenteric lymph node and spleen and

not in other lymph nodes. In the intestines retinol is

absorbed by intestinal epithelial cells, which express

RALDH1 and produce RA that may locally drive intesti-

nal CD103+ CD11b+ differentiation from pre-cDC. Most

of the absorbed retinol is incorporated into chylomicrons

and secreted in the intestinal lymph or alternatively,

directly secreted into the portal circulation where it is

stored in hepatic stellate cells.6 The liver ensures constant

retinol levels and stores sufficient amounts of retinol for

weeks to months. These blood retinol levels provide the

substrate for RA synthesis in the spleen, but why this

does not result in vitamin A-dependent DC development

in peripheral lymph nodes is still unclear.

Mechanisms of vitamin A-mediated DC
differentiation

Retinoic acid stimulates the development of CD8�

lymphoid and peripheral CD11b+ DC that also depend

on IRF2, IRF4 and RelB transcription factors. On the

other hand, CD8+ and CD11b� DC differentiation is

guided by IRF8, Id2 and Batf3. Retinoic acid could

potentially affect the expression or regulation of these

transcription factors, but although specifically RelBhigh

DC are affected in vitamin A deficiency, a role for vita-

min A in the regulation of this or other transcription fac-

tors has not yet been observed.73,74

The Notch signalling pathway is essential for the devel-

opment of CD11b+ DC in spleen and intestines.44,62 An

effect of vitamin A on Notch signalling in spinal cords has

been inferred from experiments in RALDH2-deficient

mice.77 Notch signalling is initiated by binding of one of

four different Notch receptors (Notch1–4) to one of five

ligands (delta-like ligand 1, 3 and 4, and jagged 1 and 2).

This binding initiates proteolytic cleavages of the intracel-

lular Notch domain by metalloproteinases and c-secretases.
Upon transport to the nucleus, the intracellular Notch

domain binds to transcription factors to initiate transcrip-

tion.78 Vitamin A could potentially affect this process at

many levels and could even exert its function at other cell

types that provide ligands for Notch receptors.

Alternatively, vitamin A may affect the generation of a

specific niche that drives CD11b+ DC differentiation or

influence the induction of receptors that induce migration

of preDC to this niche. The chemotactic receptor EBI2

guides CD8� DC to the marginal zone and bridging chan-

nels of the spleen.59,60 This area may form an essential niche

during CD11b+ DC development where they receive LTab
signals. Vitamin A could potentially stimulate the expres-

sion of LTab, LTbR, EBI2, or its ligand and thereby could

stimulate the development of CD8� DC in the spleen.

Since RAR/RXRs heterodimers control the expression

of hundreds of genes and multiple pathways are involved

in the differentiation of CD11b+ DC, experimental studies

that use conditional knock-outs will be necessary to eval-

uate the mechanism of RA-driven DC differentiation.

Retinoic acid
Notch2
LTαβ

Anti-bacterial
Anti-fungal

Pre-cDCCDPMDP

CD11b+ Sirpα+ DCs

pDCMonocytes

CD11b–  XCR1+ DCs

Anti-viral
Anti-tumour

Bone marrow Peripheral and lymphoid tissues

Figure 2. Differentiation of conventional den-

dritic cell (cDC) subsets. In the bone marrow

haematopoietic stem cells give rise to mono-

cyte DC progenitors that can develop into the

monocytic lineage and into committed DC

progenitors that generate the DC lineage.

Committed DC progenitors progress to plas-

macytoid DC (pDC) and pre-cDC that enter

the blood and seed the peripheral and lym-

phoid tissues. In these tissues pre-cDC receive

signals that stimulate the differentiation in

CD11b+ and CD11b� DC subsets.
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Functions of cDC subsets and implications of
vitamin A deficiency

Multiple studies have shed light on the specific functions

of the CD8+ and CD11b+ DC subsets and these have

revealed important non-redundant functions for both

subsets. Mouse CD8+ DC excel in the cross-presentation

of cellular material due to the expression of specific

receptors for apoptotic and necrotic cells.79,80 CD8+ DC

preferentially activate CD8+ T cells, produce interleukin-

12 and induce Th1 responses.42,81–83 Recent studies using

Batf3-deficient mice that lack CD8+ DC have shown an

essential role for this DC subset in the activation of CD8+

T-cell responses to viruses and tumours54 (Fig. 2).

CD8� DC also exert cross-presentation capacity, but

this is regulated by the type of pathogen and the expres-

sion of uptake receptors.84,85 CD8� DC have a dominant

role in CD4 T-cell activation and the induction of B-cell

responses.42,59,60,86 More recent studies indicate that the

related mucosal CD11b+ DC stimulate Th17 responses,

promote innate anti-bacterial responses via the produc-

tion of IL-23, are the main inducers of Th2 responses,

and stimulate B-cell responses.59,60,66–68,86–88

Vitamin A deficiency has been shown to result in a

switch from Th2 to Th1 responses, decreased antibody

responses, increased respiratory and intestinal infections,

and a general increased mortality (reviewed in refs 4,89–91).
Recently, the activation of CD4 T cells was shown to be

impaired in the absence of vitamin A signalling.74 As

CD8� CD11b+ DC are reported to stimulate Th2 and

antibody responses, the observed defects in Th2 and anti-

body responses in vitamin A deficiency may well be the

direct consequence of defective CD11b+ DC differentia-

tion. However, direct effects of RA on T-cell and B-cell

differentiation have also been described.91,92

Although an early study showed that CD8� DC were

effective in cross-presentation of fungal antigens and pro-

duce interleukin-23 in response to fungus,85 more recent

studies using IRF4- or Notch2-deficient mice have shown

that intestinal and lung CD103+ CD11b+ DC stimulate

anti-fungal Th17 responses by their capacity to produce

IL-6 and IL-23.66,68 In addition, IL-23 production by intes-

tinal CD103+ CD11b+ DC was shown to stimulate innate

lymphoid cells to produce IL-22 and to be essential in the

innate immune response to the intestinal bacteria Citrob-

acter rodentium.67 These studies indicate that the DC dif-

ferentiation defect observed in vitamin A deficiency may

well contribute to respiratory and intestinal infections.

Concluding remarks

Vitamin A deficiency due to insufficient dietary intake

is a major problem in underdeveloped countries, but

vitamin A deficiency can also result from impaired

absorption due to malfunction of the intestines.74 Recent

studies in mice have elucidated a role for vitamin A in

the generation of mucosal and splenic CD11b+ DC sub-

sets that have an important role in the generation of Th2,

Th17 and antibody responses, and the generation of anti-

bacterial and anti-fungal immune responses. As similar

cDC subsets have been identified in humans, vitamin A

deficiency is expected to affect mucosal and systemic

immune responses via its effects on cDC generation and

function as well as via direct effects on effector cells of

the innate and adaptive immune system. Restoration of

vitamin A status in vitamin A-deficient individuals will be

essential for the generation of effective mucosal and sys-

temic immune responses against infections and after vac-

cinations.
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