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Vitamin A deficiency is a major health problem
The most recent estimates from the world health organization show that worldwide 
approximately 190 million preschool children and 20 million pregnant mothers are 
vitamin A deficient 1, associated with impaired embryonic development and serious 
malfunctioning of the immune system and eyes. 2. Over the past decade, immunological 
research has initially focused on the effects of vitamin A in development and function 
of the mucosal immune system 3, but also its role in the development and function of 
systemic immune cells has become more clear. 

In this thesis we have shown that vitamin A is involved in the development of three 
distinct cell types in the marginal zone of the spleen that are crucial for the immune 
function of the spleen: dendritic cells (DCs), marginal zone (MZ) B cells and marginal 
zone macrophages (MZMs). In this chapter, these results will be discussed in the context 
of recent literature. Furthermore, we will discuss potential clinical implications of our 
observations. 

Vitamin A and dendritic cell differentiation and function
The development of splenic DC subsets
DCs form a heterogeneous cell population that is specialized in capture, processing and 
presentation of antigens to naïve T cells. In the spleen DCs can be divided into CD4+, CD8+ 
and CD4-CD8- (double negative (DN)) subsets, which not only differ in anatomic location and 
surface marker expression but, more importantly, also exert distinct biological functions. 
These splenic DCs develop from precursors (pre-DCs) generated in the bone marrow 4. 
The differentiation of CD8+ and CD8- DC subsets is guided by several transcription and 
growth factors, but how these are regulated is still unknown 5. In chapter 2 we showed that 
the development of two out of three DC subsets (CD4+ and DN DCs) is stimulated by the 
vitamin A metabolite retinoic acid (RA). While the numbers of pre-cDCs were not affected 
by vitamin A deficiency, the CD4+ and DN DC numbers were decreased. In contrast, high 
levels of dietary RA resulted in increased numbers of DN DCs and decreased numbers of 
CD8+ DCs. Further analysis showed that specifically the Notch2-dependent CD8- DCs are 
regulated by vitamin A. In chapter 4, using mice with impaired vitamin A signaling in CD11c+ 
cells, we established that intrinsic vitamin A signaling is essential for the development of 
these Notch2-dependent DCs. This excluded the possibility that other CD11c- cells that 
are also regulated by vitamin A and Notch signaling, such as MZ B cells, are involved in the 
vitamin A dependence of splenic DCs. A recent publication by Restifo et al. 6 confirmed our 
findings and showed that vitamin A besides splenic CD11b+CD8- DCs, also influenced the 
differentiation of the developmentally related intestinal CD11b+CD103+ DCs. 

Intestinal DC development 
In view of the important role of vitamin A in the development and function of the mucosal 
immune system, the effect of vitamin A on DC development and function in the intestine 
has been extensively studied 3,22-24. In vitamin A deficient mice, a novel DC subset was found 
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in the lamina propria and MLN, which was absent under control conditions. Interestingly, 
although these DCs did not express CD8, they showed a similar surface marker profile to 
splenic CD8+ DCs, as they were characterized as CD11b-/lowCD103+CD205+ 25. As the splenic 
CD8+ DC population becomes the most predominant DC type at the expense of the CD4+ 
and DN DC subset during vitamin A deficiency (chapter 2), this suggested that a similar 
process could occur in the intestines. Recently, Restifo et al. showed that indeed small 
intestinal CD103+CD11b+ DCs were dependent on the presence of vitamin A signaling 6. 
These findings further underscore the shared developmental pathway of splenic 
CD11b+CD8-ESAM+ DCs and intestinal CD103+CD11b+ DCs, that both depend on IRF4 and 
Notch2 18,26 and suggest that during vitamin A deficiency, both in spleen and intestines, the 
differentiation of DCs is skewed towards the Batf3 dependent CD103+CD11b- DC subset.

Mechanisms of vitamin A mediated DC differentiation
Various pathways are involved in the development of the CD4+, DN and CD8+ DC subsets. 
IRF2, IRF4, Runx3, and RelB transcription factors have been shown to be crucial for 
the development of CD4+ and DN DCs 27-31. On the other hand, IRF8, Id2 and Batf3 are 
indispensable for the generation of CD8+ DCs 32-35. However, a role for vitamin A in the 
regulation of these transcription factors has not yet been observed. 

The Notch signaling pathway is essential for the development of both CD4+ and DN 
DCs and MZ B cells in the murine spleen and intestines 18,26,36-38. Since we demonstrated in 
chapter 2 and 3 that vitamin A signaling is equally important for the development of both 

Box 1. DC subsets the intestines
DCs are present throughout the intestine, both in the lamina propria, facing the luminal site 7, and 

in the muscular layers and the serosa, facing the peritoneum 8. Dendrites of DCs in the lamina 

propria penetrate the epithelium and sample antigens from the intestinal lumen, which are 

subsequently transported by to the draining mesenteric lymph nodes (MLNs) to initiate tolerance 

or T cell activation 9,10. In addition DCs can be found in all gut associated lymphoid tissues, which 

include the Peyer’s patches (PPs), isolated lymphoid follicles (ILFs) and the mesenteric lymph 

nodes (MLNs) 11-13. Based on the expression of CD103 and CD11b, three DC populations can 

be distinguished in the intestine and associated lymphoid tissues. CD103+CD11b+ and CD103-

CD11b+ DCs are located primarily in the lamina propria, while CD103+CD11b- DCs are mainly 

found in the Peyer’s patches 14. Similar to CD8- DCs in the spleen, CD103+CD11b+ DCs develop 

independently of IRF8, Id2 and Batf3 but require IRF4 and Notch2 15-18. Therefore, it is postulated 

that CD103+CD11b+ DCs are the intestinal equivalent of CD8- DCs 19. Multiple reports suggest 

that CD103-CD11b+ DCs in the lamina propria are more related to macrophages than DCs. 

They develop in an M-CSF dependent fashion from monocytes 14. Principle component analysis 

suggested that CD103-CD11b+ DCs show a more macrophage-like gene expression profile and 

only 50% of the CD103-CD11b+ DCs expresses the DC specific transcription factor Zbtb46 20,21. 

CD103+CD11b- DCs that are mainly present in the Peyer’s patches require IRF8, Id2 and Batf3 

but not IRF4 or Notch2 and therefore are thought to be closely related to splenic CD8+ 15-18.
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cell types, it could be speculated that vitamin A regulates Notch signaling. Indeed, an effect 
of vitamin A on Notch signaling in spinal cords has been inferred from experiments in 
Raldh2-null 39. Notch signaling is initiated by binding of one of four different Notch receptors 
(Notch1-4) to one of five ligands (delta-like ligand (DLL) 1, 3, and 4, and jagged 1 and 2). This 
binding initiates two subsequent proteolytic cleavages of the intracellular Notch domain 
by ADAM family of metalloproteinases and γ-secretases. Upon transport to the nucleus, 
the intracellular Notch domain binds to transcription factors to initiate transcription 40. 
The expression of ADAM10, which is essential for MZ B cell development 36, is stimulated 
by retinoic acid 41. If vitamin A also stimulates the expression of ADAM10 in CD4+ and DN 
DCs and MZ B cells, this could explain the reduction of these cells in vitamin A deficient 
mice. However, considering the multiple interactions that are involved in Notch signaling 
this may be one of several routes of activation. 

Another pathway by which vitamin A can affect DC development and which 
may explain the differential effects on DC subsets, is signaling via the lymphotoxin-β 
receptor (LTβR). Ligation of this receptor is required for the development of CD4+, and 
DN DCs 42. Since LTβR signals via the non-classical NF-κB pathway that includes RelB, 
the vitamin A dependence of RelB expressing DCs may reflect their dependence on 
LTαβ 43. Recent reports show that the localization of CD4+ DCs in the marginal zone and 
bridging channels of the spleen is regulated by chemotactic receptor EBI2 and its ligand 
7α,25-dihydroxycholesterol 30,44. In EBI2 deficient mice CD4+ DC survival was impaired but 
the defect could be overcome by lymphotoxin-β signaling, suggesting that the LTβ signal is 
provided in the marginal zone bridging channels 30. Vitamin A could potentially stimulate 
the expression of LTβR, RelB, or EBI2 and thereby could stimulate the development of 
CD4+ and DN DCs in the spleen. Since we observed an autonomous requirement for 
vitamin A signaling for DC development, we can exclude the possibility that vitamin A 
influences DC differentiation via the regulation of EBI2 ligands or LTαβ. However, the 
expression of LTβR, RelB, or EBI2 could be vitamin A dependent.

Functional consequences of defective generation of DCs
CD4+ and DN DCs are specialized in CD4+ T cell activation and have been described to 
preferentially induce Th2 T cell responses 45,46. Restifo et al. showed that during vitamin A 
deficiency the activation of CD4 T cell responses was significantly impaired, while CD8 
T cell responses remained intact 6. Addition of exogenous RA restored the CD4+ T cell 
induction capacity. Since CD4+ T cells are crucial for all effector arms of adaptive immunity, 
vitamin A deficiency is expected to significantly affect adaptive immune responses. 

In children that are vitamin A deficient a Th1 dominance has been observed 47, which 
may be caused by a homologous skewing of dendritic cells populations. Previous reports 
have shown an enhanced Th1 response with increased interferon-γ (IFN-γ) production 
together with a suppressed Th2 response upon dietary vitamin A deficiency in mice 48 . 
On the contrary, in mice receiving high levels of dietary vitamin A, Th2 responses were 
increased while Th1 responses were decreased 49. Although these observations are in line 
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with the vitamin A effect on the DC subsets, other studies demonstrated that RA directly 
suppressed Th1 development and enhanced Th2 development in T cells 50. However 
the combined effect on DC subsets and T cells by vitamin A may be responsible for the 
Th1 predominance observed in vitamin A deficiency. In that respect it is noteworthy 
that treatment with the vitamin A metabolite retinoic acid has shown to be beneficial 
in Th1 mediated autoimmune disorders such as multiple sclerosis and its mouse model 
experimental allergic encephalomyelitis 51.

An early study showed that CD8- DCs were effective in cross-presentation of fungal 
antigens and to produce IL23 in response to fungus 52. More recently, using IRF4 or Notch2 
deficient mice, intestinal and lung CD103+CD11b+ DCs were shown to stimulate anti-fungal 
Th17 responses by their capacity to produce IL6 and IL23 15,26,53. This suggests that vitamin 
A deficiency could result in impaired immune responses against pathogenic yeasts such 
as Candida albicans. However clinical data on the effectiveness of vitamin A treatment on 
C. albicans infections are inconclusive. One early study suggested a correlation between 
vitamin A deficiency and familial chronic oral candidiasis 54. In addition to their capacity 
to activate Th17 responses, the IL23 production by intestinal CD103+CD11b+ DCs was 
shown to stimulate innate lymphoid cells to produce IL22 and to be essential in the innate 
immune response to Citrobacter rodentium 26.

Next to T cell responses, also CD4+ and DN DCs have also been shown to stimulate 
B cell responses. Targeting of antigen to CD4+ and DN DCs in the spleen resulted in strong 
extrafollicular B cell response in the absence of activation stimuli and in germinal center 
responses in the presence of activation stimuli 55. Absence of CD4+ DCs due to deficiency in 
EBI2 also led to defects in antibody production by different immunizations 30,56. Impaired 
antibody responses have extensively been documented in vitamin A deficiency 57-60 and 
defects in DC generation could definitely contribute to these defects. 

Together these studies clearly show non-redundant functions for the vitamin A 
dependent DCs in the activation of T and B cell responses and highlight that vitamin A 
deficiency will have multiple implications in many aspects of adaptive and innate immunity. 

Dendritic cell subsets in man
The equivalents of the DC subsets that were previously identified in mice have only 
recently been identified in man. DCs found in human lymphoid organs can be categorized 
in a plasmacytoid and conventional DC subset, which are CD11c-CD123+ or CD11c+CD123-, 
respectively. More recently, three independent research groups identified two distinct 
conventional DC subsets, which express, CD1c (BDCA-1) or CD141 (BDCA-3) 61-63. Due to 
the limited availability of human splenic material, most studies on human DC subsets 
were performed on blood derived DCs. However, with respect to surface marker 
phenotype, transcription factor and TLR expression, T cell activation capacity, cytokine 
secretion and cross-presentation capacity, blood derived DCs closely resemble their 
splenic counterparts 64. 
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CD141+ DCs found in human lymph nodes, bone marrow, tonsil, and blood, show 
characteristics of murine CD8+ DCs. They have a higher expression of TLR3 and a superior 
capacity to induce Th1 responses and production of IL12p70 and IFNβ upon stimulation 
than CD1c+ DCs 61. Furthermore, Clec9a, which is highly expressed by murine CD8+ DCs, 
is also highly expressed by CD141+ DCs in human blood 65-67. Comparable to murine 
CD8+ DCs, CD141+ DCs internalize dead cells and cross-present exogenous antigens to 
initiate a CD8+ T cell response 63. However, as CD1c+ DCs also exerted cross-presentation 
capacity 61,68,69, the difference in cross-presentation capacity between CD141+ and CD1c+ 
is not as clear-cut as between murine CD8+ and CD8- DCs.

CD1c+ DCs are considered to be the human equivalent of the murine CD8- DC 
subset. Microarray analysis revealed that human CD141+ DCs cluster together with 
murine CD8+ DCs, while human CD1+ DCs and murine CD8- DCs share a conserved genetic 
signature 70. Comparable to murine CD8- DCs, many of the genes that are involved in 
MHC-II presentation (e.g. genes of the cathepsin family) were expressed at higher levels in 
CD1+ DCs 70. Furthermore, human CD1c+ DCs produce IL23 and stimulate Th17 responses 
similar to the murine equivalent 53. 

Together, it is clear that DC subsets in man are as diverse as their murine counterparts. 
Effects of vitamin A deficiency on their development and function are still unknown and 
in that respect the murine experiments will add invaluable data. 

Vitamin A and marginal zone macrophages 
The marginal zone of the spleen comprises two distinct macrophage subsets. CD169+ 
macrophages form the inner ring of macrophages and are strategically located to 
recognize pathogens in the blood stream. Marginal zone macrophages (MZMs) that 
express SIGNR1 form a ring at the outer border of the CD169+ macrophages and are 
essential for the capture of encapsulated bacteria such as Streptococcus pneumonia and 
Neisseria meningitidis 71,72. In chapter 3 and 4, we showed that intrinsic vitamin A signaling 
negatively regulates the development of marginal zone macrophages. In the absence of 
dietary vitamin A or when vitamin A signaling is inhibited in CD11c+ cells, an expansion 
of marginal zone macrophages was observed. Interestingly, in chapter 6, we show that 
splenic CD169+ macrophages are not affected by vitamin A. 

The exact mechanism underlying the regulation of MZMs by vitamin A is not clear. 
It remains to be determined whether vitamin A inhibits the development or induces 
apoptosis of MZMs or whether more specifically the expression of SIGNR1 is regulated 
by vitamin A. Previous studies on the vitamin A dependence of macrophages seem to be 
inconsistent. An expansion of the marginal zone and total DC and macrophage population 
was found in mice receiving extra vitamin A acetate, although in this report no distinction 
was made between different macrophage populations 73. However, in a more recent 
study, a systemic expansion of myeloid cells and specifically granulocytes was observed 
in spleens of vitamin A deficient mice, due to impaired apoptosis 74. Also in vitro studies 
indicated that granulocyte differentiation is stimulated in case of vitamin A deficiency 75. 
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In chapter 3, we showed an expansion of SIGNR1+ macrophages in the spleen of 
vitamin A deficient mice. SIGNR1+ cells are commonly defined as macrophages because 
of their phagocytic activity 76, but one study reported that these cells could also function 
as DCs and stimulate T cells 77. SIGNR1 is a homologue of the C-type lectin DC-SIGN that is 
mainly expressed by monocyte derived DCs and that has been associated with the uptake 
of various pathogens such as HIV-1 and measles 78-80. If vitamin A deficiency would also 
increase the expression DC-SIGN, as we observed for the murine SIGNR1 homologue, 
this could have major clinical implications. In vitro and in vivo studies have shown that 
DC-SIGN serves as a binding receptor for measles virus via which DCs are infected 80,81. 
Subsequent transfer of the measles virus to lymphocytes facilitates local and systemic 
spread of the infection. An increased expression of DC-SIGN by DCs of vitamin A deficient 
individuals could potentially enhance measles uptake and spreading of the infection. This 
could potentially be involved in the increased mortality in vitamin A deficient children 
with measles infections 82.

Furthermore, DC-SIGN is required for the recognition of HIV-1 by DCs via binding 
of HIV-1 glycoprotein gp120. This binding facilitates HIV-1 replication in the DC and 
 transmission to T cells 78,79,83. If vitamin A deficiency leads to in increased DC-SIGN expression 
on human DCs, this would potentially enhance HIV-1 binding and transmission to T cells 
and result in higher viral loads. Even though no effect of vitamin A supplementation on 
mother-to-child HIV transmission was reported 84, vitamin A supplementation decreased 
mortality amongst HIV infected children 85. Furthermore, a significant lower retinol 
concentration was measured in plasma of HIV infected individuals. Significantly more 
HIV-1 positive individuals had low (<200 μg/L) retinol levels, than HIV-1 negative individuals 
(respectively 83% and 32%) 86. Whether this is a causative factor or a consequence of 
infection is still unknown. As intestinal injury caused by total body irradiation resulted in 
a decrease in retinyl ester in the circulation (see also below), it could be speculated that 
the intestinal injury that was reported during HIV infection 87, may result in vitamin A 
deficiency and in enhancement of the HIV infection. 

Together, this suggests that if vitamin A deficiency would lead to increased DC-SIGN 
expression on human DCs, this may be a causal factor in the increased mortality from 
measles virus infection and HIV-1 infection in underdeveloped countries. Therefore, 
investigation of regulation of human DC-SIGN expression by vitamin A is of major 
importance. 

Vitamin A deficiency not from malnutrition
Although malnutrition is a major cause of chronic vitamin A deficiency it has become 
clear that conditions that may lead to injury of the intestines can result in a more acute 
deficiency of vitamin A. One of these conditions that was recently described is total body 
irradiation, which induces substantial injury to both small and large intestine, which 
coincides with acute vitamin A deficiency in mouse and man 6. Under normal conditions 
the level of vitamin A in the intestines is thought to be relatively high 88,89 caused by high 
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retinol concentrations in bile and by intestinal epithelial cells that express RALDH1 and 
produce retinoic acid 89. Apparently, the injury caused by total body irradiation, which is 
used prior to allogeneic stem cell transplantation and experimental immunotherapies 90, 
resulted a time dependent loss of retinyl ester. This primary form of vitamin A is released in 
the circulation after absorption from the gut, in both mouse and man. As a consequence, 
a loss of CD11b+CD8- DCs in the spleen was observed in mice that underwent total body 
irradiation. 

Although total body irradiation is a major insult for the intestinal cell wall, it can not 
be ruled out that chronic injuries of the intestinal wall as seen in inflammatory bowel 
disease and celiac disease can result in local vitamin deficiency that may have major 
consequences for the intestinal immune system.

Implications for treatment of vitamin A deficiency
To our knowledge, the effect of vitamin A deficiency on the human DCs and macrophages 
has not been studied. If these cells are regulated in a similar mechanism, this could 
have major consequences for disease susceptibility and severity in vitamin A deficient 
individuals. This highlights the importance of vitamin A supplementation in regions 
were vitamin A deficiency is endemic. Several approaches for restoring the vitamin A 
status in underdeveloped countries have been suggested and implemented. Currently, 
vitamin A supplements are being administered simultaneously with vaccinations, mainly 
for logistical reasons. As improvement of the vitamin A status drastically decreased 
children’s mortality by 54% 91, vitamin A supplementation together with vaccination is still 
considered to be the most successful and cost effective measure in reducing children’s 
mortality in underdeveloped countries 92. However, more permanent restoration of the 
vitamin A status resulting in increased vaccination efficiency and long-term beneficial 
effects should be considered. Vitamin A supplementation by means of more controversial 
methods such as via genetically engineered crops like ‘Golden Rice’ is currently under 
investigation 93, but also less complicated measures such as stimulating dietary vitamin A 
uptake by educating vitamin A deficient individuals about its importance might have 
similar effects.
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