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English Summary

The mucosal immune system has the responsible task to maintain mucosal home-
ostasis, allowing tolerance against harmless anti gens, derived from diet or com-
mensal bacteria, but eff ecti ve against pathogens and pathogenic anti gens. Several 
environmental factors, such as dietary metabolites and microbial derived products, 
which are present in the intesti nal lumen and thus in close proximity with the mu-
cosal immune system, have been indicated as factors that can infl uence this ho-
meostasis. Moreover, the host is able to regulate the compositi on of the microbiota 
present in the intesti nes with the producti on of e.g. defensins and mucus 1-3, while 
the microbiota infl uences the available nutriti on for the host by diet fermentati on 
4,5. On top of all this, the nutriti onal intake of an individual also aff ects the composi-
ti on of the microbiota 6-8. Therefore, the regulati on of the mucosal immune system 
is complex and can either be directly or indirectly modulated by various environ-
mental factors.

The eff ect of vitamin A on the mucosal immune system.
A crucial role for vitamin A in the regulati on of various processes that mediate the 
mucosal homeostasis are well documented. For instance, the tolerogenic pheno-
type of dendriti c cells (DCs) within the mucosal immune system is dependent on 
the formati on of the acti ve metabolite of vitamin A, reti noic acid (RA), produced 
by intesti nal epithelial cells 9-11. Consequently, these DCs can in turn produce high 
amounts of RA, which induces regulatory T-cells, IgA producing B-cells and gut hom-
ing molecules, allowing the lymphocytes to migrate to the lamina propria of the 
small intesti nes 12-14. Together, these RA dependent processes control the tolero-
genic functi ons of the mucosal immune system.
In this thesis we demonstrated additi onal aspects of the mucosal immune system 
that are regulated by dietary vitamin A. We show in chapter 2 that besides DCs 
also the diff erenti ati on of intesti nal macrophages is aff ected by vitamin A. Although 
it has been reported that the producti on of pro-infl ammatory cytokines in mac-
rophages and DCs can be blocked by RA 15-17, we established that the expression of 
Decti n-1 on intesti nal macrophages was also dependent on RA. With the expression 
of the Decti n-1 receptor macrophages exhibited the plasti city to rapidly switch their 
phenotype upon ligati on, which is needed during epithelial disrupti on and infl am-
mati on. Although contradictory results were obtained in Decti n-1 defi cient mice, 
which received DSS induced coliti s 18,19, links have been made with geneti c altera-
ti ons in the Decti n-1 gene in infl ammatory bowel disease (IBD) pati ents 19,20. Dec-
ti n-1 is a C-type lecti n receptor that upon binding will induce the producti on of pro-
infl ammatory cytokines. Whereas Decti n-1 has been shown to recognize bacterial 
anti gens, its receptor is mainly known for its binding to fungi 21,22. Because the se-
quencing techniques, which are used for the analysis of the microfl ora compositi on 
present in the feces of the intesti nes, are not properly designed for fungi analysis, 



2

studies so far may have missed the role of fungi. In additi on, fungi are much bigger 
in mass compared to bacteria, therefore, although the numbers of fungi are much 
smaller, they might sti ll have a signifi cant contributi on to the homeostasis of the 
host 23. In conclusion, this indicates that regulati on of the mucosal immune system 
via fungal signaling should not be underesti mated.
Furthermore, a criti cal role for vitamin A in the formati on of secondary lymphoid 
organs during embryogenesis was shown by our group. Lymphoid organogenesis 
depends on the clustering of lymphoid ti ssue inducer (LTi) cells, which belong to the 
group 3 innate lymphoid cells (ILCs). RA induced the expression of CXCL13 by stro-
mal organizer cells, which recruited LTi cells for the initi ati on of cluster formati on 
24. Subsequently the levels of maternal vitamin A further infl uenced the maturati on 
of ILC progenitors into mature LTi cells within the embryo, determining the size of 
secondary lymphoid organs that are formed 25. In chapter 3 we have demonstrated 
that intesti nal group 3 ILCs, containing the LTi cells, are reduced upon vitamin A 
defi ciency in adult mice. Our data confi rmed recently published results, showing 
reduced numbers of group 3 ILCs in the intesti nes when vitamin A was absent 26,27. 
In in additi on, it is previously reported that the compositi on of the microbiota is 
changed in mice that were vitamin A defi cient. These changes in the microbiota, es-
pecially the reducti on in segmented fi lamentous bacteria, were shown to suppress 
the generati on of Th17 cells 28. Therefore, we should not exclude the role of the 
changed compositi on of the microbiota within these vitamin A defi cient mice on 
the ILC populati on within the lamina propia. However, we were able to demonstrate 
that group 3 ILCs were directly aff ected by RA, as mice in which RA signaling was 
specifi cally blocked in RORγ+ cells, showed reduced numbers of group 3 ILCs similar 
to vitamin A defi cient mice. Moreover, vitamin A defi cient mice postnatally devel-
oped fewer intesti nal lymphoid structures compared to their control counterparts. 
Our observati ons illustrate that vitamin A is not only essenti al for the development 
of lymphoid ti ssue during embryogenesis, but also postnatally for the formati on of 
lymphoid clusters within the intesti nes of adult mice.
Since group 3 ILCs are the main producers of intesti nal IL-22, we and others ob-
served diminished expression of IL-22 in the absence of vitamin A as a consequence 
of the reduced group 3 ILCs 26,27, (chapter 3). These intesti nal IL-22 producing ILCs 
play a crucial role in host defense against Citrobacter rodenti um infecti ons 29. As a 
result it has been demonstrated that vitamin A defi cient mice were more suscep-
ti ble to Citrobacter rodenti um infecti on, while RA was able to reduce the severity 
of the infecti on 26,27. Furthermore, in chapter 4 we demonstrated that BALB/c mice, 
which are bett er protected to chemical induced coliti s,  have a higher vitamin A 
metabolism compared to C57Bl/6 mice. BALB/c mice showed a higher acti vity of 
vitamin A converti ng enzymes in DCs of the MLN. Consequently the percentages 
of regulatory T cells present in the intesti nes and the producti on of luminal IgA 
by B cells was increased in BALB/c mice compared to C57Bl/6 mice. Although our 
data indicate that the diff erence in vitamin A metabolism between the two diff erent 
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mouse strains lead to a bett er protecti ve barrier in BALB/c mice against chemical 
induced coliti s, these mice are also reported to have a diff erent microbiota present 
in the gut 30,31, which also might infl uence the disease severity within the mice.  Ad-
diti onally we showed that vitamin A defi cient mice were less capable of coping with 
DSS induced coliti s. These data are in line with earlier obtained results, demonstrat-
ing a crucial role for vitamin A signaling in maintaining the gut homeostasis 26,27,32-34. 

The infl uence of the microbiota on the mucosal immune system.
Mircrobiota, which are consistently present in the lumen of the intesti nes are able 
to digest the diet and produce metabolites suitable for the host in which they live 
in symbiosis 4,35,36. While the infl uence of the microbiota on the immune system of 
the host is becoming more evident, we demonstrated in chapter 5 that diet derived 
microbial compounds can modulate the mucosal immune system. Dietary adjust-
ments in the form of fi bers showed an increased expression of vitamin A metaboliz-
ing enzymes in intesti nal epithelial cells, resulti ng in induced tolerogenic capacity 
of MLN-DCs. Moreover, we provided evidence that short chain fatt y acids (SCFAs), 
which are fi ber derived metabolites, are able to induce RALDH-1 expression in an in-
testi nal epithelial cell line. These SCFAs most likely signal via the inhibiti on of HDAC, 
although this should be further addressed with the use of specifi c HDAC knockout 
mice.
The role of SCFAs and HDAC inhibiti on in modulati ng the mucosal and systemic im-
mune system have been extensively studied in the last decade. SCFAs and HDAC 
inhibiti on have been shown to modulate the mucosal immune system with the in-
ducti on of regulatory T cells, epithelial integrity and additi onally may be involved in 
the secreti on of IgA by B-cells 37-41. However, these studies do not address whether 
there is a role of the epithelial cells in modulati ng the immune system, even though 
they are the fi rst to be in contact with environmental factors present in the lumen. In 
additi on, Allenghat et al. presented a specifi c role of HDAC 3 in intesti nal epithelial 
cells for maintaining mucosal homeostasis, and dampening intesti nal infl ammati on 
42. Together with our data this illustrates a crucial role for environmental factors to 
infl uence epithelial cells, which in turn will modulate the mucosal immune system.
SCFA mediated signaling can also occur via the binding to G protein coupled recep-
tors (GPCRs). The lack of GPR43 expression in mice resulted in more severe DSS 
induced coliti s with enhanced numbers of neutrophils. In additi on, infl ammati on 
during arthriti s and asthma were also aff ected 43. These data indicate that SCFAs 
can aff ect the mucosal immune system via diff erent pathways, i.e. either via GPCR 
signaling or through the inhibiti on of HDAC.
Furthermore, dietary alterati ons induced diff erences in the distributi on of the mi-
crobiota present within the feces of the small intesti nes. We showed that the pres-
ence of specifi c species of bacteria diff ered when mice received either a conven-
ti onal or syntheti c diet. Our data, presented in chapter 5, are in line with earlier 
studies, which compared dietary infl uences or disease related alterati ons in the 
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microbiota. For instance, mice that received either a high fat diet or a low fi ber 
diet showed an enhanced expression of Erysipelotrichia bacteria 44,45, similar to our 
mice which were fed a syntheti c diet. Pati ents with infl ammatory bowel disease 
(IBD) oft en demonstrate alterati ons in the compositi on of the microbiota, which 
correlates with an unhealthy dysbiosis. Therefore, further research on therapeuti c 
innovati ons, which restores the microbiota distributi on in these pati ents, is very 
important. 
Besides the role of microbiota in the fermentati on and producti on of diet derived 
products, the mere presence of microbiota can also aff ect the immune system of 
the host. Several studies have shown that diff erent cells depend on the presence of 
bacteria, as germfree or anti bioti c treated mice showed alterati ons in their immune 
status. For example, the producti on of IL-1β by intesti nal macrophages, which is 
criti cal for Th17 cell development, is dependent on the presence of microbiota 46,47. 
However, the impact of commensal bacteria on ILC development is not completely 
understood. Although group 1 and group 2 ILCs seem to develop normally in the 
absence of bacteria 48,49, contradictory results have been published concerning the 
development of RORγ+ group 3 ILCs. In the absence of microbiota the development 
of LTi cells and the formati on of secondary lymphoid organs occurs normally within 
the embryo 50,51. Data from adult mice however showed in one study that the pres-
ences of microbiota is needed for the producti on of IL-22 by group 3 ILCs, whereas 
another study demonstrated that microbiota repressed the producti on of IL-22 by 
group 3 ILCS 52,53. This indicates that further research is sti ll needed on this topic.
Some species of bacteria have been demonstrated to infl uence the diff erenti ati on 
of specifi c cells of the mucosal immune system. Segmented fi lamentous bacteria 
were shown to be essenti al for the inducti on of Th17 cells. This explained the ob-
servati on that mice coming from disti nct sources have varying numbers of Th17 
cells, which correlated with the presence or absence of these bacteria 54. Moreover, 
recent studies showed that the specifi c combinati ons of several bacteria were able 
to induce the presence of regulatory T cells, leading to the protecti on against DSS 
induced coliti s 55,56. 
It is becoming clear that there is an intricate interacti on between microbiota and 
the mucosal immune system. Therefore, research is now focused on both topics, 
which led to rapidly increasing insights in the interacti ons that occur between the 
microbioata and the host. Nevertheless, additi onally research to study the underly-
ing mechanisms that are involved in the generati on of mucosal homeostasis is sti ll 
needed.

Infl ammatory bowel disease.
Pati ents with infl ammatory bowel disease (IBD) can be divided into two main 
groups; pati ents with Ulcerive Coliti s (UC) and pati ents with Crohn’s disease. Both 
pati ents suff er from chronic infl ammati on in the intesti nal tract. While UC is mainly 
located in the colon, Crohn’s disease can be found throughout the enti re digesti ve 
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tract. In both pati ent groups several studies identi fi ed single nucleoti de polymor-
phisms which are associated with an increased risk to develop IBD 57,58. In additi on, 
some correlati ons have been made between IBD pati ents and their vitamin A me-
tabolism. For instance, a possible relati on is illustrated between a polymorphism in 
the Cyp26B1 gene, which codes for an enzyme involved in the breakdown of exces-
sive RA and is a direct target gene of RA signaling, inducing a negati ve feedback 
loop. Although, this polymorphism could lead to higher concentrati ons of RA, this 
potenti al link was only seen in Crohn’s disease pati ents and not in UC pati ents 59. 
Moreover, studies that investi gated the capacity to produce RA by both intesti nal 
DC’s and macrophages showed an induced enzymati c acti vity to metabolize vitamin 
A in Crohn’s pati ents. Nonetheless, macrophage precursors, present in the blood, 
showed a reduced enzymati c acti vity to metabolize vitamin A in Crohn’s pati ents 
compared to healthy controls 60. These data indicate that a balanced producti on of 
RA is benefi cial to induce tolerogenic mechanisms, although excessive producti on 
of RA might induce infl ammati on and can be harmful to the host. 
Furthermore, examining the cytokine producti on of ILCs in Crohn’s pati ents demon-
strated an imbalanced rati o of IL-22 and IFNγ producing ILCs, whereas UC pati ents 
did not show any diff erences compared to controls. Crohn’s disease was associ-
ated with induced IFNγ producti on, which was mediated via IL-23 producti on by in-
testi nal macrophages 61. Paradoxical results were published, demonstrati ng higher 
levels of IL-22 in Crohn’s pati ents, while IFNγ levels were not changed compared 
to healthy controls 62. However, while enhanced IL-22 levels were measured in the 
blood of Crohn’s pati ents, enhanced IFNγ producti on by ILCs was measured within 
the intesti nes. As vitamin A is indicated to infl uence the diff erenti ati on of ILCs and 
their cytokine producti on, these data indicate a role for vitamin A in balancing the 
intesti nal ILC subset in Crohn’s pati ents.
In conclusion, although clear results for the protecti ve mechanism induced by vi-
tamin A metabolism or RA in coliti s were shown in mouse models 26-28, data from 
pati ents show that the role of vitamin A metabolism in infl ammatory bowel disease 
is not clear yet and therefore further research is sti ll needed to address these ques-
ti ons.

Colorectal cancer. 
Colorectal cancer is one of the most common forms of cancer. Men have a higher 
risk to develop colorectal cancer compared to females, which increases with age. 
Other risk factors involved in the development of colorectal cancer are smoking, 
obesity, family history, physical acti vity and IBD. Moreover, it is already known for 
a long ti me that developing countries have a lower incidence of colorectal cancer 
compared to western countries 63-65. Meta-analysis showed that specifi cally dose 
dependent fi ber intake is inversely associated with the development of colorectal 
adenoma. Colorectal adenoma risk was reduced by 28%  when high fi ber intake was 
analyzed 64. The mechanism of dietary fi ber intake that has been proposed to medi-
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ate protecti on against colorectal cancer is the eff ect of fi ber derived SCFAs. SCFAs, 
produced by the microfl ora, induce hyper acti vati on of the WNT/ β-catenin pathway 
and consequently promote cell apoptosis in colorectal cancer cells 66-68. Nati ve Afri-
cans have higher levels of SCFAs compared to American Africans. Therefore, nati ve 
Africans from developing countries might have a lower risk to develop colorectal 
cancer compared to people that live in western countries 69. Although clinical trials 
unti l now have failed to demonstrate that high-fi ber consumpti on protects against 
colorectal cancer, a protecti ve eff ect may have been missed, as these trials were 
only performed in high-risk populati ons 64. Clinical trials in cancer pati ents are now 
focusing on the mechanisms which are induced by dietary fi ber 70,71. In additi on, 
high fi ber intake can also have benefi cial eff ects in colorectal cancer by infl uenc-
ing the compositi on of the microbiota and promoti ng fecal bulking and viscosity, 
thereby reducing the uptake of carcinogens by intesti nal cells 72. 
In additi on, other dietary compounds have been recognized to elevate the risk of 
colorectal cancer development. For instance, the intake of processed meat was 
shown to increase the risk of colorectal cancer 65. In additi on, obesity, which can 
be caused by a high fat diet, is associated with a higher risk to develop colorectal 
cancer. Recently it has been demonstrated that a high fat diet, independently of 
obesity, enhanced the risk for colorectal cancer. The high fat diet altered the com-
positi on of the microbiota, which aff ected the mucosal immune system and showed 
an impaired response to tumor growth. Moreover, the disease could be transmitt ed 
upon microbiota transfer to healthy transgenic mice, which received a normal diet. 
With the administrati on of butyrate the microbiota compositi on was restored and 
tumor growth was reduced 73. Thus, the fermentati on of dietary products executed 
by the microbiota is not only important for controlling colorectal cancer, it also af-
fects the compositi on of the microbiota.
As we have demonstrated that changes in diet and microbiota compositi on aff ected 
the vitamin A metabolism in the intesti ne (chapter 5) and in light of the important 
associati on of microbiota and colorectal cancer, vitamin A metabolism might play 
a crucial role in the development of colorectal cancer. Material of pati ents with 
colorectal cancer demonstrated a higher expression of Cyp26a1, Cyp26B1 and LRAT 
compared to healthy controls. These enzymes are all involved in de degradati on of 
either reti nol or RA. A high expression of Cyp26B1 and LRAT were even associated 
with poor prognosis in colorectal pati ents 74. Although they concluded within this 
arti cle that induced levels of vitamin A or RA degrading enzymes would lead to 
lower levels of RA, these data also might illustrate that pati ents have higher levels of 
RA as these enzymes are induced by RA signaling itself. Nevertheless, an associati on 
for vitamin A metabolism and colorectal cancer is indicated.

Environmental factors in other diseases.
Type 2 diabetes is a metabolic disorder that is caused by insulin resistance of the 
body, leading to high sugar levels in blood. This disorder is associated with both ge-
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neti c and environmental factors. Recently, with the use of metagenome wide asso-
ciati on studies, two research groups were able to identi fy specifi c microbial changes 
in type 2 diabeti c pati ents. Although some diff erences were found, which could 
be related to the disti nct background of the pati ents studied, being either from 
European or Chinese origin, both studies showed specifi c reduced presence of bu-
tyrate producing bacteria. These observati ons demonstrated a predicti ve potenti al 
of identi fying type 2 diabeti c pati ents by the intesti nal microbiome 75,76. Moreover, 
one study was able to discriminate between pre-type 2 diabetes and normal glu-
cose tolerance with metagenomic wide associati on research 75. The data illustrated 
a criti cal role for the microbiota in the development of type 2 diabetes and suggest 
that pati ents can be treated by restoring their dysbioti c microbiota.
Other metabolic disorders, which are associated with an altered intesti nal micro-
biota, are obesity and cardiovascular diseases 5. When the mucosal barrier is defec-
ti ve an endotoxaemia may be induced which will further promote the development 
of metabolic disorders. Therefore, the producti on of IL-22 by intesti nal ILCs and T 
cells is essenti al to maintain the mucosal barrier, as it modulates epithelial barrier 
functi ons. It has been demonstrated that mice which have a defect in IL-22 signal-
ing, have indeed higher chances to develop metabolic disorders when they receive 
a high fat diet. In additi on, treatment with IL-22 has been shown to overcome in-
sulin resistance 77, illustrati ng that therapeuti c interventi on aimed at regulati ng the 
IL-22 pathway might be benefi cial for pati ents with metabolic disorders. Vitamin A 
metabolites might thus be very interesti ng as they enhance IL-22 producti on 26,27, 

(chapter 3). 
Intake of dietary fi bers has not only been shown to benefi t intesti nal disorders, 
as also many other diseases were shown to be dampened by it. Systemic higher 
levels of SCFAs, which are produced by the microbiota from dietary fi bers, showed 
reduced infl ammati on in allergic lung diseases. When these fi ndings were further 
analyzed an enhanced hematopoiesis of DC precursors in the bone marrow was 
demonstrated, with less acti vati on in the lung upon allergic anti gen encounter 45. 
These results showed a signifi cant role for systemic levels of SCFAs induced by fi ber 
intake in allergic lung diseases. 
Furthermore, obesity, diabetes and cardiovascular diseases are shown to have ben-
efi cial eff ects from a high fi ber intake. First of all, dietary fi bers are related to a bet-
ter body mass index by reducing weight. Secondly, fi bers regulate the microbiota 
compositi on, which oft en is disbalanced in these pati ents. And moreover, dietary 
fi ber intake is associated with anti -infl ammatory eff ects 78. In additi on, it has even 
demonstrated that dietary fi ber intake and microbiota compositi on infl uences be-
havior and cogniti on in both human and mice 78,79. 
In sum, not only intesti nal disorders are infl uenced by dietary intake and microbiota 
compositi on, but also many other conditi ons and diseases. 
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Therapeuti c implicati ons.
Treatment of microbiota dysbiosis in pati ents with intesti nal disorders reduces clini-
cal symptoms. Additi onally, microbiota treatment might even help the systemic 
immune system in other diseases as type 2 diabetes. While anti bioti cs were fi rst 
associated with benefi ts in IBD pati ents, it has been demonstrated that anti bioti c 
exposure further enhances the microbiota dysbiosis in IBD pati ents. Moreover, anti -
bioti c resistance is a growing health concern and therefore anti bioti c treatment in a 
chronic disease is not preferred 80. With the increased interest in the fi eld of micro-
biota and their role in regulati ng the mucosal immune system new insights are re-
vealed. Data are now emerging which specifi c bacteria or their products might have 
benefi cial eff ects for the host. Therefore, prebioti cs and probioti cs are giving new 
possible therapeuti c approaches. While prebioti cs sti mulate the growth of specifi c 
bacteria, probioti cs are live bacteria, which both, aft er intake, should induce health 
benefi ts to the host. Not only the live bacteria might have benefi cial eff ects, also 
bacterial components, dead bacteria and the substances secreted by bacteria have 
demonstrated health benefi ts for the host 81,82. However, clinical trials showed mod-
erate eff ects of probioti c treatments, which might be because these treatments 
are not standardized yet. The opti mal dosing and effi  cacy of certain prebioti cs and 
probioti cs should be further investi gated in large scale clinical trials 83,84. Further-
more, single strain probioti cs might have limited eff ects, while combinati ons of a 
few bacteria have a bett er potenti al to sustain within the microfl ora of the host. 
Several studies demonstrated promising results with combinati ons of a few bacte-
ria, which were able to induce regulatory T cells and protecti on against DSS induced 
coliti s in mice with a dysbioti c microbiota 55,56. A more resolute treatment would be 
fecal transplantati on. Aft er the right donor is selected, which most of the ti me will 
be within the direct surroundings of the pati ent, the fecal sample will be screened 
for unknown pathogens. Although this method has shown good results in infecti on 
with Clostridium diffi  cile, fecal transplantati on is an intense treatment for the pa-
ti ent as fi rst the total intesti nes will be fl ushed followed by fecal transplantati on 56,85. 
Besides therapeuti cs that directly modulate the microbiota distributi on, dietary in-
take also eff ects this distributi on. Moreover, the diet can both directly and indirect-
ly, aft er microbiota fermentati on, aff ect the mucosal immune system. Whereas it 
might be one of the oldest concepts in medicine to promote health via the diet, only 
within the last decade we now start to understand partly how these mechanisms 
work. Intake of high fi bers are associated with a reduced risk to develop intesti nal 
disorders, but has also been shown to have protecti ve eff ects against many other 
diseases. While the recommended fi ber intake is 25-28 gram a day, the average 
American only consumes around 16 gram of fi bers a day 86. This already indicates 
that the average fi ber intake is oft en too low. Additi onally, nutriti on in the form 
of vitamins and Ahr ligands are shown to be benefi cial for the host by modulati ng 



9

the mucosal immune system. Therefore, a healthy varied diet with a high fi ber and 
vitamin intake would sti mulate a symbioti c microbiota and modulate the mucosal 
immune system to be tolerant against harmless anti gens 78,87.

Concluding remarks.
Overall, within this thesis we have described several processes which modulate 
the mucosal immune system. We have demonstrated additi onal aff ects, which are 
regulated by vitamin A metabolism, that are of infl uence for the functi oning of the 
mucosal immune system. Moreover, we presented data that showed both geneti c 
factors and dietary fi bers were able to regulate the vitamin A metabolism in the 
intesti nes. These results provide new therapeuti c strategies to restore and maintain 
a balanced mucosal immune system by adapti ng dietary intake and modulate the 
mirobiota. This might not only be helpful for pati ents with intesti nal disorders but 
also various other infl ammatory and metabolic diseases.
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