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Mucosal immune system
To protect the body against disease, cells and molecules of the immune system detect and combat harmful pathogens. Most interactions with pathogens occur at mucosal surfaces like the respiratory, gastro-intestinal and urogenital tract, and the mucosal immune system has the important function
to discriminate between harmful and harmless antigens. Mucosal surfaces
consist of an epithelial cell layer and an underlying layer of connective tissue
and are specialized in transport of molecules in both directions to facilitate
food uptake, disposal of waste products and gas exchange. An extensive immune network, the mucosal-associated lymphoid tissue (MALT), is involved
in the surveillance of these entry sites. The nasal-associated lymphoid tissue
(NALT) consists of lymphoid follicles in the nasal cavity, several lymph nodes like the cervical lymph node (CLN) and M cells that are specialized in
antigen uptake and that are located in the respiratory epithelium 1. The gutassociated lymphoid tissue (GALT) comprises the mesenteric lymph nodes
(MLN), M cell bearing Peyers patches (PP), isolated lymphoid follicles and
the numerous lymphocytes in both the lamina propria and epithelium 2.

The mucosal immune balance
Under homeostatic conditions, pathogen derived antigens should provoke
an active inflammatory immune response, whereas such a response should
be prevented upon encounter with the many harmless antigens that we continuously are exposed to, such as pollen in the respiratory tract and food antigens and microbiota in the gastro-intestinal tract. Inflammatory responses
to harmless antigens are inhibited to maintain the symbiotic relation between
host and microbiota and to prevent damage by the inflammatory responses.
The bacteria benefit from the constant nutrient flow, stable temperature and
niches for various metabolic requirements provided by the intestinal environment. At the other side, the host benefits from the intestinal bacteria since
they synthesize vitamin K and produce short-chain fatty acids from unabsorbed food. Furthermore, commensal microbiota inhibit the growth of pathogens, sustain intestinal barrier integrity and maintain mucosal immune
homeostasis 3, 4. Studies with germ-free animals reveal that the presence of
intestinal microbiota is indispensible for the formation of intestinal structu10
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res, like PP, villi and crypts 5, 6. Other mechanisms to prevent entry of pathogens include the secretion of mucus and IgA and the presence of activated
effector immune cells, serving as a first line of defense.
Under normal conditions, the mucosal immune system actively suppresses
the inflammatory response to harmless antigens to prevent detrimental effects on the mucosal tissues. This process is called immunological tolerance
and involves the suppression of inflammatory effector cells and the induction of suppressive regulatory cells 7, 8. Both the NALT and the GALT are involved in tolerance induction, whereas no data exist on tolerance induction
via the uro-genital mucosa 9-11. The focus of this thesis is on oral tolerance
and intestinal homeostasis.

Antigen uptake
Diffusion of soluble protein into the bloodstream and lymphatics
Orally ingested food antigens present in the intestines are known to enter
the body via several routes. First, after oral ingestion a rapid systemic distribution of antigen is observed. Blood draining from the intestines reaches the
liver via the portal vein and there metabolization of oral antigens occurs. The
liver plays an important role in the development of oral tolerance. Diverting
blood draining from the intestines away from the liver by creation of portocaval or mesenterico-caval shunts profoundly affects development of oral
tolerance 12, 13. In the liver, oral antigens are presented by dendritic cells (DC),
leading to the generation of Th2 cells and thereby preventing inflammatory
Th1 responses 14. However, no data exist on development of Treg cells in the
liver. Antigen uptake is most efficient by liver sinusoidal endothelial cells
(LSEC), which line the hepatic sinusoidal wall and are constantly in contact with portal venous blood 15. LSEC present antigens not only to CD4+ T
cells 16, but are also able to cross-present to CD8+ T cells. Importantly, crosspriming by antigen-presenting LSEC leads to antigen-specific CD8+ T cell
anergy followed by deletion 17.
Besides antigen transport via the blood, antigens can travel as soluble protein to the MLN via the lymphatics, where they are captured by DCs. While
11
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soluble proteins are known to drain from the skin to the lymph nodes in a
few hours 18, it is not very clear how fast this process is for the transit from
intestinal cell wall to mesenteric lymph nodes.

Antigen uptake by dendritic cells
Next to the diffusion of protein in bloodstream and lymphatics, antigens are
taken up by M-cells which are present in high numbers on the surface of PP
and other lymphatic aggregates in the intestine and selectively transport antigens to local DCs. These DCs enter the PP by responding to CCR7 ligands.
DCs are recruited to the follicle associated epithelium (FAE) by responding
to the CCR6 ligand CCL20 19, 20. After antigen uptake, DCs migrate to the
interfollicular area of the PP or to the MLN. Alternatively, DCs directly take
up antigens by generating protrusions through the epithelial layer into the
lumen. These extensions depend on interactions between the chemokine receptor CX3CR1 expressed by DC and CX3CL1/fractalkine, a transmembrane
chemokine expressed at the surface of intestinal epithelial cells (IECs) 2, 21, 22.
After uptake of antigens, these DCs also travel to the MLN under influence
of ligands for the chemokine receptor CCR7, like CCL19 and CCL21 23, 24.
CD103, which is expressed on a substantial proportion of lamina propria
DC, is likely to mark migratory DC arriving in the MLN 25, 26. MLN derived
CD103+ DC are able to induce Tregs in a TGF-b and RA dependent manner 27.

T cells and mucosal immunology
Inflammatory and suppressive effector T cells
An important role in inflammatory responses is played by T cells that differentiate into effector cells that are able to activate cell-mediated and humoral
effector responses. Naïve T cells emigrate from the thymus and upon activation by dendritic cells (DCs) in the lymphoid organs T cells differentiate into
T helper (Th) effector cells (Fig 1), providing an appropriate T cell response
for different pathogens. Currently, four Th subsets have been described 28-31.
Th1 are characterized by the production of IL-2 and IFNg and the activation of cell-mediated immune responses. Th2 cells produce IL-4 and IL-5 and
stimulate IgE responses directed towards parasites and allergic responses.
12
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Figure 1 CD4+ T cell differentiation.
Naïve CD4+ T cells can differentiate into
Th1, Th2, Tfh, Th17 and Treg cells upon encounter of antigens presented by antigen-

Th2 (GATA3)
2,

-1

IL

Naive CD4+

G

I

A IL-12 rich milieu leads to antigen specific

ing

nal

ig
hs

otc

rN

4o

IL-

Th1 cells, whereas IL-4 or Notch signaling
Tfh

FB

ends up in Th2 cells. Tfh cells are induced
in a IL-21 rich milieu. Both Th17 and Treg

IL-21

TG

presenting cells. The differentiation pathway is regulated by the cytokine milieu.

FN

cells need TGF-b and additionally IL-6 to
and

make the switch to Th17 or RA to end up
IL-

6

Th17 (RoRGt)

in Tregs.

TG

FB

an

d

R

A

Treg (FoxP3)

Th17 cells produce IL-17 and IL-21 and activate immune responses towards
extracellular fungi and bacteria 30. The fourth Th subsets are follicular helper
cells (Tfh) that promote the production of high affinity antibodies and the
generation of memory B cells 31.
Next to inflammatory effector T cells, the immune system contains suppressive regulatory T cells (Treg) which are essential for the prevention of
autoimmune diseases and responses to harmless antigens 32. Natural Treg
are selected in the thymus, express the transcription factor forkhead box P3
(FoxP3) and suppress the activation of inflammatory T cells. In addition,
adaptive Treg can be induced in the periphery upon interaction with DCs
to express Foxp3 and to become suppressive. These adaptive Treg are efficiently induced by the mucosal immune system and have been shown to be
essential for the prevention of inflammatory bowel diseases and the induction of oral tolerance 33, 34.
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The differentiation of different inflammatory effector Th subsets and the
suppressive Tregs starts with the activation of transcription factors like Nuclear factor of activated T cells (NFAT) in response to signals via the T cell
receptor and co-stimulatory molecules. In addition, Th lineage is determined
mainly by the cytokine milieu that induces a network of transcription factors
32, 35
. The cytokine milieu that can induce Th1 cell development comprises IL12, inducing the Th1 transcription factor T-bet, that induces the production
of IFNg and opposes the effects of GATA binding protein 3 (GATA3) that
is involved in Th2 induction 36, 37. GATA3 plays a key role in Th2 cell development and can be activated via IL-4, or by Notch signaling 38. GATA3 activates IL-4, IL-5 and IL-13 and inhibits IFNg expression, thereby stabilizing
the Th2 lineage commitment 32, 39.
Transforming growth factor-b (TGF-b) induces the expression of the transcription factors FoxP3 and retinoic-acid-receptor-related orphan receptor-gt
(RoRgt) 40, 41. These transcription factors are typical for regulatory T cells and
Th17 cells respectively. For Th17 development, IL-6 is necessary to activate
STAT3 which inhibits the expression of FoxP3, which results in an increase in the expression of RoRgt 42. Th17 cells produce IL-21, which activates
STAT3 and induces the expression of IL-23R, allowing APC-derived IL-23
to activate STAT3. With this positive feedback, STAT3 stabilizes Th17 differentiation 43, 44.
In the presence of TGF-b and in absence of IL-6, FoxP3 inhibits RoRgt, thereby blocking Th17 development and initiating the differentiation of Tregs 40.
These adaptive Tregs are characterized by expression of CD25 and CTLA-4
and are known to produce TGF-b and IL-10 45.
In addition to the Foxp3 expressing Treg, two other adaptive Treg populations have been described. Th-3 cells are induced upon oral administration
of antigen and produce TGF-b, thereby suppressing effector T cell responses
46, 47
. The other Treg population, called Tr1, is negative for the transcription
factor FoxP3 and produces both IL-10 and IFNg, thereby inhibiting a number
of inflammatory diseases 48, 49.
14
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In addition to the induction of Treg, the mucosal immune system of the gastro-intestinal tract is also able to induce clonal deletion of antigen specific T
cells or can induce a state of unresponsiveness of T cells, called anergy 7, 8, 50.
Deletion and anergy are thought to be induced by high doses of antigen via
the oral route, whereas Tregs are induced by low doses of oral antigen.

Factors involved in oral tolerance induction
IL-10
In the intestinal lamina propria, DCs are conditioned by different factors
to induce a tolerogenic response. The cytokine IL-10 is produced by a wide
variety of cells and it suppresses several immune responses 51. IL-10 conditioned DCs in the PP produce higher levels of IL-10 than splenic DCs and
CD4+ T cells activated by PP DCs produce higher levels of IL-4 and IL-10
compared to CD4+ T cells activated by splenic DCs 52. The suppressive effect
of IL-10 is especially clear in IL-10 knockout mice, since these mice develop
colitis and addition of IL-10 to mice suffering of colitis reduces symptoms
even when colitis is induced by disruption of the epithelial barrier 53-56. In
contrast to the clear evidence of the suppressive effect of IL-10 in the maintenance of intestinal homeostasis, there is no evidence that IL-10 is obligatory
for the induction of oral tolerance 57.

TGF-b
TGF-b is a cytokine that is released in an inactive form by intestinal epithelial cells and mast cells in the lamina propria and needs activation by local
proteases 58, 59. Activated TGF-b modulates the activity of macrophages and
DCs 60, 61. TGF-b conditioned DCs appear be tolerogenic rather than immunogenic, as they do not respond to bacterial stimuli and can protect mice from
lethal LPS induced inflammation 61. In addition, TGF-b conditioned DCs also
produce TGF-b, suppressing their activity in an autocrine fashion and stimulating the differentiation of Foxp3+ Tregs and Th17 cells 62.

15
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Retinal dehydrogenase (RALDH) is up regulated in the lamina propria DCs
probably under influence of RA or IL-4 63. Especially the CD103+ DC subset
in the MLN expresses RALDH that is necessary for the production of retinoic acid (RA) and the induction of Treg. Retinoic acid (RA) is an active derivative of vitamin A that regulates several biological processes. Vitamin A
deficiency is linked to various autoimmune diseases and plays an important
role in oral tolerance by regulating the functions of APCs in the intestinal
immune system 64, 65. The conversion of naïve T cells to Treg is impaired by
adding inhibitors of enzymes necessary for RA production. Importantly RA
alone can not induce the conversion of naïve T cells to T regulatory cells, but
enhances the conversion in the presence of TGF 27, 66.

TSLP
An other molecule that conditions DCs is the cytokine thymic stromal lymphopoietin (TSLP). It is produced by the intestinal epithelium under steadystate conditions and inhibits the Th1 cytokine IL-12, thereby promoting Th2
responses and contributing to intestinal homeostasis. Interestingly, TSLP is
not detected in the epithelial cells of almost 70% of Crohn’s disease patients,
suggesting that TSLP is important for intestinal homeostasis 67. However,
uncontrolled TSLP production by keratinocytes or epithelial cells of the airways is associated with Th2 pathologies, like atopic dermatitis and allergic
asthma 68-71.

Mucosal immune system and disease
Food allergy
Food allergies are adverse immune reactions to ingested food antigens. It
is hypothesized that dysfunction of the intestinal barrier might contribute
to both antigen sensitization and the mast cell mediated anaphylactic effector phase of disease. As a result, dietary antigen specific CD4+ Th2 cells
and IgE antibodies are produced 72, 73. A mouse model with over expression
of IL-9 (IL-9Tg) leading to mastocytosis and altered intestinal permeability
16
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supports this hypothesis. In these mice, repeated oral administration of ovalbumin promotes antigen specific IgE and CD4+IL-4+ T cells. Interestingly,
reconstitution of barrier function and decreased intestinal permeability in
IL-9Tg mice prevents orally induced antigen sensitization 74.

Colitis
The inflammatory bowel diseases (IBD) Crohn’s disease (CD) and ulcerative colitis (UC) are autoimmune-like disorders of the gastrointestinal tract.
IBD is characterized by chronic inflammation of the intestinal mucosal tissue, which causes a range of symptoms including abdominal pain, severe
diarrhea, rectal bleeding and wasting. Although related there are a number
of differences between CD and UC. First, inflammation in CD can affect any
region of the gastrointestinal tract, whereas UC pathology is restricted to
the colon, especially the rectum. Second, transmural infection occurs in CD,
whereas mucosal inflammation in UC is more superficial 75, 76. Third, several
serologic markers are different between CD and UC. Anti-Saccharomyces cerevisiae antibodies (ASCA) and perinuclear antineutrophil cytoplasmic antibodies (pANCA) were the first extensively characterized serological IBD
markers. ASCA is more associated with CD while pANCA is more associated with UC 77.
Although the precise etiology of IBD is still unclear, it is already clear that
interactions between host genetic and environmental factors lead to a breakdown in intestinal homeostasis and a destructive immune response to intestinal bacteria. The genetic factors that are involved in IBD development, are
involved in signaling pathways of TLRs (e.g. CARD15), epithelial homeostasis (e.g. MDR-1) or mucosal immunity (e.g. IL-23R) 78, 79.
Inflammation in both CD and UC are driven by inappropriate cytokine production of T cells. Whereas CD is associated with Th1 or Th17 cytokine profiles, UC is associated with Th2 cytokines 80, 81. Classically, CD was associated
with Th1 cytokine profiles, based on increased IL-12 levels. However, IL-12
consists of two subunits: p40 and p35, of which p40 can also dimerize with
p19 to form IL-23. Since IL-23 is part of the Th17 cytokine profile, there is
some debate about the precise role of Th1 and Th17 cells both in human
17
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disease and animal colitis models, resulting in a very important role for Th17
and in addition still a role for Th1 80, 82, 83.
Additionally, IBD has been suggested to result from defects in the regulatory
T cell processes that should dampen inflammatory responses. Several mouse
models support this hypothesis 84.

IBD mouse models
In mice, two spontaneous models of IBD are available: the SAMP1/Yit model and the C3H/HeJBir mouse. The SAMP1/Yit mice were originally derived from AKR mice which were bred in order to investigate accelerated
senescence. By chance, this sub line turned out to develop terminal ileitis
with typical granulomata and other histological features of CD. The Th1 driven illness can be transferred to SCID mice by transfer of T cells 85. The C3H/
HeJBir mouse is LPS unresponsive and spontaneously develops colitis. Histologically, the inflammation of the C3H/HeJBir mouse is transmural and
functionally Th1 cells are involved 86.
Other models for IBD include mouse strains that are genetically modified
for genes that have been associated with IBD such as the IL-10-/- mice. In this
mouse spontaneous inflammation occurs in the whole intestine. The lesions
can be observed mainly in the duodenum, proximal jejunum, and ascending
colon 53. Both the activation of CD4+ Th1 cells and the absence of inhibitory
regulatory T cells are presumed to be the cause of the inflammation 53, 87.
Immunodeficient mice like RAG-/- and SCID mice acquire colitis upon transfer of syngeneic CD4+ T cells expressing high levels of the surface molecule CD45RB, thereby excluding Treg cells

88, 89

. Transfer of the entire CD4+

T cell population including the Treg subset results not in disease and also
the transfer of the reciprocal subset expressing low levels of the CD45RB
molecule results not in disease. L-selectin can be used as another marker of
pathogenic T cells instead of CD45RB 84. Diarrhea and weight loss develops
within weeks of the transfer. The disease is progressive, unremitting and
leads to the death of the animal. Histopathologic changes in the recipients,
18
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which appeared very similar to other models of colitis, were limited to the
intestine, mainly the colon 90.
In wild-type animals, colitis can also be induced by chemical disruption of
the intestinal epithelial barrier as seen after administration of Dextran Sodium Sulphate (DSS). Dissolved in the drinking water of mice or rats it leads
to rapid body weight loss, shortening of the intestine, mucosal ulcers, and
infiltration of neutrophils. Acute colitis, which occurs during the administration of DSS, and chronic colitis, which develops in the weeks after cessation
of DSS administration are observed in this model. Acute colitis is considered
to be induced by innate immunity since it can be elicited in severe combined
immunodeficiency (SCID) mice. In contrast, chronic colitis is considered to
be mediated by the adaptive immune system 91.
Some models use rectal application of a hapten, such as 2,4,6-trinitrobenzene
sulfonic acid (TNBS) in combination with ethanol to disrupt the mucosal
barrier

. Susceptibility to TNBS varies between mouse strains, whereby

92

some develop hapten-induced delayed-type hypersensitivity and proceed to
develop chronic colitis. Granulomas with infiltration of inflammatory cells
in all layers can be seen in the intestine of this model. Isolated macrophages
produced large amounts of IL-12, and lymphocytes produced large amounts
of IFNg and IL-2. Since a Th1 response is involved, TNBS colitis is a model
for CD 93.
In addition, after disruption of the epithelial barrier, a rectal oxazolone injection is known to cause colitis 94. In comparison with TNBS, this agent leads to
a more rapid onset of colitis. The peak of body weight loss and diarrhea can
be seen on the second day after the administration, and symptoms diminish
after 10–12 days. Sites of ulceration are localized in the distal colon. Histopathological studies show that the numbers of epithelial cells, goblet cells, and
glands are decreased compared with controls. In contrast to TNBS colitis,
these findings closely resembled those of UC 94.

19

1

Chapter 1

1

Modulation of the mucosal immune response
Intestinal microbiota
As mentioned earlier, vertebrates live in symbiosis with microbes in their
intestines. At birth, the intestinal tract is sterile, but is rapidly colonized and
it is estimated that the human intestinal tract can harbor 400 species reaching
a total level of 1014 bacteria 95. The normal microbiota prevent colonization
by pathogens by competing for attachment sites or for essential nutrients
and antagonizes other bacteria through the production of substances that
inhibit or kill pathogenic species. However, changes in the composition of
the microbiota, e.g. after colonization by pathogenic bacteria, can lead to reduced host benefit and inflammation. Bacteria-containing food products like
fermented milk products can improve colonization by commensal bacteria.
These bacteria that have a beneficial effect on the health and well-being of the
host are called probiotics 96. Several different microbes have been described
to have probiotic properties. Oral introduction of lactobacilli can enhance
nonspecific host resistance to microbial pathogens and thereby facilitates the
exclusion of pathogens in the gut and several strains of lactobacilli have been
shown to induce in vitro the release of the pro inflammatory cytokines tumor
necrosis factor-a (TNF-a), and IL-6, reflecting stimulation of nonspecific immunity 97-99. In addition, a widely used probiotic bacterium, Bifidobacterium
breve is shown to stimulate IgA response to cholera toxin in mice 100.

Intestinal homeostasis and TLR signaling
The intestinal microbiota is recognized by pattern recognition receptors
(PRR) like toll-like receptors (TLR). In addition to the right commensal bacteria, signaling via PRR is necessary for intestinal homeostasis. The adaptor
protein MyD88 plays an important role in the signaling of intestinal flora via
TLRs. Interestingly, mice lacking MyD88 are more susceptible to DSS colitis
than wild-type controls 101. In addition, TLR-2 triggering leads to the activation of NF-kB and subsequent production of cytokines and chemokines
102
. A mutation in CARD15, increasing the NF-kB activation by the TLR-2
signaling cascade, is more prevalent in patients with Crohn’s disease and is
thought to be involved in the pathogenesis of the disease 103. In line with this
20
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observation, in a mouse model of colitis using chemical disruption of the
epithelial barrier, TLR-2 signaling has been shown crucial as enhanced recovery of experimental colitis is induced by the synthetic TLR-2 agonist PCSK.
This enhanced recovery is due to the TLR-2 stimulation that effectively preserves tight-junction-associated barrier assembly against stress-induced damage through promotion of PI3K/Akt-mediated cell survival via MyD88
104
. These studies point to an important role for TLR signaling in intestinal
homeostasis.

Yeast as probiotic
Interestingly, yeast signals via TLR-2 and has been studied as probiotic because of its ability to survive low pH and bile salts during passage through
the gastrointestinal tract and potential immune modulating effects 105. Especially Saccharomyces boulardii has been shown to exhibit the capacity to
control the growth of pathogenic microorganisms like Escherichia coli, Shigella flexnerii, Clostridium difficile and Vibrio cholerae, and has been used to
re-equilibrate the intestinal microflora as treatment for antibiotic-associated
diarrhea 106-108.

Outline of the thesis
The mucosal immune system in the gastro-intestinal tract guards the major
entry sites of the body. Depending on the type of antigen encountered, the
mucosal immune system induces a tolerogenic or an inflammatory response.
The studies described in this thesis focus on mechanisms involved in this
balance and how to modulate the balance.
In chapter 2 of this thesis we studied the effect of oral antigen administration
on CD8+ T cells and the role of CD4+ T cells in this process. We observed that
oral administration led to CD4+ T cell independent suppression of antigen
specific CD8+ T cell responses after immunization. Analysis of antigen specific CD8+ T cells revealed that oral administration led to deletion of antigen
specific CD8+ T cells. Interestingly, the mechanism of CD8+ T cell suppression upon nasal antigen administration was also CD4+ T cell independent,
21
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but cells were not deleted. However, ex vivo experiments revealed that nasal
antigen application leads to proliferation of effector CD8+ T cells that cannot
proliferate upon re-stimulation comparable to helpless CD8+ T cells that are
primed in the absence of CD4+ T cell help.
It has previously been shown that TLR-2 signaling can stimulate the intestine
to restore homeostasis in experimental colitis. In chapter 3 we evaluated the
possibilities of Saccharomyces cerevisiae, a yeast that is able to trigger TLR-2, in
modulating the mucosal immune system during experimental colitis. While
we did not observe effects of yeast on colitis development, we detected increased B cell follicle formation along the wall of the colon during experimental colitis in the presence of oral yeast administration. These effects were
induced irrespective of any effects of yeast on T cells because we could not
demonstrate that orally administered yeast could lead to yeast-specific T cell
activation or tolerance induction.
In chapter 4 we investigated the cells and chemokines involved in colitis associated splenomegaly. The cells were characterized by CD11b+Gr-1+ expression and were produced in the bone marrow. We show that the expression
of neutrophil chemo-attractants CXCL-1 and CXCL-2 in the colon was elevated during DSS colitis, whereas only CXCL-1 serum levels were increased. In addition G-CSF was increased systemically, suggesting that both
CXCL-1 and G-CSF have an important role in production and mobilization
of CD11b+Gr-1+ cells and the CD11b+ Gr-1+ cell related splenomegaly during
chronic DSS induced colitis.
In chapter 5 we investigated the effect of intestinal inflammation on oral tolerance induction. We show that during the acute phase of DSS colitis, the
mucosal immune system was still capable to induce tolerance to oral administered antigens. However, oral antigen administration during the chronic
phase of experimental colitis resulted in partial loss of tolerance induction.
Finally, in chapter 6, the findings described in this thesis are summarized and
discussed in the context of recent developments in mucosal immunology
research.

22
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Mucosal administration of antigens is known to induce antigen specific regulatory CD4+ T cells, but less is known about the effects on CD8+ T cell
function. Using a murine model for mucosal tolerance induction, we show
that both oral and nasal OVA application reduced OVA specific CD8+ T effector cell numbers and suppressed in vivo cytotoxicity in response to subsequent immunization. To investigate whether CD4+ T cells are essential for
oral or nasal CD8+ T cell tolerance, we used MHC class II deficient mice.
Normal CD8+ T cell tolerance was observed in MHC class II deficient mice,
indicating that CD4+ T cells are not required for both oral and nasal CD8+ T
cell tolerance induction. To study the direct effects of mucosal antigen application on naive CD8+ T cells, we adoptively transferred OVA specific transgenic CD8+ T cells and analyzed their fate after mucosal antigen application.
Oral OVA application reduced the numbers of OVA specific CD8+ T cells,
whereas nasal OVA application induced proliferation. However, the expanded population of OVA specific CD8+ T cells from nasally treated mice was
unable to proliferate upon re-stimulation. In conclusion, our studies point to
suppressive effects of the mucosal immune system directly on CD8+ T cells
and indicate multiple mechanisms of tolerance induction. More insight in
these mechanisms of tolerance induction is necessary for the development of
mucosal tolerance therapies for autoimmune diseases and allergy.
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Introduction
The mucosal immune system is constantly exposed to foreign material and
must discriminate between harmful and innocuous antigens. In healthy individuals, the mucosal immune system induces antigen specific down modulation of immune responses towards antigens present in the intestinal tract.
Understanding this mechanism of mucosal tolerance induction is important,
since defects in mucosal tolerance induction are thought to result in inflammatory bowel diseases and allergy to food antigens.
A number of previous studies have investigated the effects of oral administration of antigens on CD4+ T cells. CD103+ dendritic cells that are present
in the lamina propria of the intestines take up antigen and migrate to the
mesenteric lymph nodes attracted by CCL19 and CCL21 1-4. In the mesenteric lymph nodes these dendritic cells present antigen to naive CD4+ T cells.
When high doses of antigen are administered, the DC-T cell interaction results in deletion of antigen specific CD4+ T cells, while administration of low
doses induces antigen specific regulatory CD4+ T cells (Tregs) 5. These mucosal CD4+ Tregs have been shown to suppress Th1 and Th2 immune responses, which is illustrated by the reduction in delayed type hypersensitivity
reactions (DTH), IFNg and IgE production 6, 7. Furthermore, antigen specific
regulatory CD4+ T cells can transfer their tolerogenic properties to naive T
cells 7-9.
Fewer studies have examined the effects of the mucosal antigen administration on CD8+ T cell responses and these have lead to conflicting results. Oral
administration of antigen has been shown to suppress CD8+ T cell responses in some studies 10, but also stimulation of effector CD8+ T cells has been
demonstrated 11, 12. In addition, the mechanism of CD8+ T cell modulation
by the mucosal immune system is not clear. One possible mechanism is the
induction of regulatory CD4+ T cells that subsequently suppress the stimulation of CD8+ T cell responses 13-15. Other studies point to the direct induction
of suppressor CD8+ T cells or deletion of CD8+ T cells 10, 16-19. However, most
of these studies have been performed before single cell analyses had become
available, such as MHC-peptide tetramer stainings or intracellular cytokine
35
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stainings. The aim of this study was to characterize the effects of oral and
nasal antigen administration on CD8+ T cells using single cell read-outs and
to determine the role of CD4+ T cells in this process. We report that both
oral and nasal administration led to suppression of antigen specific CD8+
T cell responses after immunization. This suppression was not dependent
on the presence of CD4+ T cells. Analysis of antigen specific CD8+ T cells
revealed that oral administration led to deletion of antigen specific CD8+ T
cells, whereas nasal administration resulted in an expanded CD8+ T cell population that could not proliferate in vitro. Our studies point to suppressive
effects of the mucosal immune system that act directly on CD8+ T cells and
indicate multiple mechanisms of tolerance induction.

Materials and methods
Mice
Specific pathogen free C57Bl/6 mice (8-10 weeks) and Ly5.1 mice were
purchased from Charles River, Maastricht, The Netherlands. Specific pathogen free ABBN12 (MHC class II-KO) mice (8 weeks) were purchased from
Taconic, Germantown, NY, USA. OT-I mice have a transgenic Va2Vb5 T cell
receptor that recognize the OVA257-264 peptide in the context of H2-Kb and
were bred at the animal facility of the VU Medical Center (Amsterdam, The
Netherlands). All mice were kept under routine animal housing conditions
and experiments were approved by the animal experiment committee of the
VU University Medical Center, Amsterdam.

Antigen and antibodies
Either intact ovalbumin grade V (OVA, Sigma Aldrich, Zwijndrecht, The
Netherlands) or OVA peptide (OVA257-264 for CD8+ T cell stimulation and
OVA265-280 for CD4+ T cell stimulation) was used as antigen. For FACS analysis, FITC conjugated anti-CD11a (M17/4), PE conjugated anti-Va2 (B20.1),
PE and APC conjugated anti-CD4 (GK1.5), PE conjugated anti-CD8 (53-6.7)
and APC conjugated anti-IFNg (XMG 1.2) were purchased from eBioscience.
APC conjugated Anti-CD62L (MEL-14) was purchased from BD Bioscience.
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Anti-Ly5.2 (AL-1) and anti-CD44 (IM781) were affinity purified from culture
supernatant of hybridoma cells with Protein G–Sepharose and labeled with
biotin or FITC according to the manufacturer’s instructions. H-2Kb-OVA257tetramers were a kind gift of Dr. Ton Schumacher (Netherlands Cancer
264
Institute (NKI), Amsterdam, The Netherlands).

Induction of tolerance and DTH
For induction of oral tolerance 25 mg of OVA in 200 ml saline was administered intragastrically six days before sensitization. For induction of nasal
tolerance, 100 mg OVA in 10 ml saline was intranasally administered on three
consecutive days directly before sensitization. Sensitization was performed
by subcutaneous injection of 25 ml Incomplete Freund Adjuvant (Difco, Alphen aan den Rijn, The Netherlands) mixed with 25 ml saline containing 100 mg
OVA. Five days later, mice were challenged with 10 mg OVA in 10 ml saline
in the auricle of each ear. Directly before challenge, the initial ear thickness
was determined with an engineer’s micrometer (Mitutoyo, Tokyo, Japan).
24 hours later, the increase in ear thickness was measured and spleens were
isolated for ex vivo re-stimulation.

In vivo cytotoxicity assay
Single cell suspensions were prepared from spleens of naive C57Bl/6 and
erythrocytes were depleted. Target cells were incubated with 1 mg/ml
OVA257-264 for 1 hour at 37ºC and labeled with 0.5 mM CFSE. Control cells
were incubated in medium for 1 hour at 37ºC and labeled with 5 mM CFSE.
Each mouse received 5x106 OVA257-264 loaded target cells and 5x106 control
cells in 200 ml saline by i.v. injection. After 16 hours, spleens were isolated
and single cell suspensions were analyzed by FACS to determine OVA specific cell killing using the following formula, in which OVA represents the
number of OVA257-264 coated target cells and CTRL represents the number of
uncoated target cells recovered from either experimental or non-treated (nt)
mice:

(

% specific lysis = 1 -

OVAexp
CTRLnt
x
CTRLexp
OVAnt

)

x 100

37

2

Chapter 2

Intracellular cytokine detection

2

For detection of antigen specific IFNg producing T cells, spleen cells were
re-stimulated ex vivo with the appropriate OVA peptide. For CD8+ T cells,
spleen cells were incubated directly for 5 hours with 0.1 mg/ml OVA257-264
and GolgiPlug (BD). For CD4+ T cells, spleen cells were re-stimulated for 40
hours with 100 mg/ml OVA265-280, followed by 5 hours incubation with GolgiPlug. After the re-stimulation with peptide, cells were stained for CD11a and
CD4 or CD8, followed by fixation (2% Para formaldehyde in PBS; pH 7.2)
and permeabilization (0.5% saponin; 0.5% BSA in PBS). Permeabilized cells
were stained for intracellular IFNg and analyzed on FACS.

Adoptive transfer of T cells into Ly5.1 mice
Lymph nodes and spleens were isolated from C57Bl/6-Ly5.2 mice and OTI-Ly5.2 mice and single cell suspensions were prepared. After depletion of
erythrocytes, WT CD4+ and OT-I CD8+ T cells were enriched using Dynal negative isolation kits following manufacturers recommendations (Invitrogen).
The remaining cells, 80%-90% pure CD4+ or CD8+ T cells, were re-suspended
in PBS. Each acceptor Ly5.1 mouse received 4x106 purified naive OVA specific CD8+ T cells from OT-I (Ly5.2) mice and a control population of 4x106
purified naive CD4+ T cells from C57Bl/6 (Ly5.2) mice. These mice received
OVA for 5 weeks either once a week orally or on three consecutive days each
week intranasally. Control mice were left untreated. Ten days after the last
treatment, spleens and lymph nodes were collected and OT-I cell survival
was analyzed by FACS staining for Ly5.2, CD8 and CD4. The number of
OT-I cells was normalized using WT Ly5.2 CD4+ T cells and represented
as percentage of OT-I cells in non-treated animals using the following formula. OT-I represents the number of CD8+ OT-I cells and CTRL represents
the number of CD4+ control cells recovered from either experimental or nontreated (nt) mice:
% OT-I cells =

38

CTRLnt
OT-Iexp
x
x 100
OT-Int
CTRLexp
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For re-stimulation of OT-I cells, 2x106 spleen cells were incubated in the presence or absence of with 200 mg/ml OVA for 3 days at 37ºC and analyzed by
FACS staining for Ly5.2, CD4, CD8 and IFNg. The percentage of OT-I cells
in the experimental groups as compared to those in non-treated groups was
calculated as described above.

2

Results
Oral administration of antigen suppresses antigen specific cytotoxic T cells
Oral administration of antigens induces regulatory CD4+ T cells, which results in suppression of delayed type hypersensitivity (DTH) responses. To
investigate whether cytotoxic T cell responses are suppressed after oral
antigen application, we analyzed in vivo cytotoxic activity in addition to
the DTH response. To induce tolerance, mice received OVA orally six days
before they were subcutaneously immunized with OVA in IFA. Five days
after immunization, mice were challenged by an injection of OVA in the auricles of both ears and the increase in ear thickness was measured 24 hours
later to measure the DTH response. Animals that had been treated orally
with OVA became tolerant for OVA, as ear swelling responses were reduced
compared to control mice (Fig 1A). To determine in vivo cytotoxic activity,
spleen cells coated with H-2Kb restricted OVA257-264 peptide and non-coated
control cells were labeled with low or high doses of CFSE respectively and
together adoptively transferred to tolerized and immunized mice. After 16
hours, OVA specific cytotoxicity was determined by FACS. OVA specific cytotoxicity was significantly suppressed in tolerized animals when compared
to non-tolerized animals (Fig 1B).
The suppression of cytotoxicity could be caused by a reduction in numbers or
by a suppressed function of OVA specific CD8+ T cells. To quantify the numbers of OVA specific CD8+ T cells in tolerized mice versus immunized mice,
we isolated spleen cells 6 days after immunization and stained with H-2KbOVA257-264 tetramers. Immunized mice showed a clear CD8+ T cell response to
OVA, in which 0.5% of total CD8+ T cells was OVA specific. Mice that were
previously tolerized showed significantly reduced numbers of OVA-specific
39

150

***

80

% lysis

50

60
40
20

-

0

OVA

D

-

E
***
CD11a+ IFN+
of CD8+ T cells

0.6
0.4
0.2
0.0

OVA

OVA
OVA

-

i.g.
s.c.

OVA

0.8

10

-

4

0.47

103

0.21

2

10

2

10

1

10

1

10

0

100

OVA

4

10

101

102

103

104

100
100

101

102

103

104

-

i.g.
s.c.

CD11a

F
0.3

***

0.6
0.4
0.2
0.0

10

103

CD11a+ IFN+
of CD4+ T cells

0

C

***

100

CD11a+ Tetramer+
of CD8+ T cells

2

B

 ear-thickness (m)

A

H2-Kb OVA257-264 Tetramer

Chapter 2

OVA

OVA
OVA

-

i.g.
s.c.

**

0.2
0.1
0.0

OVA

OVA
OVA

Figure 1 Oral administration of OVA results in reduced antigen specific cytotoxicity and number of antigen specific CD8+ T cells.
Mice received OVA or saline intragastrically and six days later the mice were sensitized s.c.
with 100 mg OVA in IFA. At day 11 mice were challenged with 10 mg OVA in 10 ml saline
in the auricle of both ears and 24h later the DTH response was determined by measuring
the increase in ear-thickness (A). After measuring the DTH these mice received CFSE labeled OVA257-264-peptide coated spleen cells together with non-coated control cells i.v. After
16 hours, the spleens of the recipient animals were analyzed for the presence of OVA257264

peptide coated cells and cytotoxicity was calculated using the control cells as internal

standard (B). Six days after immunization, antigen specific CD8+ T cells were stained with
H-2Kb-OVA257-264 tetramers (C and D) or re-stimulated with MHC class I restricted OVA
peptide for 5 hours, or MHC class II restricted OVA peptide for 2 days, and OVA specific
INFg producing CD8+ (E) and CD4+ (F) T cells were analyzed. Black bars represent immunized control mice, grey bars represent OVA mice treated with oral OVA followed by immunization, open bars represent untreated mice. Experiments were repeated 14 times for
(A) and (E), 7 times for (F), and 2 times for (B) each with minimally 7 mice per group. Error
bars indicate SEM of 8 treated or 3 non-treated mice per group. ** p < 0.01, *** p < 0.001.

CD8+ T cells compared to immunized mice (Fig 1C). In addition, spleen cells
were re-stimulated ex vivo with MHC class I and II restricted OVA peptides
and the numbers of IFNg producing CD8+ and CD4+ T cells were measured.
Oral administration of OVA significantly reduced the numbers of antigen
specific IFNg producing CD8+ and CD4+ T cells compared to non-tolerized
animals (Fig 1D and 1E).
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These results indicate that oral administration of antigen significantly reduces the number of antigen specific CD8+ and CD4+ T cells and DTH and
cytotoxicity responses elicited by subsequent immunization.

CD8+ T cell suppression in the absence of CD4+ T cells
Mucosal administration has been shown to induce antigen specific regulatory CD4+ T cells and regulatory CD4+ T cells are known to suppress antigen
specific CD8+ T cell responses in a number of models. One of the possible
mechanisms of CD8+ T cell tolerance induction would be indirect via the
induction of antigen specific CD4+ regulatory T cells. To investigate this possibility, we analyzed both oral and nasal tolerance induction in MHC class II
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Figure 2 Both oral and nasal OVA administration leads to CD8+ T cell suppression in a CD4+ T cell independent way.
WT and MHC class II deficient mice were orally (A and C) or intranasally (B and D) tolerized and sensitized as described in figure 1. OVA specific CD8+ T cells were analyzed on
day 12 as described in figure 1 (A and B). Mice were challenged for DTH measurement on
day 11. After 24 hours, increase in ear thickness was determined as measure for DTH response (C and D). Black bars represent WT mice, grey bars represent MHC class II deficient
mice. Mice were treated as indicated. Error bars indicate SEM of 8 treated or 3 non-treated
mice per group. *** p < 0.001. Oral tolerance induction was also reproducibly observed in
CD4+ T cell depleted mice (2 experiments each with 7 mice per group).
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deficient mice that lack regulatory CD4+ T cells. As depicted in figure 2A and
2B, MHC class II deficiency has no effect on the ability to induce strong OVAspecific CD8+ T cell responses after immunization. In fact, these responses
were higher than in wild-type C57Bl/6 mice, probably due to the absence of
thymus derived CD25+CD4+ regulatory T cells. Interestingly, oral administration of OVA before sensitization led to an antigen specific suppression of
the CD8+ T cell response in MHC class II deficient mice, comparable to the
situation in wild-type C57Bl/6 mice (Fig 2A). Also mice that were depleted
of CD4+ T cells using a monoclonal antibody could efficiently be tolerized by
oral administration (data not shown). Similarly nasal administration, which
has been shown to activate CD4+ Tregs 9, resulted in CD8+ T cell tolerance in
MHC class II deficient mice (Fig 2B).
These results indicate that CD4+ T cells are not essential for the induction of
CD8+ T cell tolerance. However, the deficiency in CD4+ T cells could clearly
be demonstrated when next to CD8+ T cell responses, DTH responses were
determined in MHC class II deficient mice after oral and nasal tolerance induction. In contrast to wild type animals, no specific DTH responses could
be measured in MHC class II deficient mice, illustrating the important role of
CD4+ T effector cells in DTH responses (Fig 2C and 2D).
Together these data show that both oral and nasal CD8+ T cell tolerance induction can occur in the absence of CD4+ T cells, suggesting that CD8+ T cell
tolerance induction is mediated by direct interaction of tolerizing mucosal
DCs and CD8+ T cells. These interactions could potentially lead to deletion
of CD8+ T cells or to the generation of anergic or suppressor CD8+ T cells
incapable of proliferation upon stimulation by regular stimulating antigen
presenting DCs present upon immunization 20.

Different effects of oral and nasal OVA administration on antigen specific
CD8+ T cells
To elucidate the direct effects of oral and nasal antigen administration on
the fate of naive antigen specific CD8+ T cells, we transferred Ly5.1 mice
with 4x106 purified naive OVA specific CD8+ T cells from OT-I (Ly5.2) mice.
During 5 weeks mice received a weekly dose of OVA via the oral or nasal
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Figure 3 Different effects of oral and nasal OVA application on OVA specific
CD8+ T cells.
C57Bl/6 mice were transferred with 4x106 CD8+ OT-I cells and WT CD4+ control cells
and left untreated for 40 days, or treated with weekly oral or nasal OVA applications for
5 weeks. On day 40, the numbers of OT-I cells in the spleen were determined by FACS.
Using the WT CD4+ T cells as an internal control, the percentage of OT-I cells was calculated and depicted relative to the number of OT-I cells present in non-treated animals (A)
and the mean fluorescence intensity of CD62L (B) and CD44 (C) and percentage of IFNg
producing cells from the surviving OT-I cells was determined using FACS analysis (D).
Black bars represent non-treated mice, grey bars represent orally treated mice, and open
bars represent nasally treated mice. Spleen cells were cultured in the absence (black bars)
or presence (grey bars) of OVA for 3 days and the number of OT-I cells was analyzed using
FACS (E). Mice were treated as indicated. Experiments were performed with 5 to 7 mice
per group. Error bars indicate SEM. * p < 0.05, ** p < 0.01, *** p < 0.001.

route. Control mice were left untreated. Ten days after the last administration, spleens and lymph nodes were collected and the numbers of OT-I cells
and their function were analyzed. Although both oral and nasal administration resulted in tolerance and suppression of CD8+ T cell responses after
subsequent immunization (Fig 1), the direct effects of oral and nasal antigen
administration on naive antigen specific CD8+ T cells were very different.
Whereas oral antigen administration led to a significant reduction of antigen specific CD8+ T cells, expansion of these cells was observed after intra43
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nasal application (Fig 3A). In both cases OT-I cells were activated in vivo
as was shown by down-regulation of CD62L (Fig 3B) and up-regulation of
CD44 (Fig 3C). In addition, high percentages of OT-I cells from both orally
and nasally tolerized mice produced IFNg in response to OVA257-264 peptide,
whereas OT-I cells from control mice showed a naive phenotype without
IFNg production (Fig 3D). These results suggest that the DC-CD8+ T cell interactions leading to oral and nasal tolerance must be different, since they
result in different effects on the CD8+ T cells.
Next we determined the capacity of OT-I cells from animals that had been treated orally and nasally to proliferate in vitro upon re-stimulation with OVA.
As expected, OT-I cells from naive, non-treated animals proliferated upon
re-stimulation. Similarly, the remaining OT-I cells from the orally tolerized
mice were still able to proliferate. In contrast, the OT-I cells from nasally treated animals did not proliferate upon ex vivo re-stimulation (Fig 3E).
Together, these data indicate that different mucosal routes of tolerance induction results in different mechanisms of CD8+ T cell tolerance. Whereas
oral tolerance leads to a direct deletion of antigen specific CD8+ T cells, nasal
tolerance induction results in expansion of CD8+ T cells that are lacking proliferative capacity upon secondary stimulation.

Discussion
In this study we investigated the mechanism of CD8+ T cell suppression
upon both oral and nasal antigen application. We report that in mice, application of antigen via the oral and nasal mucosa leads to suppression of CD8+
T cell responses upon secondary immunization. This suppression was detected as a decrease in antigen specific CD8+ T cell numbers as well as a decrease in cytotoxicity. Suppression of CD8+ T cells could still be established
in MCH class II deficient mice by both oral and nasal antigen application,
indicating that regulatory CD4+ T cells were not directly mediating CD8+
T cell tolerance. The regulatory CD4+ T cell independence is an unexpected
observation, because we and others have shown that mucosal antigen administration induces regulatory T cells 9, 21, 22, which have been demonstrated to
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suppress CD8+ T cells in different models 23-28. Instead, our study suggests
that mucosal antigen administration causes CD8+ T cell tolerance via direct
interaction between the antigen presenting cell and the CD8+ T cell, as has
also been indicated in a hapten-specific CD8+ T cell tolerance model 29. However, this does not exclude that antigen specific regulatory CD4+ T cells are
induced, which can provide an additional pathway of CD8+ T cell tolerance
by suppressing CD4+ T cell help for CD8+ T cell activation. In the absence of
CD4+ T cell help, CD8+ T cells can be activated, but undergo an abortive response that results in CD8+ T cell apoptosis upon secondary encounter with
antigen 30.
The functional outcome of both oral and nasal antigen application is suppression of CD8+ T cell activation upon subsequent immunization. However, we provide clear evidence that different mechanisms account for this
CD8+ T cell suppression. Oral antigen application leads to deletion of naive
antigen specific CD8+ T cells, thereby reducing the numbers of antigen specific CD8+ T cells that can be activated upon immunization. In contrast, nasal
antigen application leads to proliferation of effector CD8+ T cells that cannot
proliferate upon re-stimulation. These nasally tolerized CD8+ T cells behave
similar to the “helpless” CD8+ T cells that are primed in the absence of CD4+
T cell help. These “helpless” CD8+ T cells up regulate the death receptor
TRAIL which activates caspase-dependent apoptosis pathways upon secondary stimulation 30, 31. However, caspase inhibitors did not relieve the block
in proliferation of the nasally tolerized CD8+ T cells (data not shown), which
suggests that a different mechanism is responsible.
What causes oral administration to delete antigen specific CD8+ T cells, while
nasal administration leads to expansion of the CD8+ T cell population? In
both treatments antigens are taken up by dendritic cells present in the mucosal tissues, which subsequently migrate to the draining lymph node. Indeed,
antigen specific CD8+ T cell proliferation can be observed in the draining cervical and mesenteric lymph nodes early after nasal and oral administration
12
. However, cervical and mesenteric lymph node DCs may differ in their
capacity to induce deletion of CD8+ T cells. We have previously shown that
peripheral and cervical lymph nodes exhibit profoundly different characteristics that influence tolerance induction 32. Also up regulation of homing re45
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ceptors on CD8+ T cells is differentially regulated by DCs present in different
types of lymph nodes 33. Similarly, cervical and mesenteric lymph node DCs
may differ in CD8+ T cell tolerance induction as they are influenced by the
stromal cell compartment and the peripheral tissues that drain to the lymph
nodes.

2

In addition, one of the major differences between oral and nasal administration is the uptake of oral antigens in the blood leading to the liver via the
portal vein. Oral administered antigens can be detected in the blood 34 and
are taken up by liver sinusoidal endothelial cells, that can cross-present them
to CD8+ T cells and induce deletion 18, 19, 35. More recently, liver plasmacytoid
DCs have also been shown to cross-present orally administered antigens
and to induce deletion of CD8+ T cells 29. This indicates that release of food
antigens in the blood followed by uptake by liver resident cells form an important suppressive mechanism for oral antigens and may account for the
deletion of CD8+ T cell after oral administration. In addition, this suggests
that oral antigen administration forms a more potent pathway for immune
suppression than nasal antigen administration.
Even though oral administration of antigen resulted in deletion of antigen
specific CD8+ T cells, the remaining cells still exhibited an activated phenotype with the capacity to produce IFNg, which is consistent with mucosal
CD8+ T cell priming observed in experimental autoimmune diabetes studies
12, 36
. In these studies transgenic RIP-OVA mice were adoptively transferred
with OVA specific CD8+ T cells and tolerized with OVA via the oral and
nasal routes. Both treatments induced CTL activation and diabetes in these
mice. Interestingly, nasal administration was significantly more potent in inducing diabetes than oral administration 12, which is in agreement with our
observation that CD8+ T cells expand after nasal administration. Since these
studies have been performed with high numbers of adoptively transferred
antigen specific CD8+ T cells, that have been shown to behave differently
compared to endogenously present low CD8+ T cell frequencies 37, 38, the possible consequences of mucosal administration of auto antigens in humans is
unclear. However, our study in combination with these studies does warrant
precaution in the use of mucosal administration of antigens for the prevention or treatment of autoimmune diseases. In this light, oral administration
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would be expected to result in more beneficial results than nasal administration. In addition, mucosal tolerance induction should only be attempted in
those cases in which low precursor frequencies are present.
In conclusion, we show that both oral as well as nasal administration results
in suppression of CD8+ T cell frequencies and functional responses upon
subsequent immunization. This suppression is not dependent on regulatory
CD4+ T cells and is induced via different mechanisms. Insight in the mechanisms of mucosal tolerance induction is essential to develop strategies to
prevent and treat autoimmune diseases and allergies.
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Abstract
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Since the intestinal flora is essential for the functioning of the mucosal immune system, much research has focused on the identification of microbes
that show health benefit and although many studies have investigated the effects of probiotic bacteria, less is known about the beneficial effects of yeasts
like Saccharomyces cerevisiae. Here we analyzed the influence of orally administered S. cerevisiae during experimentally induced colitis in mice. Using
ovalbumin expressing yeast (yeast-OVA) we could simultaneously monitor
possible probiotic effects and follow specific immune responses induced by
the yeast.
Although yeast-OVA was able to induce OVA specific immune responses
both in vitro and after systemic immunization, administration via the intragastric route did not lead to detectable activation of the immune system as
measured by its effects on antigen specific tolerance induction and T cell
activation. When we analyzed the potentially beneficial effects of oral administration of S. cerevisiae during chronic experimental colitis we did not find
an effect on the clinical parameters of the disease. However, we did observe
a significantly increased formation of B cell follicles along the length of the
intestinal wall. These findings suggest a role for yeast in B cell activation,
but the function of these follicles in the onset and duration of disease needs
further investigation to establish a probiotic role of S. cerevisiae in colitis.
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Introduction
The non-pathogenic yeasts Saccharomyces cerevisiae and the very related S.
boulardii are part of daily food intake of many humans 1-3. Yeast has been
studied as probiotic because of its ability to survive low pH and bile salts
during passage through the gastrointestinal tract and potential immune modulating effects. Especially S. boulardii has been shown to exhibit the capacity to control the growth of pathogenic microorganisms like Escherichia coli,
Shigella flexnerii, Clostridium difficile and Vibrio cholerae, and has been used to
re-equilibrate the intestinal microflora as treatment for antibiotic-associated
diarrhea 4-6.
Yeast can be recognized by intestinal epithelial cells, macrophages and dendritic cells (DC) via Toll-Like Receptors (TLR) and other pattern recognition receptors, whereby the two signaling routes via TLR-2 and Dectin-1 are
prevalently used. TLR-2 is expressed by many distinct cell types in the intestines, including epithelial cells of the small intestine and colon, as well
as intestinal macrophages and dendritic cells 7. TLR-2 recognizes conserved
molecular patterns associated with both gram-negative and gram-positive
bacteria, including lipoproteins, peptidoglycan, lipoteichoic acid, and membrane structures of yeast 8. TLR-2 triggering leads to the recruitment of Toll/
IL-1R domain-containing adaptor protein and MyD88 to the TLR-2 complex
resulting in activation of NF-kB and subsequent production of cytokines
and chemokines 9. A mutation in CARD15, increasing the NF-kB activation
by the TLR-2 signaling cascade, is more prevalent in patients with Crohn’s
disease and is thought to be involved in the pathogenesis of the disease 10.
Dectin-1 is a C-type lectin which is highly expressed on macrophages, monocytes and neutrophils, whereas dendritic cells show lower expression 11.
Dectin-1 recognizes beta-glucans, conserved cell wall components of fungi
like C. albicans, S. cerevisiae and some bacteria 12, 13 and is a crucial receptor for
anti-fungal immunity as demonstrated in dectin-1-deficient mice 14.
Inflammatory bowel disease (IBD) is thought to be caused by an inappropriate and persistent activation of the immune system by the normal intestinal bacterial flora. It is a multifactorial disease and both defects in barrier
55
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function of intestinal epithelial cells resulting in translocation of intestinal
bacteria, as well as defects in the immune system have been implicated in its
pathogenesis. Several animal models have been introduced over the years
to study possible causes of IBD. Defects in barrier function can be mimicked by chemical disruption of the epithelial cell layer using Dextran Sodium
Sulphate (DSS) in the drinking water of mice, or rectal injection of 2,4,6-trinitrobenzene sulfonic acid (TNBS) as reviewed by Strober et al. 15. In addition,
several models are based on genetic deficiencies, in particular in cytokines
and cytokine receptors such as IL-10 and IL-2Ra, clearly linking the disease

3

with aberrations of the immune system 16, 17.
The aim of our study was to characterize the probiotic effects of S. cerevisiae
on the induction and severity of experimentally induced colitis. In this study, we show that oral yeast administration increases B cell follicle formation
along the wall of the colon during experimental colitis. These effects were
induced irrespective of any effects of yeast on T cells because we could not
demonstrate that orally administered yeast could lead to yeast-specific T cell
activation or tolerance induction.

Materials and methods
Mice
Specific pathogen free C57Bl/6 mice (8-10 weeks) were purchased from Harlan (Horst, The Netherlands). OT-I and OT-II mice have transgenic Va2/Vb5
T cell receptors that recognize the OVA257-264 peptide in the context of H-2Kb
or the OVA323-339 peptide in the context of I-Ab, respectively and were bred

at the animal facility of the VU University Medical Center (Amsterdam, The
Netherlands). All mice were kept under routine animal housing conditions
and experiments were approved by the animal experiment committee of the
VU University Medical Center, Amsterdam.
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Yeast
The multi-copy OVA-HA expression vector pFvL210 was generated by cloning of a C-terminally HA-tagged version of the chicken OVA cDNA from
pAc-neo-OVA1 18 into the BamHI site of pTCG 19. The plasmid was transformed into yeast strain UCC7164 (a derivative of S288C) 20 and transformed
cells were grown in synthetic media lacking tryptophan to select for the plasmid. OVA expression was induced by growth in media containing galactose.
A derivative of S288C containing a GFP-tagged PGK1 gene 21 was purchased
from Invitrogen. Cells were grown to late log phase, washed with cold PBS,
and heat-inactivated by a 30 minutes incubation at 65ºC. OVA expression
was tested by immunoblot analysis 22.

Antigen and antibodies
Intact ovalbumin grade V (OVA, Sigma Aldrich, Zwijndrecht, The Netherlands) was used as antigen in vivo. Either intact OVA (Calbiochem) or OVA
peptide (OVA257-264 for CD8+ T cell stimulation and OVA265-280 for CD4+ T cell
stimulation) was used as antigen. For FACS analysis, FITC conjugated antiCD11a (M17/4), PE conjugated anti-Va2 (B20.1), PE conjugated anti-CD4
(GK1.5), PE conjugated anti-CD8 (53-6.7) and APC conjugated anti-IFNg
(XMG 1.2) were purchased from eBioscience. Anti-GR-1 (clone RB6-8C5)
anti-CD45 (clone MP-33) and anti-B220 (clone 6B2) were affinity purified
from culture supernatant of hybridoma cells with Protein G–Sepharose and
labeled with biotin or AlexaFluor-647 according to the manufacturer’s instructions.

Tetramer staining
To analyze the number of CD8+ T cells specific for the OVA peptide SIINFEKL we used H-2Kb-SIINFEKL tetramers (a kind gift of Dr. Ton Schumacher
Netherlands Cancer Institute (NKI), Amsterdam, The Netherlands). Spleen
cells were washed with FACS buffer (PBS containing 0.5% BSA and 0.02%
sodium azide) and stained with PE-conjugated anti-CD8a (53-5.8, Pharmingen) and FITC conjugated CD11a together with APC-conjugated Kb-SIINFEKL tetramers for 20 minutes at room temperature. Spleen cells were washed
three times and analyzed by flow cytometry.
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Isolation of DC and T cells

3

Spleens of C57Bl/6 mice were cut into grain size pieces and incubated in 1
ml/spleen of 1 WU/ml (wunsch unit/mL) Liberase I (Roche Diagnostics,
Mannheim, Germany) and 50 mg/ml DNase I (Roche) in medium without
FCS and 2-mercaptoethanol with continuous stirring at 37°C for 30 minutes
or until digested. EDTA was added to a 10 mM final concentration, and
the cell suspension was incubated for an additional 5 minutes at 4°C. Red
blood cells were lysed with ACK lysis buffer. Cells were washed once with
IMDM/HE and undigested material was removed by filtration. DC were
purified by positive selection with anti-CD11c MACS microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany) following manufacturer’s protocol.
Lymph nodes and spleens were isolated from OT-I or OT-II mice and single
cell suspensions were prepared. After depletion of erythrocytes, OT-I CD8+
or OT-II CD4+ T cells were enriched using Dynal negative isolation kits following manufacturer’s recommendations (Invitrogen). The remaining cells
were 80%-90% pure CD8+ or CD4+ T cells.

Cross-presentation assay
To detect yeast-OVA presentation, DCs were used as stimulators for naive
T cells in a 3H-thymidine-incorporation assay. For this, different numbers
of CD11c+ DC were co-incubated with yeast-OVA in the presence of 105 purified OT-I CD8+ T cells, or 105 purified OT-II CD4+ T cells in triplicate in
flat-bottom 96-wells plates (Nunc). After 48 hours of incubation in a CO2
incubator, plates were pulsed with 1 mCi 3H-thymidine/well. After an additional 16 hours of incubation, 3H-thymidine incorporation was measured
on a Wallac-LKB Betaplate 1205 liquid scintillation counter.

Adoptive transfer and CFSE labeling of donor cells
Purified T cells were re-suspended in PBS at 107 cells/ml and incubated for
10 minutes at 37˚C with 5,6-carboxy-succinimidyl-fluoresceine-ester (CFSE)
(Molecular Probes, Leiden, The Netherlands) at a final concentration of 5 mM
to follow their division profiles in vivo. CFSE-labeled cells were washed in
ice-cold PBS with 10% FCS and resuspended in PBS. Each mouse received
5x106 T cells in 200 ml saline by i.v. injection.
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Induction of tolerance and analysis
For induction of oral tolerance 25 mg of OVA or 109 yeast-OVA cells in 200
ml saline was administered intragastrically six days before immunization.
Immunization was performed by subcutaneous injection of 25 ml Incomplete
Freund Adjuvant (Difco, Alphen aan den Rijn, The Netherlands) mixed with
25 ml saline containing 100 mg OVA. Single cell suspensions were prepared
and OVA specific CD8+ T cells were detected using H-2Kb-OVA257-264 tetramers. For detection of antigen specific IFNg producing T cells, spleen cells
were re-stimulated ex vivo with the appropriate OVA peptide. For CD8+ T
cells, spleen cells were incubated directly for 5 hours with 0.1 mg/ml OVA257and GolgiPlug (BD). For CD4+ T cells, spleen cells were re-stimulated for
264
40 hours with 100 mg/ml OVA262-276, followed by 5 hours incubation with GolgiPlug. After the re-stimulation with peptide, cells were stained for CD11a
and CD4 or CD8, followed by fixation (2% Para formaldehyde in PBS; pH
7.2) and permeabilization (0.5% saponin; 0.5% BSA in PBS). Permeabilized
cells were stained for intracellular IFNg and analyzed on FACS.

Induction of colitis
Colitis was induced by addition of 1.5% (wt/vol) of DSS (molecular weight
40 kDa; TdB Consultancy, Uppsala, Sweden) to the drinking water for 7 days
followed by normal drinking water till day 13 or 16. 109 yeast cells were administered three times a week, starting 14 days before DSS treatment. Body
weight was determined daily from start of DSS treatment. Mice were sacrificed on day 13 or 16, the entire colon was removed from cecum to anus, and
colon weight and length was measured as a marker of inflammation. Colons
were opened longitudinally and split up for immune-histochemical analysis
or chemokine expression levels.

Immune-histochemical analysis
Longitudinal sections of colon were stained for CD45, B220 and GR-1. B cell
follicles were identified as CD45+, B220+ and GR-1- areas. To calculate surface
area, the edge of B cell follicles was drawn manually and analyzed using
LAS AF software (Leica). Whole colon surface area per section was approached by calculating DAPI+ area using Analysis Pro (Olympus Soft Imaging
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Solutions) and percentage of follicle area per section was calculated. Every
70-100mm sections were analyzed, resulting in 15 to 27 analyzed sections per
animal. Mean values of four DSS and four DSS and yeast treated animals
were analyzed using Students T test.

Cytokine mRNA analysis

3

cDNA was synthesized from total RNA with random hexamers and MMuLV reverse transcriptase (Fermentas). Quantitative PCR was performed with FastSYBRGreen (Applied Biosystems) for CXCL-13 (primer sequence: forward 5´-CATAGATVGGATTCAAGTTACGCC-3´,
reverse 5´-TCTTGGTCCAGACACAACTTCA-3´) and CCL-20 (primer
sequence: forward 5´-TTGTGGGTTTCACAAGACAGATG-3´, reverse 5´TCTTCGTGTGAAAGATGATAGCATT-3´) on an ABI Prism 7900HT Sequence Detection Systems (Applied Biosystems). Results were normalized
to Ubiquitin and presented as relative quantities of mRNA compared to untreated healthy controls.

Results
Yeast-OVA is presented to CD4+ and CD8+ T cells both in vitro and in vivo
S. cerevisiae is part of normal daily food intake of humans, and probiotic effects on inflammatory bowel disease have been suggested 2, 4, 5. To study this
in more detail we wished to be able to follow the effects of S. cerevisiae on
the clinical progress of colitis and at the same time monitor yeast-specific
immune responses. Therefore we transfected S. cerevisiae with ovalbumin
(yeast-OVA) and tested the efficiency of the transfection in vitro and in vivo.
When isolated splenic dendritic cells were incubated with yeast-OVA this
led to strong proliferation of OVA-specific TCR transgenic OT-I and OT-II
cells showing that in vitro dendritic cells were able to process and present the
OVA antigen specifically (Fig. 1A).
Next we investigated the ability of yeast-OVA to induce T cell responses in
vivo. Therefore, C57Bl/6 mice were adoptively transferred with CFSE labe60
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cells for OT-I transferred mice or CD4+ cells for OT-II transferred mice (B). These are representative FACS figures of four mice per group analyzed in two independent experiments.

led OT-I and OT-II cells and yeast or yeast-OVA was administered intravenously. As shown in figure 1B, both OT-I and OT-II cells proliferated in
mice that had received yeast-OVA. In addition, when spleen cells from these
mice were re-stimulated in vitro with either MHC class I or MHC class II restricted OVA peptide, prominent antigen-specific IFNg production by CD8
(OT-I) and CD4 (OT-II) cells was found.
These results indicate that yeast derived antigens can be processed and presented to CD4+ and CD8+ T cells, leading to activation of these cells both in
vitro and in vivo.
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Figure 2 Mucosal application of yeast does not induce T cell responses.
CFSE-labeled OT-I or OT-II OVA-transgenic T cells were transferred into C57BL/6 mice
and 24 h later 109 yeast-OVA cells were administered orally. To determine proliferative
and activation of transferred T cells, CFSE dilution and IFNg production was measured
after 3 days by staining cells for IFNg and CD8 or CD4. Plots are gated on CD8+ cells for
OT-I transferred mice or CD4+ cells for OT-II transferred mice. These are representative
FACS figures of three mice per group analyzed in two independent experiments (A). Mice
received OVA or 109 yeast-OVA cells intragastrically and six days later the mice were immunized s.c. with 100 mg OVA in IFA. Six days after immunization, antigen specific CD8+
T cells were stained with H-2Kb-OVA257-264 tetramers (B) or re-stimulated with MHC class
I restricted OVA peptide for 5 hours, or MHC class II restricted OVA peptide for 2 days,
and OVA specific INFg producing CD8+ (C) and CD4+ (D) T cells were analyzed. Black bars
represent immunized control mice, dark grey bars represent mice treated with OVA orally
followed by immunization, light grey bars represent mice treated with yeast-OVA orally
followed by immunization, white bars represent untreated animals. Error bars indicate
SEM of 7 treated or 3 non-treated mice per group. * p < 0.05; ** p < 0.01.
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Oral administration of yeast does not influence T cell responses
Before testing the putative probiotic effects of S. cerevisiae we wished to establish whether antigens associated with the intestinal flora would be recognized by the mucosal immune system and whether this could lead to immunity
or tolerance. Therefore we adoptively transferred C57Bl/6 mice with CFSE
labeled OT-I and OT-II cells after which they orally received yeast, yeastOVA or soluble OVA. In contrast to systemic administration of yeast-OVA
after which ample proliferation of OVA-specific T cells was observed (Fig.
1B), mucosal administration of yeast-OVA did not lead to appreciable proliferation of mesenteric lymph node T cells compared to animals receiving
non transfected S. cerevisiae. In contrast, orally administered OVA protein
led to substantial proliferation of both OT-I and OT-II cells (Fig. 2A).
Next we determined whether oral yeast application could cause suppression
of T cell responses by induction of tolerance. Mice received yeast-OVA or
soluble OVA orally six days before they were subcutaneously immunized
with OVA in IFA. To quantify the numbers of OVA specific CD8+ T cells in
oral OVA or yeast-OVA treated mice versus immunized mice, we isolated
spleen cells 6 days after immunization and stained with H-2Kb-OVA257-264
tetramers (Fig 2B). Immunized mice showed a clear CD8+ T cell response to
OVA, in which 0.5% of total CD8+ T cells was OVA specific. Mice that had
previously been treated orally with soluble OVA showed significantly reduced numbers of OVA-specific CD8+ T cells compared to immunized mice,
indicating suppression of T cell responses by soluble antigen. However, such
oral tolerance could not be demonstrated in animals that had received yeastOVA orally before systemic immunization. Their OVA specific CD8+ T cell
numbers were comparable to control mice that had only been immunized
without prior oral applications. In addition, when spleen cells were re-stimulated ex vivo with MHC class I and II restricted OVA peptides and the
numbers of IFNg producing CD8+ and CD4+ T cells were measured, it was
clear that oral administration of soluble OVA significantly reduced the numbers of antigen specific IFNg producing CD8+ and CD4+ T cells compared to
non-tolerized animals, whereas oral administration of yeast-OVA did not
affect the immunization (Fig 2C and 2D).
These results indicate that oral administration of yeast did not activate or
suppress T cell responses.
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Effect of oral administration of yeast on DSS colitis and B cell follicle formation
Next we investigated the effect of yeast in a murine colitis model induced by
adding DSS in the drinking water. Mice orally received yeast or saline three
times a week starting two weeks before DSS treatment. Exposure of DSS for
7 days induced acute inflammation in both yeast treated and untreated animals. As shown in figure 3A and B, oral yeast treatment did not significantly
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influence the clinical symptoms of body weight loss and the ratio of colon
weight and length.
Histological analysis at day 13 and 16 revealed dense clusters of cells in
the colonic lamina propria of DSS treated animals. Immunofluorescence
examination was used to investigate the composition of these clusters. The
dense aggregates consisted of relative small cells from hematopoietic origin,
as could be inferred from their positive staining for CD45. Further analysis
revealed that the cells in these aggregates were B220 positive B cells, whereas
neutrophils were scattered through the lamina propria but absent in the aggregates (Fig 3C). This indicates that B cell follicles are formed during the
chronic phase of DSS colitis. Detailed examination of colon sections for B
cell follicles as percentage of total colon area showed a significant increase
of these structures in yeast treated mice compared to untreated animals (Fig
3D).
To investigate whether the larger size of the B cell follicles found in DSS and
yeast treated animals was a result of an increased expression of B cell attracting chemokines, the production of the chemokines CXCL-13 and CCL-20
in the colon was determined by quantitative PCR at day 13 and 16. It was
found that mRNA expression of CXCL-13 in whole colon homogenates was
increased in both DSS groups, irrespective of yeast treatment (Fig 3E). For
CCL-20 a slight but not significant increase was found after oral yeast treatment in control mice but no differential effect was seen after DSS treatment
(Figure 3F).
These results indicate that oral yeast treatment does not influence the onset
and severity of the experimental colitis as determined by weight loss and colon involvement. However, oral yeast treatment during experimental colitis
increased the size of B cell follicles, but this was not correlated to the amount
of B cell attracting chemokines CXCL-13 or CCL-20.
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Discussion

3

Here we show that administration of S. cerevisiae prior to the onset of experimental DSS colitis in mice has no beneficial effect on the clinical symptoms
of the disease. Whereas yeast has been used successful as probiotic in antibiotic-associated diarrhea, our results may be linked to poor recognition of
our yeast via TLR-2. Using S. cerevisiae we could not detect TLR-2 activation
in a TLR-2 reporter cell line (unpublished results) and although recognition
via Dectin-1 is probably occurring as can be inferred from Dectin-1 mediated phagocytosis of the yeast particles (unpublished results and 22), this may
have been insufficient to induce substantial probiotic effects. Yeast has been
described to activate both TLR-2 as well as dectin-1 12, 13, but especially TLR-2
signaling seems crucial as enhanced recovery of experimental colitis was induced by the synthetic TLR-2 agonist PCSK 4, 5, 23.
We observed that oral yeast treatment during colitis led to an increased B cell
follicle formation. Interestingly, B cells express TLR-2, but not Dectin-1 11, 24,
suggesting that TLR-2 signaling may play a role in the effects of S. cerevisiae.
Alternatively, other cell types can be important in attracting B cells by producing B cell attracting chemokines like CXCL-13 or CCL-20 25, 26. Epithelial
cells are known to produce the B cell attractant CCL-20 upon stimulation
with a Campylobacter jejuni extract in vitro 26 and enhanced CCL-20 production by epithelial cells was found in mice transgenic for a constitutively active
form of TLR-4 27. CCL-20 is also expressed in Peyers patches and is obligatory
for the formation of isolated lymphoid follicles (ILF) 28, 29. Follicular stromal
cells, follicular dendritic cells and germinal center T helper cells are known
to produce CXCL-13, but this chemokine is not necessary for ILF formation
30-32
. The absence of correlation between CCL-20 and CXCL-13 production
and B cell follicle formation in our experiment may be related to the time of
sampling. Since these chemokines are essential for the formation of the follicles, differences in expression may only be apparent at earlier time points
when the B cell structures are induced.
We could not detect a substantial immune response against the yeast associated OVA when the yeast was administered orally, although T cells could
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recognize yeast derived antigens in vivo after systemic yeast administration.
In a comparable system T cells did proliferate and produced cytokines in
response to orally administered OVA expressing Salmonella typhimurium 33, 34.
Instead of the pathogenic S. typhimurium, we used heat-inactivated S. cerevisiae that cannot enter the lamina propria. Since DCs can sample antigens from
the gut lumen 35, theoretically also yeast expressed antigens could be sampled and processed. However, this luminal antigen sampling from yeast can
be less efficient than uptake of soluble protein, resulting in lower amounts
of available antigens. Furthermore, when we compare the total amount of
OVA administered as soluble OVA protein or as yeast expressed OVA, the
amount of administered yeast expressed OVA is in the mg range, whereas
soluble OVA is in the mg range 22. Interestingly, even in the situation where
the barrier function of the epithelium was disrupted by DSS treatment, no T
cell proliferation was detected (unpublished results).
From the above it is clear that we have little indication for functional signaling of the S. cerevisiae via TLR-2, but signaling via Dectin-1 can clearly not
be excluded. It is known that Dectin-1 signaling via an immunoreceptor tyrosinebased activation motif (ITAM)-like motif, Syk, and CARD9 has been
implicated in the production of IL-23 36, 37. This cytokine is necessary for the
survival of IL-17 producing T cells and recently polymorphisms in the IL-23
receptor have been linked to the occurrence of IBD 38-40. That we have not
been able to detect any effects on the clinical parameters during colitis may
be explained by the strong intestinal damage and inflammation caused by
DSS administration. Possibly by using a more chronic or milder colitis model, effects of yeast administration may become apparent.
Together, our results clearly indicate a role for S. cerevisiae during colitis as
seen from the enhanced aggregation of B cells in the intestinal wall, warranting further research into the use of this organism as a safe probiotic.
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Splenomegaly during experimental
colitis is caused by an increase of
CD11b+Gr-1+ cells
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Abstract
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Neutrophils play an important role in chronic inflammatory conditions such
as inflammatory bowel disease (IBD). Using an experimental mouse model
for both the acute as well as chronic form of colitis, we observed an massive influx of CD11b+Gr-1+ neutrophil progenitors in the spleen during the
chronic phase. The splenomegaly was preceded by an increase in neutrophil
progenitors in the bone-marrow. To determine the mediators involved in
this splenic influx of neutrophil progenitors we investigated serum and colon levels of neutrophil growth factors and chemokines. Serum G-CSF levels
increased dramatically very early after colitis induction and remained high
during both the acute as well as the chronic phase, whereas GM-CSF levels
were elevated only during the chronic phase of disease. Serum levels of the
neutrophil attracting chemokine CXCL-1 increased during the acute phase
of colitis induction, while CXCL-2 was not detectable in serum of mice at several time points. Furthermore, we detected increased expression of CXCL-1
in the colon during both acute and chronic colitis, whereas colonic CXCL-2
expression was increased in the chronic phase of disease. These findings indicate that experimentally induced colitis strongly stimulates the production
of CD11b+Gr-1+ neutrophil progenitors which is regulated by the growth
factor G-CSF and by CXCL-1.
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Introduction
Neutrophils are essential in the innate inflammatory response to bacteria and
fungi 1-3. In patients with inflammatory bowel disease (IBD) neutrophils are
found to accumulate in the intestines, which directly correlates with clinical
disease activity and epithelial injury 4, 5. This may result from the influence of
neutrophils on epithelial functions ranging from barrier maintenance, electrolyte secretion and production of oxidants 6-8. So although their presence
in the gut represents a first line of host defense against microbial agents, the
secondary effects resulting from their presence in the gut wall are associated
with the pathogenesis of IBD.
Neutrophil migration into the tissues is mediated by CXCL-1 (KC) and CXCL-2 (MIP-2) in mice and CXCL-8 in humans. Many cell types are capable
of producing these chemokines, including keratinocytes, fibroblasts, macrophages and neutrophils themselves 9, 10. Activation of the corresponding
receptors, CXCR-1 as well as CXCR-2, can promote chemotaxis and degranulation at the site of inflammation, with CXCR-2 presumably associated
with the initiation of neutrophil migration whereas CXCR-1 is implicated
in superoxide production 11-13. The precise role that neutrophils play in the
onset and duration of the disease is not clear. Studies on the role of neutrophils in experimental colitis, focusing on the role of neutrophil attracting CXC
chemokines and receptors, with CXCR-2 and its ligand CXCL-1 in particular,
have given somewhat conflicting results. Blockade of CXCR-2 ameliorates
TNBS induced colitis, whereas mice lacking CXCL-1 were more susceptible
for DSS colitis 14, 15.
During homeostasis, granulocyte colony stimulating factor (G-CSF) is involved in granulopoiesis and the mobilization of neutrophils from the bone
marrow. Mice lacking this cytokine or its receptor have reduced numbers of
neutrophils in their bone marrow and circulation 16, 17. Granulocyte macrophage colony stimulating factor (GM-CSF) enhances growth and differentiation of various cell lineages like neutrophils, eosinophils, monocytes and
dendritic cells. In contrast to mice lacking G-CSF, GM-CSF knockout mice do
not develop defects in hematopoiesis 18, which indicates that G-CSF is more
essential for the induction of granulopoiesis than GM-CSF.
75
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In this study we report that DSS induced colitis is associated with splenomegaly resulting from a massive influx of CD11b+Gr-1+ cells in the spleen.
These CD11b+Gr-1+ cells are produced in the bone marrow, directly correlated with increased G-CSF levels in the serum. Analysis of the neutrophil
chemo-attractants CXCL-1 and CXCL-2 revealed that the CXCL-1 level was
increased systemically, whereas expression of both chemokines was elevated in the colon during DSS colitis. Our studies point to an important role
for G-CSF and CXCL-1 in production and mobilization of CD11b+Gr-1+ cells
and the CD11b+Gr-1+ cell related splenomegaly during chronic DSS induced
colitis.

Materials and methods

4

Mice
Specific pathogen free C57Bl/6 mice (8-10 weeks) were purchased from
Harlan (Horst, The Netherlands). All mice were kept under routine animal
housing conditions and experiments were approved by the animal experiment committee of the VU University Medical Center, Amsterdam.

Induction of colitis and tissue handling
Colitis was induced by addition of 2% (wt/vol) of DSS (molecular weight 40
kDa; TdB Consultancy, Uppsala, Sweden) to the drinking water for 5 days
followed by normal drinking water. Fresh DSS solution was prepared daily. Body weight was determined daily from the start of the DSS treatment.
Groups of three DSS treated mice and one healthy control were sacrificed on
day 5, 8, 11, 15, 18, 22, 25 and 29. Blood was drawn by heart puncture for
serum collection. The entire colon was removed from cecum to anus and homogenized in Trizol for mRNA expression analysis. Spleens were collected
and single cell suspensions were prepared and erythrocytes were depleted.
Femurs were flushed with PBS to collect bone marrow cells and erythrocytes
were depleted.
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Antibodies
For FACS analysis, FITC conjugated anti-Ly-6C (ER-MP20) and biotinylated anti-CD31 (ER-MP12) were a kind gift of Dr. Peter Leenen (Erasmus
MC, Rotterdam). FITC conjugated anti-GR-1 and PE conjugated anti-CD11b
were purchased from eBioscience. For immunofluorescence microscopy,
AlexaFluor488 conjugated anti-Gr-1 (RB6-8C5) and bioninylated anti-CD11b
(Mac-1) were purchased from eBioscience. Supernatant from hybridoma cultures of clone Ser-4 was used to stain Siglec-1 on marginal zone metallophilic
macrophages.

Microscopy
Single cell suspensions were cytocentrifuged and stained according to Giemsa using DiffQuick (Medion Diagnostics, Düdingen, Switzerland). For immunofluorescence spleens were embedded in O.C.T. medium (Tissue-Tek,
Sakura) and frozen at -80°C. Cryosections (7mm) were fixed in acetone for 2
minutes, air-dried and blocked in 5% (v/v) mouse serum in PBS. After staining, cryosections were embedded in polyvinyl alcohol and examined on a
Leica DM 6000 microscope.

Detection of cytokines
Serum G-CSF, GM-CSF, CXCL-1 and CXCL-2 levels were analyzed using
Milliplex mouse cytokine detection kits and analyzed using the Bio-Plex array reader (Bio-Rad Laboratories) according to the manufacturer’s guidelines.

Cytokine mRNA analysis
cDNA was synthesized from total RNA with random hexamers and
M-MuLV reverse transcriptase (Fermentas). Quantitative PCR was
performed with FastSYBRGreen (Applied Biosystems) for CXCL-1
(primer sequence: forward 5´-ACCCAAACCGAAGTCATAGCC-3´, reverse 5´-AGACAGGTGCCATCAGAGC-3´) and CXCL-2 (primer sequence:

forward

5´-CATCCAGAGCTTGAGTGTGAC-3´,

reverse

5´77
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CTTTGGTTCTTCCGTTGAGGG-3´) on an ABI Prism 7900HT Sequence
Detection Systems (Applied Biosystems). Results were normalized to Ubiquitin and presented as relative quantities of mRNA compared to healthy
controls.

Results
Splenomegaly induced by DSS colitis
Experimental colitis induced by addition of dextran sodium sulphate (DSS)
to the drinking water of mice for five days is a widely used model in which
acute damage to the epithelial barrier of the intestine results in acute inflammation, that progresses into a more chronic phase 19. In the acute phase mice

4

suffer from diarrhea and severe weight loss (Fig 1A), whereas the chronic
phase is associated with increasing involvement of the adaptive immune
system. This can be inferred from the formation of B cell follicles in the colon
(chapter 2). To further study the systemic involvement of the immune system during the chronic phase of inflammation we studied the spleen, being
the major lymphoid organ involved in filtering the blood. Interestingly, we
observed that the spleen size was increased dramatically during the chronic
phase of DSS colitis (day 20) (Fig 1B). To investigate the cell populations
involved in this splenomegaly, cell suspensions from spleens at day 20 after DSS colitis were analyzed using FACS analysis for different cell subsets.
First, expression of Gr-1 and CD11b was analyzed to determine the contribution of macrophages and neutrophils in the colitis related splenomegaly. As
shown in figure 1C, the amount of CD11b+Gr-1+ increased dramatically both
in total numbers per spleen and as percentage of spleen cells. In contrast, the
numbers of both B cells (Fig 1D) and CD4+ and CD8+ T cells (Fig 1E and 1F)
were not affected or even decreased in mice after DSS colitis. This indicates a
specific accumulation of CD11b+Gr-1+ cells in the spleen after DSS colitis.
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Figure 1 DSS treatment induces splenomegaly.
C57Bl/6 mice were treated with 2 % DSS in drinking water for 5 days. Typical picture of
body weight loss during DSS colitis (A). Spleens were analyzed on day 20 for cell numbers
(B), CD11b and Gr-1 expression (C), B cells (D), CD4+ T cells (E) and CD8+ T cells (F). Black
bars represent 20 healthy controls, grey bars represent 20 DSS treated mice. Error bars indicate SEM. *** p < 0.001. P values were calculated using Students T test.

Neutrophil-like cells accumulated in the red pulp of the spleens of mice suffering of DSS colitis
To further elucidate the nature of CD11b+Gr-1+ cells involved in the colitis
related splenomegaly, we investigated the morphology and the location of
these cells in the spleen. First, spleen cells were cytocentrifuged and analyzed using Giemsa staining. As shown in figure 2A, cells with polymorphic
ring like nuclei were increased in mice suffering of chronic DSS colitis as
compared to healthy controls. These ring like nuclei indicated the presence
of immature neutrophil progenitor cells.
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Figure 2 Splenomegaly is caused by the increased presence of neutrophil like
cells.
C57Bl/6 mice were treated with 2% DSS in drinking water for 5 days. Spleens were analyzed on day 8, 15, 19 and 25 for morphology using Giemsa staining of cytospins (A). On
day 19, spleens were histologically analyzed for expression of Ser-4 (red), Gr-1 (green) and
CD11b (blue) (B).

Next we analyzed spleen sections to investigate the location of the
CD11b+Gr-1+ cells using immunofluorescence microscopy. CD11b+Gr-1+
double positive cells were increased enormously in the red pulp of spleens
from DSS treated animals compared to healthy controls, whereas the white
pulp was completely devoid of these cells (Fig 2B). The selective presence in
the red pulp is similar to that found for neutrophils. In conclusion, both the
morphology of the cells as well as the location indicated that the CD11b+Gr-1+
cells were immature neutrophil precursors.

Neutrophil production is enhanced in the bone marrow during DSS colitis
To further elucidate the role of CD11b+Gr-1+ cells during inflammatory bowel
disease, we investigated splenic CD11b+Gr-1+ cell numbers on several timepoints during chronic experimental colitis. Flow cytometric analysis revealed an enormous increase in CD11b+Gr-1+ cells starting at day 15, peaking at
day 25 and diminishing at day 29 (Fig. 3A). Since neutrophils are produced
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Figure 3 DSS treatment induces neutrophil production in bone marrow.
C57Bl/6 mice were treated with 2 % DSS in drinking water for 5 days. groups of mice
were sacrificed on indicated time points. To detect neutrophils in spleen, spleen cells were
stained for GR-1 and CD11b (A). Bone marrow cells were stained for CD31 and Ly6C (B).
Sera were collected to determine G-CSF (C) and GM-CSF (D). Error bars indicate SEM of 8
healthy controls or 3 DSS treated animals per time point.

in the bone marrow, we investigated the numbers of granulocyte precursor
cells in the bone marrow during DSS colitis. Bone marrow cells were stained
for CD31 and Ly6C, to identify neutrophil precursors that are CD31+Ly-6Cint
20
. As shown in figure 3B, neutrophil precursor frequencies in bone marrow
were doubled starting at day 8 which remained to at least day 29. Since granulopoiesis in the bone marrow can be stimulated by both G-CSF and GMCSF, serum levels of these cytokines were investigated during DSS induced
colitis. Whereas serum G-CSF levels increased dramatically from day 5 till at
least day 29 (Fig 3C), GM-CSF was only detectable in some mice at day 5 and
from day 15 till day 25 (Fig 3D). These increased levels of G-CSF in the serum
during DSS induced colitis serum clearly suggest a positive feedback of the
inflammation on the granulopoiesis-activity in the bone marrow.
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Neutrophil attracting chemokines CXCL-1 and CXCL-2 are elevated during
DSS colitis
Next to enhancement of granulopoiesis, G-CSF is known to induce neutrophil mobilization from the bone marrow. In addition also chemokines CXCL-1 and CXCL-2 can activate neutrophil mobilization from the bone marrow 21. To investigate whether CXCL-1 and CXCL-2 were also involved in
the enhanced numbers of splenic neutrophils, we analyzed serum levels and
mRNA expression levels of CXCL-1 and CXCL-2 in the colon at several time
points during DSS colitis. Serum levels of CXCL-1 were elevated in the acute
phase of DSS colitis and returned to control levels already on day 15 (Fig
4A). In contrast, CXCL-2 was not detected in serum of healthy controls or
DSS treated animals. These results point to a role for CXCL-1 in the mobilization of neutrophils from the bone marrow to the spleen.

sacrificed on indicated time points. Sera were
collected and analyzed for CXCL-1 (A). Whole
colon homogenates were prepared from colon
and RNA was extracted and subjected to RTqPCR analysis to determine mRNA levels of
CXCL-1 (B) and CXCL-2 (C). Error bars indicate SEM of 8 healthy controls or 3 DSS treated
animals per time point.
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Because DSS colitis causes damage to and inflammation of the colon, we
hypothesized that the serum levels of CXCL-1 originated from the colon.
Therefore, we investigated colon homogenates for mRNA expression of CXCL-1 and CXCL-2 in the course of inflammation. CXCL-1 expression was
increased in the colon during DSS colitis, but the increase in colon mRNA
lagged behind the increase detected in serum (Fig 4B). Whereas CXCL-2 was
not detected in the serum, CXCL-2 mRNA expression in the colon of DSS treated mice was increased at later time points during chronic DSS colitis (Fig
4C). These data indicate that the colon is a source of CXCL-1 and CXCL-2
during DSS colitis, but that other tissues are likely to be involved in the early
increase in CXCL-1 serum levels.

Discussion
Here we report that the development of colonic inflammation after DSS administration is correlated with a huge influx of mainly CD11b+Gr-1+ cells
in spleen that parallels the duration and intensity of the experimental colitis model. We observed increased numbers of neutrophil progenitors in the
bone marrow and up-regulation of both serum G-CSF and CXCL-1, cytokines that are involved in granulopoiesis and neutrophil attraction. In addition, the expression of CXCL-1 and CXCL-2 was increased in the colon.
The majority of the CD11b+Gr-1+ cells that had accumulated in the spleen
contained ring-shaped nuclei. CD11b+Gr-1+ cells have been described in tumor bearing mice, during infection, sepsis and transplantation and are often
defined as immature myeloid cells with suppressor functions or myeloidderived suppressor cells 22, 23. These cells form an heterogeneous population
that can be induced by proinflammatory stimuli and are able to suppress T
cells. Immature myeloid cells are present in the bone marrow of all mice and
differentiate into mature myeloid cells under normal conditions, but have
immunosuppressive functions during disease. One study has reported increased numbers of myeloid suppressor cells in an experimental model of
colitis and in IBD patients 24. However, we did not observe suppression of T
cell function (chapter 5) and since our CD11b+Gr-1+ cells have a more PMN-
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ring-cell-like nucleus, we assume that our CD11b+Gr-1+ cells are different
from the myeloid suppressor cells described earlier and represent increased
numbers of granulocyte precursors 25, 26. Their localization in the red pulp,
excluding them from the white pulp, is in concordance with the localization
found for granulocytes under normal conditions 27, 28. This may indicate that
the massive presence of these cells in this organ is probably not related to
major disorganization of the organ or ongoing inflammation, but could result from enhanced extramedullary granulopoiesis in the spleen. This could
explain the large number of cells with a relatively immature phenotype.

4

We could show that the serum levels of both G-CSF and CXCL-1 had increased concomitantly with the intensity of inflammation and the number of
myeloid precursor cells in bone marrow and the numbers of CD11b+Gr-1+
cells in the spleen. The origin of these factors with their important role in
granulopoiesis and cell recruitment is not clear.
We hypothesized that these factors had been locally produced in the affected colon. However, when we analyzed the production in the colon by Real
Time-PCR the kinetics of production showed a different pattern suggesting
that the majority of these factors was made outside the colon. A problem in
this interpretation could be that we were not able to measure the actual protein in the colon. The drop in CXCL-1 after day 8 may therefore reflect consumption by the developing granulocytes, which start to rise after this time
point in both bone marrow and spleen. Alternatively, other tissues such as
spleen and bone marrow itself could produce these factors as a result of systemic activation and feedback loops from the colon. G-CSF has been shown
to be increased in the serum of humans and mice suffering of infections 29.
Increased CXCL-1 production has been detected in meningococcal sepsis
and Helicobacter pilori infections 30, 31. Translocation of intestinal bacteria
into mesenteric lymph nodes is known to occur in mice suffering from DSS
colitis. The bacterial translocation is likely to cause these increased serum
levels G-CSF and CXCL-1, but the cell types and the tissues involved in the
production of these cytokines remain to be identified.
In contrast to the splenomegaly we observed during the chronic phase of experimentally induced DSS colitis, IBD patients often show hyposplenism 32.
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Hyposplenism has been correlated with ulcerative colitis and celiac disease
and less with Crohn’s disease. Future research is necessary to establish the
precise mechanisms involved in the production of Gr-1+CD11b+ cells and the
function of these cells and whether similar processes take place in patients
with IBD.
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Defects in oral tolerance during chronic
experimental colitis
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Abstract
The mucosal immune system constantly needs to discriminate between
harmful and harmless antigens to induce the proper activating or tolerizing
immune response. Both defects in the mucosal immune system as well as
defects in barrier function of intestinal epithelial cells resulting in translocation of intestinal bacteria, can lead to the development of inflammatory
bowel disease (IBD). IBD patients have been described to exhibit deficient
oral tolerance induction with an increased risk of food allergy. Whether this
failure of oral tolerance induction is caused by the intestinal inflammation
due to increased bacterial translocation is unknown.

5

Here we investigated the effect of intestinal inflammation on the induction
of oral tolerance via disruption of the intestinal epithelial barrier by dextran
sodium sulphate (DSS). During the acute phase of experimental colitis oral
tolerance could readily be induced as determined by the inhibition of a delayed type hypersensitivity (DTH) response and the inhibition of an antigen
specific CD8+ T cell response after immunization. However, during the chronic phase of colitis oral administration of the model antigen OVA did not
lead to suppression of the DTH response, whereas the antigen specific CD8+
T cell response was still reduced. During chronic colitis we observed increased serum levels of GM-CSF. To study whether this factor was involved in
the perturbation of tolerance, GM-CSF-neutralization with antibodies was
applied but did not lead to restoration of the tolerance induction during the
chronic colitis phase. The results show that chronic inflammation of mucosal
tissues leads to a deviation of the mucosal immune system with the risk of
developing sustained allergy to dietary neo-antigens.
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Introduction
The mucosal immune system of the intestine is continuously active in preventing inflammatory responses to harmless bacteria and food proteins,
while immune responses are generated in response to invading pathogens.
The prevention of inflammatory responses to harmless bacteria and food
proteins is an active immune process, in which several cells types, such as
dendritic cells (DCs) and regulatory T cells (Tregs) are involved 1-3. There is
some debate about the location of oral tolerance induction. Some data show
that the mesenteric lymph node is essential for Treg induction, whereas
others have shown that the liver is involved in oral tolerance induction 4, 5.
These differences can be explained by the different mechanisms of suppression that are involved in oral tolerance induction. Besides the induction of
suppressive Treg, clonal deletion or anergy of T cells has been described to
occur. Also cytokines like TGF-b and IL-10 and retinoic acid are involved in
oral tolerance induction 2, 6.
However, sometimes these tolerizing mechanisms fail and the immune system initiates inappropriate and persistent inflammation to the normal intestinal flora 7. inflammatory bowel diseases (IBD) are multifactorial diseases
caused by both defects in barrier function of intestinal epithelial cells resulting in translocation of intestinal bacteria, as well as by defects in the immune system. Several animal models have been introduced over the years to
study possible causes of IBD. Defects in barrier function can be mimicked by
chemical disruption of the epithelial cell layer using Dextran Sodium Sulphate (DSS) in the drinking water of mice, or rectal injection of 2,4,6-trinitrobenzene sulfonic acid (TNBS) as reviewed by Strober et al. 8. In addition,
several models are based on genetic deficiencies, in particular in cytokines
and cytokine receptors such as IL-10 and IL-2Ra, clearly linking the disease
with aberrations of the immune system 9, 10.
In IBD patients defects in oral tolerance induction and the development of
food allergies have been described 11. It is unknown whether this is a reflection of an IBD predisposing immune system or whether this is caused by the
inflammatory intestinal environment. Our aim was to investigate whether
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intestinal inflammation leads to defects in the capacity of the mucosal immune system to induce tolerance to oral administered antigens. For this we
induced acute and chronic colitis via the addition of DSS to the drinking
water of mice. We observed oral tolerance induction during the acute phase
of colitis, while partial loss of tolerance induction was detected during the
chronic phase. Our studies point to reduced tolerization capacity of the mucosal immune system during chronic intestinal inflammation.

Materials and methods
Mice
Specific pathogen free C57Bl/6 mice (8-10 weeks) were purchased from
Harlan (Horst, The Netherlands). All mice were kept under routine animal
housing conditions and experiments were approved by the animal experiment committee of the VU University Medical Center, Amsterdam.

5

Induction of colitis and cytokine depletion
Colitis was induced by addition of 2% (wt/vol) of DSS (molecular weight 40
kDa; TdB Consultancy, Uppsala, Sweden) to the drinking water for 5 days
followed by normal drinking water. A fresh DSS solution was prepared
daily and the body weight was determined daily from the start of the DSS
treatment. Anti-GM-CSF (clone MPI-22E9, kind gift of Dr. Chang, University
of Michigan) or isotype control (clone R7D4) was administered on day 12 (1
mg), day 15 and 18 (0.5 mg) by intraperitoneal injections.

Antigen and antibodies
Either intact ovalbumin grade V (OVA, Sigma Aldrich, Zwijndrecht, The
Netherlands) or OVA257-264 peptide for CD8+ T cell stimulation was used as

antigen. For FACS analysis, FITC conjugated anti-CD11a (M17/4), PE conjugated anti-CD8 (53-6.7) and APC conjugated anti-IFNg (XMG 1.2) were
purchased from eBioscience.
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Induction of tolerance and DTH
For induction of oral tolerance 25 mg of OVA in 200 ml saline was administered intragastrically six days before sensitization. Sensitization was performed by subcutaneous injection of 25 ml Incomplete Freund Adjuvant (Difco,
Alphen aan den Rijn, The Netherlands) mixed with 25 ml saline containing
100 mg OVA. Five days later, mice were challenged with 10 mg OVA in 10 ml
saline in the auricle of each ear, directly before challenge, the initial ear thickness was determined with an engineer’s micrometer (Mitutoyo, Tokyo, Japan). 24 hours later, the increase in ear thickness was measured and spleens
were isolated for ex vivo re-stimulation.

Intracellular cytokine detection
For detection of antigen specific IFNg producing CD8+ T cells, spleen cells
were incubated for 5 hours with 0.1 mg/ml OVA257-264 and GolgiPlug (BD).
After the re-stimulation with peptide, cells were stained for CD11a and CD8,
followed by fixation (2% Para formaldehyde in PBS; pH 7.2) and permeabilization (0.5% saponin; 0.5% BSA in PBS). Permeabilized cells were stained for
intracellular IFNg and analyzed on FACS.

5

Results
Oral tolerance induction is affected during chronic DSS colitis.
Oral tolerance is a homeostatic response of the gut associated immune system to harmless antigens. To investigate whether oral tolerance induction is
influenced by experimental colitis, we administered antigens orally during
acute and chronic DSS colitis. To induce colitis, mice received DSS in the
drinking water for five days, leading to colitis as shown by severe weight
loss starting at day 6 (Fig 1A). To induce tolerance, mice received OVA orally
during the acute phase (days 5 or 8) and chronic phase (day 19) of DSS colitis. To test the effectiveness of oral tolerance induction mice were subcutaneously immunized with OVA in IFA six days after the oral OVA treatment.
Subsequently the mice were challenged in the ears five days after the systemic immunization and the delayed type hypersensitivity reaction (DTH)
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was determined 24 hours later. Animals that had been given OVA orally
during the acute phase of colitis became tolerant for OVA, as ear swelling
responses were reduced compared to control mice (Fig 1B). In contrast, oral
OVA treatment during the chronic phase of colitis (at day 19), did not reduce
the ear swelling response compared to control mice. This result indicates
that tolerance induction was inhibited by the chronic inflammation induced
by DSS.
In addition to the DTH reaction we investigated the effects of colitis on CD8+
T cell activation by ex vivo re-stimulation of spleen cells MHC class I OVA
peptide. It was found that, in parallel to the effects on the DTH response,
oral administration of OVA significantly reduced the numbers of antigen
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specific IFNg producing CD8+ T cells during the acute phase of DSS colitis
(Fig 1C), indicative of a normal tolerance induction. Oral administration of
OVA during the chronic phase of DSS colitis did result in suppression of antigen specific IFNg producing CD8+ T cells, but it was clear that the tolerance
induction was not as strong as observed in healthy controls (Fig 1C and Fig
2B).
These results indicate that oral tolerance induction is not affected during
acute DSS colitis, whereas tolerance induction is clearly impaired during the
chronic phase of the experimental colitis.

Depletion of GM-CSF does not affect DSS colitis or oral tolerance induction.
In previous studies we had found that that serum levels of GM-CSF are elevated on day 18 during chronic DSS colitis (see chapter 4 figure 4). GM-CSF
is involved in granulocyte and macrophage production, DC expansion, and
GM-CSF is also frequently used as adjuvant to activate T cell responses 12.
Therefore, increased levels of GM-CSF may potentially lead to activation of
DC to non-pathogenic proteins like food proteins, thereby interfering with
oral tolerance induction. To further elucidate the role of GM-CSF in oral tolerance induction during chronic DSS colitis, we analyzed oral administration
of antigens during chronic DSS colitis with and without GM-CSF depletion.
To induce colitis, mice received DSS in the drinking water for five days and
on day 19 mice received OVA orally. This time point was chosen as being
critical for the impairment of tolerance induction. GM-CSF depletion was
performed by injecting monoclonal antibodies at day 12, 15 and 18. Healthy
mice developed normal oral tolerance in the presence of anti GM-CSF antibodies as ear swelling responses were reduced compared to control mice
(Fig 2A). In contrast, neutralization of GM-CSF during chronic DSS colitis
did not lead to restoration of oral tolerance as measured by DTH responses.
This was observed in control mice as well as in GM-CSF depleted animals,
suggesting that the increased GM-CSF levels in serum were not responsible for the loss of DTH tolerance induction. Similarly, oral administration
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Figure 2 Anti-GM-CSF treatment does not affect tolerance induction or DSS
colitis.
C57Bl/6 mice were treated with 2 % DSS in drinking water for 5 days and received antiGM-CSF or the isotype control antibody R7D4 on days 12, 15 and 18. Mice received OVA
intragastrically on day 19 of DSS colitis and six days later the mice were sensitized s.c. with
100 mg OVA in IFA. Five days after sensitization, mice were challenged with 10 mg OVA
in 10 ml saline in the auricle of both ears and 24h later the DTH response was determined
by measuring the increase in ear-thickness (A) and spleen cells were re-stimulated with
MHC class I restricted OVA peptide for 5 hours and OVA specific INFg producing CD8+
T cells (B) were analyzed. Data are normalized by setting immune HC at 100%. Black bars
represent immunized mice, grey bars represent mice treated with oral OVA followed by
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immunization, open bars represent non-immunized mice. Error bars indicate SEM of 8
treated or 3 non-treated mice per group. * p < 0.05, ** p < 0.01, *** p < 0.001.

of OVA significantly reduced the numbers of antigen specific CD8+ T cells
independent of the presence of colitis or anti-GM-CSF antibody treatment
(Fig 2B). Together these results indicate that increased serum levels of GMCSF are not the cause of the partial loss of oral tolerance during chronic DSS
colitis.

Discussion
In this study we investigated experimental colitis and its effect on oral tolerance induction. We report that during acute colitis oral tolerance is still
functional, whereas oral tolerance induction is affected during chronic colitis. During acute DSS colitis, the immune system is highly activated as shown
by the increase in serum levels of several inflammatory cytokines and the
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activation of granulopoiesis in the bone marrow (chapter 4). However, this
acute inflammation apparently does not affect oral tolerance induction. In
contrast, oral tolerance could not be induced as efficiently in mice suffering
from chronic DSS colitis. Interestingly, it has been hypothesized that DCs are
conditioned by the mucosal environment to induce tolerogenic responses
13
. In that case, the DCs that are present in the lamina propria during acute
colitis are still conditioned to induce tolerogenic responses. However, the
DCs that are present during chronic colitis have arrived in the lamina propria during the inflammation and may therefore lack the normal mucosal
tolerogenic imprinting and induce an inflammatory response instead of a
tolerogenic response.
Our results that show a partial deficiency in oral tolerance during chronic
DSS colitis are in line with studies in IBD patients, in which also defects in
oral tolerance induction have been described 11, 14. However, since also non-affected family members of IBD patients showed problems with oral tolerance
induction, the deficiency of the immune system to induce oral tolerance was
explained by genetic defects. In contrast, in our study we observed defects
in oral tolerance as a consequence of colitis induced by chemical disruption
of the epithelial cell layer. Therefore, we expect that chronic inflammation of
the lamina propria can lead to a defect in oral tolerance induction irrespective of the cause of the inflammation.
We previously observed increased level of GM-CSF during the chronic, but
not during the acute phase of colitis (chapter 4). Since GM-CSF is involved in
expansion of DCs and exhibits strong immune response enhancing potential
in anti-tumor therapy 12, we hypothesized that GM-CSF skewed the immune
response to inflammation instead of tolerance. However, anti-GM-CSF treatment did not restore the tolerance induction in chronic DSS colitis. The
antibody used has been described as effective, and we observed effect of
anti-GM-CSF treatment in the bone marrow of DSS and anti-GM-CSF treated mice (data not shown), indicating effective depletion of GM-CSF.
Together, our results clearly indicate that the chronic DSS colitis model exhibits defects in oral tolerance as previously detected in IBD patients and may
form a suitable model for further investigation. We showed that in particu97
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lar chronic inflammation can affect oral tolerance induction, whereas acute
inflammation seems to have no effect. Furthermore, our data shows no involvement for GM-CSF in the defect in oral tolerance induction during DSS
colitis. Further research is needed to elucidate the precise mechanisms that
lead to defects in oral tolerance induction.
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Mucosal immunity
The body is continuously in contact with both harmful pathogens and harmless commensals. Most of these interactions occur at the mucosal tissues
such as the gastro-intestinal tract which facilitate the exchange of factors
and which are therefore in close contact with the environment. The mucosal
immune system is specifically adapted to discriminate between these harmful and harmless antigens. Inflammatory responses are developed in response to pathogens, whereas these responses are actively prevented under
homeostatic conditions upon encounter of harmless antigens. This tolerance
to harmless antigens is necessary to prevent food allergy and to maintain the
symbiotic relation with commensal bacteria. These bacteria produce useful
products for the host, while living in a stable and nutrient rich environment.
In addition, the mucosal immune system directly interacts with the intestinal
flora via pattern recognition receptors like TLR, leading to signaling cascades that support intestinal homeostasis.

Mucosal T cell responses
CD4+ T helper cell and Treg activation

6

DCs play a key role in the intestinal immune balance. They are present at
the epithelial barrier, where they sample the luminal content and strive to
generate the proper immune response by inducing the right type of T cell
response 1, 2. To provoke the proper immune response, mucosal DCs are conditioned by several cytokines like TGF-b, IL-10 and thymic stromal lymphopoietin (TSLP) and other factors such as retinoic acid (RA), produced by the
mucosal environment.
DCs can induce different CD4+ T cell responses, divided into inflammatory
T helper (Th) responses and regulatory T cell (Treg) responses. Th1 cells are
known to produce IL-2 and IFNg and activate cell mediated immune responses. Th2 cells produce IL-4 and IL-5 and stimulate IgE responses to fight
parasites. The third T helper subset, Th17, produces IL-17 and IL-21 and is
directed towards extracellular fungi and bacteria. Interestingly, Th17 deve102
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lopment is closely related to Treg development since development of both
T cell types is under influence of TGF-b. The inflammatory cytokine IL-6
directs the switch to Th17 differentiation, whereas Tregs are induced in the
absence of IL-6 and the presence of RA. Tregs produce TGF-b and IL-10 and
are essential for suppression of inflammatory responses and the prevention
of autoimmune diseases and inflammatory bowel disease. In addition, food
antigen specific Tregs are induced after oral ingestion of antigens, thereby
inducing tolerance to food antigens and preventing food allergy. The induction of Tregs seems to be the default response during intestinal homeostasis.

CD8+ T cell suppression
Effector CD8+ T cells are specialized in lysis of cells that express non-self, like
viral, antigens in the context of MHC class I molecules. It has been shown
that mucosal DCs cross-present food antigens in MHC class I to CD8+ T cells
in the MLN and that this results in CD8+ T cell tolerance 3. Since mucosal DCs
strongly activate Tregs and because Treg can suppress CD8+ T cells responses 4-6. CD8+ T cell oral tolerance could potentially be mediated via Tregs.
Previous studies indicated that Tregs indeed can suppress the activation of
food antigen specific CD8+ T cells 3, 5, 6, but it was not clear whether this mechanism was solely responsible for the suppression of CD8+ T cell responses.
The data presented in chapter 2 show that there is an additional pathway, since mice lacking CD4+ T cells still develop a suppressed CD8+ T cell response
upon oral antigen feed. This pathway is possibly mediated by mucosal DC,
but also plasmacytoid DCs or liver sinusoidal endothelial cells (LSECs) may
be involved 7, 8. LSEC have previously been shown to present oral antigens
to CD8+ T cells and to induce deletion of these cells. In chapter 2 we show
that CD8+ T cells are deleted upon oral antigen administration, whereas after
nasal antigen administration CD8+ T cells exhibit an anergic phenotype. An
important difference between nasal and oral administration is the specific
release of oral administered antigens into the bloodstream ending up via the
portal vein in the liver. A possible scenario is that after oral administration
LSECs take up oral antigens, and cross-present them to CD8+ T cells, causing
CD4+ T cell independent deletion of CD8+ T cells, whereas after nasal administration mucosal DCs induce an anergic state.
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Intestinal homeostasis and colitis
To maintain intestinal homeostasis, DCs are conditioned by the intestinal
environment to suppress inflammatory responses and induce tolerance to
harmless antigens. Several factors are involved in conditioning of intestinal
DCs, like IL-10, TGF-b, thymic stromal lymphopoietin (TSLP) and retinoic
acid (RA). Especially RA is very important in intestinal homeostasis, since
RA is not only involved in conditioning of DC, but is also produced by conditioned DCs and is the key factor in the induction of Tregs. However, upon
infection inflammatory factors are produced, leading to an inflammatory
environment and a switch from suppressive into inflammatory DC 9. Subsequently, these inflammatory DC induce immune responses that will enable
the elimination of the pathogens followed by reversal to the suppressive intestinal environment.

6

In patients suffering from inflammatory bowel disease (IBD) the intestinal
homeostasis is impaired leading to immune responses to the intestinal flora
and strong intestinal inflammation. Reduced numbers of Tregs and reduced
activity of Tregs are implicated in the pathogenesis in both human IBD and
several mouse models 10-12. At the same time the induction of Tregs may be
strongly impaired as a consequence of the ongoing intestinal inflammation.
In both ulcerative colitis (UC) and Crohn’s disease (CD) patients a defect in
oral tolerance was observed 13. Interestingly, this defect in tolerance induction was also disturbed in first-degree relatives of CD patients, pointing to a
genetic risk of reduced Treg function resulting in IBD 14.
Other studies have shown that both IBD patients with active inflammation
as well as up to 10% of first-degree relatives exhibit increased intestinal permeability 15, 16. This increased intestinal permeability could form another risk
factor for IBD, since enhanced translocation of intestinal flora can activate
immune responses and result in inflammation. Interestingly, no problems
in barrier function were detected in the IBD families with reduced oral tolerance 14. In chapter 5 we have investigated whether chronic intestinal inflammation caused by reduced barrier function leads to defects in oral tolerance.
Interestingly, no problems in tolerance induction were detected during the
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acute phase of intestinal inflammation. However, during chronic inflammation we observed a defect in tolerance induction at DTH level. We hypothesize that during the acute phase of the disease conditioned DCs are still
present in the intestines, whereas during chronic inflammation conditioning
of newly incoming DCs is impaired. Interestingly, the defect in tolerance
induction was observed at the DTH levels, but not at the CD8+ T cell levels,
which may be due to remaining tolerance induction by the LSEC in the liver.
Since DTH responses are mediated by CD4+ T cells and are suppressed by
induced Tregs 17, 18, our data suggests that during chronic inflammation the
induction of Treg is hampered. In conclusion, reduced barrier function results in inflammation and defects in oral tolerance induction.

Microbiota and the mucosal immune system
Microbiota recognition and signaling pathways
The intestines provide a stable temperature and a constant nutrient flow for
the microbiota that live in symbiosis with the host. At the other side, the
commensal microbiota inhibit the growth of pathogens and produce vitamin
K and short-chain fatty acids 19, 20. In addition, the interaction between host
and microbiota results in the formation of intestinal structures, like PP, villi
and crypts during development 21, 22. Finally, interactions with commensals
sustain barrier integrity and mucosal immune homeostasis. An important
role in these interactions is played by pathogen recognition receptors (PRR).
Triggering of PRRs like TLR by the commensal flora leads to signaling cascades that support intestinal homeostasis. Interruption of the signaling cascade of TLRs results in increased severity of colitis as shown in mice lacking
the adaptor protein MyD88 which is involved in most of the TLR signaling
cascades 23.
Especially the TLR-2 signaling cascade is involved in maintaining intestinal
homeostasis. A mutation in CARD15, increasing the NF-kB activation by the
TLR-2 signaling cascade, is more prevalent in patients with Crohn’s disease
and is thought to be involved in the pathogenesis of the disease 24. In line
with this observation, in a mouse model of colitis using chemical disruption
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of the epithelial barrier, TLR-2 signaling has been shown crucial as enhanced
recovery of experimental colitis is induced by the synthetic TLR-2 agonist
PCSK. This enhanced recovery is due to the TLR-2 stimulation that effectively preserves tight-junction-associated barrier assembly against stressinduced damage through promotion of PI3K/Akt-mediated cell survival via
MyD88 25.

Microbiota used to sustain intestinal homeostasis
Anticipating on the important role of microbiota in intestinal homeostasis
and health of the host, bacteria and yeast that are normally present in food
products like fermented milk products have been investigated for their effect on the immune system of the host. Bacteria that have been shown to
have a health benefit for the host, are called probiotics. Effects of probiotics
commonly involve induction of suppressive cytokines or stimulation of IgA
responses 26-29, but one of the complications in probiotic research is the complexity of signals induced by whole microbiota.
In chapter 3 we have shown that Saccharomyces cerevisiae, a yeast with known
TLR-2 activity, did not result in increased recovery of DSS colitis, whereas
the synthetic TLR-2 ligand PCSK is known to support barrier function and
thereby increase recovery from DSS colitis 25. This is probably due to the fact
that S. cerevisiae expresses not only TLR-2 ligands, but also dectin-1 ligands
that lead to an inflammatory signaling cascade 30.
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We did observe increased B cell follicle formation during DSS colitis because
of oral yeast treatment. Since B cells express TLR-2, this increased B cell follicle formation could be a direct consequence of yeast mediated TLR-2 signaling on B cells. Alternatively, recognition of yeast by other cells could result
in the production of B cell attracting chemokines 31-33. In conclusion, we did
not detect beneficial effects of yeast as a potential probiotic.

Myeloid-derived suppressor cells in DSS colitis
The induction of colitis by the addition of DSS to the drinking water of mice, is
based on the disruption of the epithelial barrier leading to an overwhelming
inflammatory response to the intestinal microbiota and tissue damage. The
immunological response is not limited to the intestines, as shown in chapter
4, but also involves splenomegaly and increased serum cytokine levels, espe106
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cially G-CSF. The splenomegaly is caused by accumulation of CD11b+Gr-1+
cells which morphologically resemble myeloid-derived suppressor cells
(MDSC). MDSC have been described to be generated in a number of conditions, including in tumor bearing mice and during infections 34, 35. Immature
myeloid cells are present in the bone marrow and spleen of all mice and
differentiate into mature myeloid cells under normal conditions 36. During
infection and septic shock, these cells increase in numbers and demonstrate
immunosuppressive functions like suppression of T cell responses 34, 36. One
study has reported increased numbers of MDSC in an experimental model
of colitis and in IBD patients 37. Although we detected a strong increase in
MDSC like cells during chronic colitis in chapter 4, we also showed that DSS
treated mice developed normal CD8+ T cell responses after immunization in
chapter 5. Interestingly, the expansion and activation of myeloid-derived suppressor cells are regulated by different pathways. Factors that induce MDSC
expansion comprise cyclooxygenase 2, prostaglandins, M-CSF, GM-CSF, IL-6
and vascular endothelial growth factor (VEGF). These factors mainly induce
signaling cascades that are involved in cell survival, proliferation, differentiation and apoptosis and converge on Janus kinase protein family members
and STAT3 38. Factors that induce MDSC activation are mainly produced by
activated T cells and tumor stromal cells and comprise INFg, TLR ligands,
IL-4, IL-13 and TGF-b. These factors activate signaling cascades that involve
STAT1, STAT6 and NF-kB 39. Our observation of accumulation of MDSCs in
the spleen of DSS treated animals without suppressive function indicate that
mice with chronic colitis produce factors that induce accumulation of MDSC
but not factors involved in MDSC activation.
In conclusion, the CD11b+Gr-1+ cells accumulating in the spleen of DSS treated animals are immature myeloid cells that resemble MDSCs lacking the
suppressive function of MDSC.

Concluding remarks
The intestinal mucosal immune system continuously prevents inflammatory
responses to harmless bacteria and food proteins, while inducing immune
responses to invading pathogens. Interestingly, food proteins are not ignored to prevent inflammation, but an active tolerogenic response is provoked.
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In this thesis, we hypothesize that this mucosal immune balance is a very
vigorous system. Our data indicate that multiple mechanisms stabilize the
balancing immune system. Besides Treg induction by oral antigen administration there are also Treg independent mechanisms active in the suppression of CD8+ T cells (chapter 2). Additionally, we show that the suppressive
functions of the mucosal immune system are not affected by acute inflammatory processes in the intestines (chapter 5), whereas chronic inflammation
only partially affected oral tolerance induction. On the other hand, we show
that when the mucosal homeostasis is disturbed via DSS mediated damage
to the epithelial barrier, it is difficult to modulate the inflammation (chapter
3).
From this thesis it is also clear that mucosal immune responses affect the
whole body. Oral antigen application suppresses the systemic immune response upon subsequent immunization (chapter 2). Additionally, intestinal
inflammation leads to increased serum levels of several cytokines and splenomegaly due to an increase of CD11b+Gr-1+ cells (chapter 4).
To improve the possibilities of modulating the mucosal immune system in
order to cure and prevent diseases like IBD and food allergy, further research
is warranted to unravel the suppressive mechanisms of the mucosal immune
system and to understand the exact role microbiota are playing in the mucosal immune balance.
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Het mucosale immuunsysteem
Het afweersysteem beschermt het lichaam tegen infecties met bacteriën, virussen, schimmels en parasieten. De huid en de mucosale weefsels zoals bijvoorbeeld de darmwand vormen belangrijke barrières voor pathogenen en
zijn belangrijk in het voorkomen van infecties. In deze barrières bevinden
zich verschillende celtypen die betrokken zijn bij de afweer tegen microben.
Belangrijke cellen van het immuunsysteem zijn de dendritische cellen met
een coördinerende rol, de CD4 T helper cellen die de activiteit van andere
cellen regelen, de CD8 T cellen die cellen doden, de B cellen die antistoffen
produceren en de macrofagen die cellen en microben opeten. Vergeleken
met de huid heeft de darmwand een moeilijke taak. In de darm bevinden
zich verschrikkelijk veel microben, waarvan de commensalen een belangrijke bijdrage leveren aan het omzetten en afbreken van voedingsstoffen,
terwijl de pathogenen bestreden moeten worden. Daar komt nog bij dat microben moeten worden tegengehouden terwijl voedingsstoffen moeten worden opgenomen. Het mucosale immuunsysteem van de darm is dan ook
gespecialiseerd in het onderscheiden van de verschillende antigenen. Tegen
pathogenen wordt een afweerreactie ontwikkeld, terwijl tegen voedingsstoffen een afweerreactie actief wordt onderdrukt. Hierdoor wordt voedselallergie voorkomen, maar ook de symbiose die bestaat tussen gastheer en
commensale darmflora wordt niet verstoord. Deze actieve onderdrukking
van de afweerreactie ten opzichte van voedingsstoffen wordt orale tolerantie
genoemd.

Samenvatting

T cellen en darm homeostase
Dendritische cellen presenteren continu antigenen van opgenomen voedingsstoffen en microben. Deze antigenen kunnen door de dendritische cellen direct worden opgenomen vanuit de darm. Hiertoe steken ze uitlopers
tussen de epitheel cellen door in de darmholte. Wanneer CD4 en CD8 T cellen gepresenteerde antigenen herkennen op niet-mucosale dendritische cellen, dan worden deze CD4 en CD8 T cellen geactiveerd en zullen ze een
afweerreactie opwekken. In de darm ligt het, zolang de darmwand niet is
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beschadigd, anders: hier worden dendritische cellen geconditioneerd tot tolerogene dendritische cellen, waardoor CD4 T cellen andere cellen gaan remmen in hun afweerreactie. CD4 T cellen met een suppressieve functie worden regulatoire CD4 cellen genoemd. In de darm zijn regulatoire CD4 cellen
betrokken bij orale tolerantie en bij het voorkomen van inflammatoire darm
ziekten zoals colitis ulcerosa en de ziekte van Crohn. Deze regulatoire CD4
cellen spelen ook in de rest van het lichaam een sleutelrol in het voorkomen
van incorrecte afweer reacties, zoals allergieën en auto-immuun ziekten.

Darm homeostase en darm onsteking
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De bekendste chronische inflammatoire darmziekten zijn colitis ulcerosa
en de ziekte van Crohn. Karakteristiek voor deze ziekten zijn de ontstekingen in de darmwand. Hoewel deze ziekten erg op elkaar lijken, zijn er ook
grote verschillen. De ziekte van Crohn kan zich in het gehele maag-darm
kanaal voordoen, terwijl colitis ulcerosa voornamelijk in het colon optreedt.
Daarnaast is bij de ziekte van Crohn vaak de gehele darmwand aangedaan,
terwijl de ontsteking bij colitis ulcerosa veel meer oppervlakkig is. Hoewel
er al veel bekend is over deze darmontstekingen, is de oorzaak nog steeds
niet duidelijk. Wel is bekend dat chronische darmontstekingen ontstaan
door een combinatie van genetische factoren en omgevingsfactoren, waardoor het mucosale immuunsysteem een afweerreactie ontwikkeld tegen de
eigen commensale darmflora. Om het immuunsysteem in balans te houden,
is het mogelijk de darm te laten koloniseren met onschadelijke bacteriën. De
hiervoor veel gebruikte probiotica, zoals melkzuurbacteriën, bevinden zich
onder andere in de zure melkproducten zoals yoghurt.

Orale tolerantie
Het immuunsysteem van de darm balanceert continu op de scheiding van
afweer en tolerantie. Naar de rol van regulatoire CD4 cellen in zowel orale
tolerantie inductie als chronische ontstekingen, is al veel onderzoek gedaan.
Er is ook gezocht naar suppressieve functies van CD8 T cellen, maar de re115

sultaten hiervan spreken elkaar veelal tegen. In hoofdstuk 2 is het effect van
orale tolerantie inductie op CD8 T cellen en de rol die de regulatoire CD4
cellen hierin hebben onderzocht. We hebben aangetoond dat orale toediening van ons model eiwit OVA leidt tot een onderdrukking van de CD8 T cel
respons na immunisatie met OVA. Door gebruik te maken van muizen die
geen CD4 T cellen hebben en dus ook geen regulatoire CD4 cellen hebben,
hebben we bewezen dat deze onderdrukking van de CD8 T cel respons onafhankelijk is van de regulatoire CD4 cellen. Daarnaast hebben we aangetoond
dat nasale toediening (via de neus) ook leidt tot CD4 T cel onafhankelijke
onderdrukking van CD8 T cellen.
Hoewel orale tolerantie en nasale tolerantie in vivo een vergelijkbaar effect
lijken te hebben, hebben we met ex vivo experimenten aangetoond dat er
wel degelijk verschillende mechanismen betrokken zijn. Orale toediening
van OVA leidt tot deletie van OVA specifieke CD8 T cellen, terwijl nasale
toediening van OVA leidt tot deling van OVA specifieke CD8 T cellen die
vervolgens niet opnieuw gaan delen bij een nieuwe activatie.

Saccharomyces cerevisiae als probiotica
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In hoofdstuk 3 hebben we de mogelijkheid onderzocht om Sacharomyces
Cerevisiae (bakkersgist) te gebruiken als probiotica om colitis in muizen te
genezen. Bekend is dat activatie van de receptor TLR-2 op het darmepitheel
het herstel van de darmhomeostase na colitis stimuleert. Van S. cerevisiae
is bekend dat dit gist een TLR-2 activerende werking heeft, waardoor S.
cerevisiae de darmhomeostase zou kunnen helpen herstellen. Hoewel we
met klinische parameters niet direct effect hebben kunnen aantonen van S.
cerevisiae op de ontwikkeling en het herstel van colitis, zagen we wel een
toename in de ontwikkeling van B cel follikels in de wand van het colon als
gevolg van orale toediening van S. cerevisiae.
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Splenomegalie tijdens colitis
Een opvallend verschijnsel tijdens experimentele colitis in muizen is de enorm
vergrootte milt (splenomegalie). In hoofdstuk 4 hebben we onderzocht welke cellen en chemokines betrokken zijn bij de splenomegalie tijdens colitis.
Hoewel de meeste celtypen in de milt in normale hoeveelheden aanwezig
waren tijdens colitis, was er een enorme toename van GR-1+CD11b+ cellen
die geproduceerd werden in het beenmerg. Deze neutrofiel-achtige cellen,
kunnen worden aangetrokken door de chemokines CXCL-1 en CXCL-2, terwijl productie en activatie gestimuleerd wordt door G-CSF. Onderzoek van
chemokines in het bloedserum op verschillende tijdspunten tijdens colitis
wees uit dat zowel G-CSF als CXCL-1 waren toegenomen tijdens colitis. Dit
wijst op een belangrijke rol voor zowel G-CSF als CXCL-1 in zowel productie en mobilisatie van de GR-1+CD11b+ cellen en de splenomegalie tijdens
colitis. Verder onderzoek wees uit dat zowel CXCL-1 als CXCL-2 ook lokaal
hoger tot expressie kwam.

Ten slotte hebben we in hoofdstuk 5 de onderzoekslijnen naar orale tolerantie en colitis gecombineerd. Voor het immuunsysteem van de darm dat
continu balanceert tussen afweer en tolerantie, lijkt tolerantie een homeostatische reactie. In dat geval zou orale tolerantie niet kunnen worden geïnduceerd tijdens colitis, waardoor patiënten met de ziekte van Crohn of colitis
ulcerosa gemakkelijker voedselallergie zouden kunnen ontwikkelen. In ons
muizen colitis model hebben we aangetoond dat het mucosaal immuunsysteem erg robuust is. Ook tijdens de acute fase van colitis kan namelijk orale
tolerantie worden geïnduceerd. Echter, tijdens de meer chronische fase van
colitis bleek orale tolerantie inductie gedeeltelijk niet meer mogelijk te zijn.
Deze resultaten komen overeen met studies in Crohn en colitis patiënten
en hun familie, waarbij ook een link gelegd werd tussen verminderde orale
tolerantie inductie en chronische darmontstekingen. In deze studies blijken
familieleden van Crohn en colitis patiënten ook een verminderde orale tolerantie inductie te vertonen, waaruit geconcludeerd wordt dat er mogelijk
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een genetische oorzaak is voor verminderde orale tolerantie inductie met
Crohn of colitis als gevolg. In ons onderzoek daarentegen tonen we aan dat
een chronische darmontsteking ook oorzaak kan zijn van verminderde orale
tolerantie inductie.
Om in de toekomst het mucosaal immuunsysteem beter te kunnen moduleren om daarmee ziekten zoals chronische darmontstekingen en voedselallergie te voorkomen en genezen is veel onderzoek nodig. De aandacht zal zich
daarbij moeten richten op het suppressieve mechanisme dat normaliter door
het mucosaal immuunsysteem gebruikt wordt en op de rol die de darmflora
en probiotica spelen in de mucosale immuunbalans.
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Promoveren doe je niet alleen. Niet alleen omdat er paranimfen zijn die je
terzijde staan tussen het ‘Onze hulp is in de Naam des HEEREN, die hemel en
aarde gemaakt heeft’ en het ‘hora est’. Voor het zover is, zijn ook al heel veel
mensen betrokken geweest bij het onderzoek. Een woord van dank is dan
ook zeker op zijn plaats.
Allereerst Joke, zonder jou als co-promotor had dit proefschrift er heel anders uitgezien. Hoewel orale tolerantie vijf jaar geleden helemaal niet jouw
onderwerp was, heb je voor mijn onderzoek een hele switch gemaakt, zodat
ik een perfecte begeleider aan je heb gehad. Bedankt voor je steun en ideeën
in de moeilijke wereld van het mucosale immuunsysteem en je relativerend
vooruitzien als er weer eens een onderzoekslijntje moest worden stopgezet.
Georg, bedankt dat ik in jouw lab mijn promotietraject heb kunnen doen. De
keuze voor het ‘tolerantie project’ in plaats van het de cross-presentatie heeft
het er niet makkelijker op gemaakt, maar jouw overview heeft het project tot
een geheel gesmeed.
Mijn kamergenoten: Ronald, vanaf het het eerste uur schouder aan schouder,
Elly, Margot, Brenda, Rosalie, Klaas, Patricia, Arnold, Antonio, Marieke,
Rob: H269 was een geweldige kamer en dat niet alleen om de kabouterborrels. Collega’s zoals jullie krijg ik nooit meer terug, houdt de sfeer vast!
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Verder de collega’s uit groep geel en de andere kleuren, bedankt voor de gezelligheid, flexibiliteit (het schuiven van FACS-tijden enz.), hulp en ideeën.
Mascha, het aantal muizenoren dat jij dankzij mij door je handen hebt laten
gaan durf ik geen schatting van te geven. Het resultaat is dat de DTH en de
‘CD8-ten’ op de afdeling goed gebruikt kunnen worden als in vivo readouts
(er gaat uiteindelijk niets boven in vivo). Voor al dat in vivo werk wil ik ook
de mensen van de proefdierverblijven bedanken. De verzorging van al die
muizen van al die experimenten soms met ander voer of ander water hebben
jullie de nodige hoofdbrekens gekost. Zeker omdat de experimenten tijdens
de infecties en verhuizing zo veel mogelijk moesten doordraaien. Ik heb heel
wat uurtjes op jullie afdeling gezeten, en dat waren niet de vervelendste uurtjes.
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Souad en Sylvia, er zijn weinig AIO’s die zonder bestellingen en zonder geld
kunnen. Daarom (maar eigenlijk vooral voor het ‘even binnen kunnen lopen’) ook jullie: dankjewel!
Mijn paranimfen Wouter en Ronald: leuk dat jullie me terzijde willen staan.
Ronald, neem je een spelletje mee voor in de pauze? dan voel ik me weer
helemaal VU.
Papa en mama, jullie hebben altijd achter me gestaan en het onbegrensde
vertrouwen van jullie heeft me enorm gesteund tijdens mijn studie en promotieonderzoek. Nu is het dan zover: mijn proefschrift is af. Dit boekje is
ook voor jullie.
De rest van mijn (schoon-) familie, de drukte is voorbij, het boekje is af. De
gezelligheid en familieband kan nu weer uitgebreid voorrang krijgen.
Lieve jongens, de aandacht en tijd die jullie de eerste jaren hebben moeten
missen, hebben we vorig jaar in kunnen halen. Wout, de tijd dat papa cellen
uit een muis haalt en door een FACS doet is voorbij. Harmen, de tijd van mee
naar de muizen is voorbij. Ard, papa gaat niet meer telkens naar de VU. Ik
ben er nu weer voor jullie.
Lieve Arinda, zonder jou was dit boekje er niet geweest. Als ik op de gekste
momenten de deur uit moest om ‘even de muizen te wegen’, of op de gekste
momenten thuis kwam, je stond altijd achter me. Je bent geweldig.

Dankwoord

Erik
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