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GENERAL INTRODUCTION

HARNESSING THE IMMUNE SYSTEM TO  
ENHANCE INTESTINAL BARRIER FUNCTION

Based in part on: 
Damage control: Ror



ABSTRACT

1

epithelium by local stem cells, that are contained within a niche in the crypts of Lieberkühn. 
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INTRODUCTION

2,3. Key physical components 

 

self-contained enteric nervous system. 

as well as interspersed between epithelial cells, and these contain cell types belonging to 

A dynamic balance between the immune system and the epithelium is vital to ensure 

4–6.

environment. 

. 

H , yet 

1
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The family of ILCs can be subdivided in three main types based on their master 

+ + ILC3 subtypes 

11,12

ILCs depend on c
13,14 but in 

-lymphoid progenitors ( + integrin 4
+-

4
+ 

Id2hi 

and ILCP progenitors are able to generate ILC1, ILC2 and NKp46+ + ILC3s . 
Id2+ -

4
+ ILC3s12,20. The 

21

is not known22–24

. 

mirroring TH cell subsets . 
ILC1s express T-bet, produce IFN-

H . 
GATA-3hi

IL-33, as TH 

. 

t for their development. 

Chapter 1
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-lymphoid progenitor (

. 

CD8+ T cells due to its developmentally dependence on T-bet and Eomes as well as their 
ability to secrete IFN- , granzyme and perforins . In contrast to ILC1s, NK cells are localized 

+ ILC3s can produce IFN  as they adopt an ILC1 phenotype by 
t . Also, NKp46+ + 

ILC3s
an ILC1-like phenotype . 

1
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61 have been characterized 
in humans
resident human ILC precursors, using humanized mice21. Hopefully, further analysis in 

ILC development62,63.

64

imprint their gene expression are established very early during development compared to 

. In line with this, human 

been shown that ILCs are generated in the bone-marrow or fetal liver and then migrate to 

4
66 + ILC3s migrate to 

T cells68

resident and maintained by self-renewal in various microenvironments, but hematogenous 
. Therefore, it is 

 . Similarly, human adult CD34+ 
t and an 

21. However, the signals that 

Chapter 1



 cells. Accordingly, mice lacking 
t . 

. Post-birth, LTi cell counterparts also interact with 
mesenchymal stromal cells to form discrete ILC3 clusters termed cryptopatches . PP are 

81 
82,83.  In more detail, the primary events leading 

1 2+ LTi cells and LT + mesenchymal cells, termed 

Tumor necrosis factor-a (TNF
PP development . Also, PP are absent in mice with simultaneous defects in both CXCL13-

. 
Cryptopatches predominantly contain adult LTi cells and DCs organized around stromal 

cells drives the expression of CCL20 and 
cells in CPs
including CCL20 , which recruit B cells , which further grow into mature B cell follicles with 
the help of TNF  produced by DCs and macrophages in response to bacterial compounds 

. Mature ILFs generate IgA-producing B cells that 
target the microbiota, controlling the bacterial community during homeostasis

1 2 by LTi cells . These organized structures provide 

1
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response to damage. 

. ILC3s produce 
44,100,101. ILC3s are subdivided by the mutually exclusive expression of 

+ 

SILTs . NKp46+

+

as well as HLA+ ILC3s in humans, and these cells are able to regulate CD4+ T cell responses 
102.  

103

+ ILC3s, through 
104

circadian rhythms in the epithelium to control fat storage and other host metabolic 

primarily IL-23 and IL-1

. This, 

110,111

Chapter 1



Enterococous faecalis and 
Salmonella spp and 112–114. 

. 
ILC3-derived IL-22 contributes to immunity in a diverse range of clinically-relevant 

116, Rotavirus , 118, as well 
.  Extensive research has demonstrated that ILC3s prevent morbidity 

in the early phase of 
cell responses

123,124. Salmonella, for example, has evolved to 

.
+  and  

.

 and GM-CSF, in an 

manner .

68. MHCII+

+

68,102,130. MHCII+

102,131. 

and ILC3s can promote immune responses132

ILC3s .

+ ILC3s and have elevated 
133. 

responses or aberrant B cell responses, even long before disease onset.    

1
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 induces IL-22 expression on ILC3s in 
the skin. Both 134. It 

NKp44 in the skin and blood . 
, 

138, systemic sclerosis , experimental autoimmune 
140

141

ILC3s have also been implicated in the development of cancer, such as in the gut where a 
142.

Microbiota-induced IL-1
GM-CSF143. GM-CSF maintains CD103+

144. In turn, GM-CSF modulates mononuclear phagocyte 
143

128. 

by ILC3s , likely through myeloid cells. 

Similarly, a new emerging area is the study of ILC3-enteric nervous axis. It has been 

of adult ILC3s. 

cell-mediated killing in the context of GvHD. And in this thesis, we show that ILC3s contribute 

Chapter 1



Lieberkühn

secretory cells .

absorb nutrients and water. Goblet cells secrete mucus-associated molecules that generate 
a mucus layer to keep microorganisms separated from the epithelium

metabolism

160. Paneth cells are also a source of 
+ ISCs in in vitro cultures, thus being 

considered a pivotal component of the ISC niche161

host-defense.

characterized by the expression of the Wnt pathway target gene leucine-rich repeat-
+ ISCs 

1
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162

to CBCs, Bmi1+ ISCs are indispensable for epithelial maintenance at steady-state163. They 
164 and label-retaining cells or 

, mTert , 
Lrig . However, these genes are broadly expressed by numerous cells in 

they have also been termed reserve ISCs

+ cells and Prox1+ cells, as well as enteroendocrine lineage cells possess 
.  In 

parallel, another study has reported that Bmi1-GFP+ cells and other secretory cells, including 
+ + + stem 

. 

. 

Gradients of Wnt ligands exist with high expression in crypts and lower expression towards 
the villi 

-catenin signaling pathway. By knocking-out 
secreted Wnt antagonists, such as , ,  and the Wnt target gene 180–183 

Chapter 1
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184 Fzd7
in vivo

ligands186. Mesenchymal cells, that underlie the epithelium of the crypts, have also been 
reported to enhance Wnt signaling pathway in ISCs. Even though there is also redundancy 
when compared to Paneth cells, it is thought that non-epithelial Wnt signals could provide 
a secondary physiological source of Wnt .

growth factor-
-catenin suppression. Consequently, BMP levels are higher in 

188. At the base of the crypt, mesenchymal-derived 
. Noggin-1 and Noggin-2, as well as 

chordin-like 1 are also highly expressed in the submucosa region by the mesenchyme to 
suppress BMP signaling .

of epithelial progenitors towards the secretory cell lineage .

 and 

.

EGF signaling regulates cellular processes that include cell-cycle progression, survival and 

demonstrated in the underlying mesenchymal cells  and in Paneth cells161. EGF is currently 

.

1
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.

As discussed in the previous paragraphs, there are intrinsic epithelial mechanisms that 

cells sense the external forces and respond to the environment200–202

neurons, intraepithelial lymphocytes, smooth muscle cells of the muscularis mucosa, 
lymph and vascular endothelial cells and a variety of mesenchymal cells, such as pericryptal 

203,204

. 

. 

Chapter 1
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 donor marrow did not have any impact on GvHD-associated organ pathology. 

- + + t+ 

host-derived ILCs appeared to be targeted by the GvHD as their numbers subsided during 
. Combined 

GvHD-induced cell death. 

strengthened by the fact that a similar subset of radioresistant NKp46- + + t+ 
210.

210. 
Conversely, absolute levels of IL-22 in the thymus were increased 2 to 3-fold in experimental 
models of sublethal-TBI without HSCT, lethal TBI and syngeneic HSCT, and T cell-depleted 

intrathymic IL-22 was inversely correlated with the thymic cellularity210.

TBI led to an enhancement of thymopoiesis. Thus, the thymic ILC3s are not responsible for 

1
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210

The mechanisms that regulated ILC-derived IL-22 also showed overlap with those found 

in IL-23 producing CD103+

The skin also forms a highly organized physical and immunological barrier against the 
external environment and the microbiota. It is well established that a correct recruitment of 

assessed.  In an elegant study, ILC3s were shown to favor wound healing by enhancing the 

During wound repair, epidermal Notch1 signaling is indispensable for wound closure 
, 

mediated the recruitment of ILC3s into wounded areas of the skin. ILC3 were required to 
211.

and endothelial cells in lymph node anlagen. 

Chapter 1
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t+
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AIMS AND OUTLINE OF THE THESIS

The 

through which this is achieved.
Chapter 1

In 

stem cell maintenance post-damage.
In chapter 3

+

unknown. Chapter 4 

which resembled responses occurring during epithelial damage. This chapter proposes a 
model that supports a direct link between ILC3s in cryptopatches and the maintenance of 

In chapter 5

Finally, a general discussion of the thesis is presented in chapter 6

Chapter 1
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ABSTRACT

understood. 

severely impaired in the absence of ILC3s or the ILC3 signature cytokine IL-22. These data 

cells..

Chapter 2
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INTRODUCTION

1. Damage sustained by 

2 3 and a 
4. 

epithelium

 and in mice, upon DSS-
.

12–14

al epithelial cells ex vivo
16.

defense against enteric pathogens and containment of microbiota

. Most 
Nkp46+

21 + ILC3s are located in close 
22. 

mediated killing23.
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MATERIALS AND METHODS

Mice t , Ncr1

whenever possible. 
Thy1+

g every other day, for 2 weeks.  

Methotrexate

the last MTX dose. 

6 t  mice. 

exposed to MTX.

Chapter 2
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and centrifuge at 600 rpm for 3 min to separate the crypts from single cells. Crypts were 

+ cells was performed blinded by at least 
two independent analysts. Pathology score was obtained as previously described (de 

  and 

hours. Protein content of supernatants was determined by enzyme-linked immunosorbent 



44

+Lin-NK1.1- + + NKp46

by Flow Cytometry and NKp46+ +

+

+ +

2

Gene Forward Primer Reverse Primer

Gapdh TCAACGGCACAGTCAAG GCTCCACCCTTCAAGTG

GGAGCCCCTTTGTAGACT CGGGAAACTTGCTGTG

CTCCCC CAGTCAGACAG CAATCGCCTTGATCTCTC

GACCCGCCTGAAGATATT ATCCGCATAGGTGGT AAC T

GGGGGCTTCCAGAACT GGGCCATAGAACTGATGAG

CCCCCTGAAACTGGTAGTA GTGGCAGTCTTCAGTTGG

CTTGGCGCAAAAGTGA TTGCTGGATGAGAACAGAA

CAAAAGGATGGTGACATGA GGGTTGTTGACCTCAAACT

Rorc GTGGGGACAAGTCATCTG CGGCCAAACTTGACAG

ACGTCGGGTTGAGAAGA GGATGTGGAGGCTAGATTC

Bax AAGGCCCTGTGCACTAA GAGGCGGTGAGGACTC

CGTGGCCTTTTTCTCC GGCTGCTGCATTGTTC

CGTGGACGCTAGAGAAAG AGCCAGACACTCCATGAC

± SEM.

Chapter 2



RESULTS AND DISCUSSION

cells in S-phase24

 

. 
To visualize damage responses by epithelial cells we assessed the number of cycling 

+ crypt cells were reduced at day 
1 but returned to baseline levels by day 4 . Conversely, transcripts for the 

28

in mucosal wound healing8

peaking at day 1 
of Stat3 had returned to baseline . These data show that MTX-induced small 

. To 

are indeed epithelial cell intrinsic or whether immune cells are involved, we administered 
MTX to  mice pre-treated with Thy1-

 mice treated with 

at day 4 

+  mice strongly reduced the recovery of 
cycling cells at day 4 

Stat3 target gene 
 and 

 mice 



46

 In conclusion, these experiments establish that 

of Thy1+ cells.

+

Chapter 2



 
+

Gapdh
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+ cells led us to 
hypothesize that Thy1+

+ and NKp46+

. Compared 
+ , Rorc, ,  and , but 

 and  . NKp46+

, Rorc, , ,  and  . These data show that 
+ +

 

damage by neutralizing IFN
 mice treated with either neutralizing IFN

.  In line with 

protein  and transcript level . We next exposed Ncr1

pathology. However, the overall pathology in Ncr1  

in vivo 
 mice in the presence or absence of Thy1+ cells. 

clearly showed that the presence of Thy1+

for , , ,  and  , as well as protein for both IL-22 and GM-CSF 
 

Chapter 2



 
+NKp46- -NKp46+

 mice treated with neutralizing IFN

Gapdh -NKp46+

 or Ncr1 Gapdh from 



+

t
t  mice showed impaired recovery of the cycling crypt 

t  
. 

Consequently, Stat3 signaling was reduced as evidenced by lower levels of  transcripts 

.
t  mice revealed 

t
t  mice at day 4  

.

t  mice compared to control mice . The extent 

t . Survival of epithelial cells 

30 t 
Bax

t Bax-

absence of ILC3s.
t+

Chapter 2



 Absence of ROR t  mice at 
+ t

t Gapdh from 
t mice t  mice at indicated 

t
t t  mice at 

day 1 and day 4. Bax and t
MTX.



31. Since 
t

+ ISCs in response to MTX. In order to determine whether 
+

the percentage of GFP+

+

4 and numbers normalized by day 6 t-expressing 

t
+ t+

t
pathology compared to WT chimeric mice  as characterized by crypt 

, resembling the pathology 
t+ lymphocytes on ISCs 

+ cells were comparable between both groups 

+ ISCs within the EpCAM-1+

+

+

t+ ILC3s as 

epithelial cells23

. These data indicate that IL-22 is one of the factors involved in stem 

+ t+

Chapter 2



therapies.

 + stem cells within 
EpCAM1+

t t  chimeras at 
 Frequency of GFP+ cells from 

WT and t WT and t  chimeras at 
+ +

GFP+ cells from WT and t
Frequency of GFP+ cells at day 4 

 (A: 2 independent experiments, N=2 per 



of the manuscript. Ncr1

-

Chapter 2
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ABSTRACT

hi 

hi ISCs fail to downregulate Wnt and Notch 

immune system. 

60 Chapter 3
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INTRODUCTION

1

2,3. 
+ ISC frequencies during in vivo 

4. 
+ 
. 

6–8

12,13

. 

ILC3s. We show that IL-22 signaling is dispensable for crypt recovery but that in the absence 
+

3
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MATERIALS AND METHODS

Mice t-GFP, IL-22

mice every 2 days, 

i.p to WT mice at day-1 and day 0 for MTX d1 analysis and at day-1, day 0 and day 2 for MTX 
d4 analysis. 

18. 

centrifuge at 200g for 2 min to separate the crypts from single cells. Crypts were incubated 

 

Chapter 3
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Cells were 

 

each gene. Principle component analysis was performed on the fragment counts using the 

20. 

3
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+

least two independent analysts. Pathology was scored as previously described21

Chapter 3



+ ILC3s were sorted as indicated. 

2 

the expression of Gapdh
method as 2

Primer sequences

Gene Forward Primer Reverse primer

GCCTGATGCTCTTATCTC AAGGCATAGCAGTAGGAG

CCACAAAACAGATGAAGAGAC TCTTTTGCAGCCTCTTATTC

CCATCTTCACGTAGCAGC CAAGATGTCCTGAGGGC

Gapdh TCAACGGCACAGTCAAG GCTCCACCCTTCAAGTG

. Samples were analyzed using unpaired Mann-Whitney test. p values < 

3
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RESULTS

t+ ILC3s but are not con-

t
t

whereas in IL-22
controls 

t mice but not of IL-22
. 

 mice during MTX treatment. In these two models, 

and STAT3 signaling for stem cell maintenance + 
. These data show that 

t+

t t , IL-22  and IL-22  mice four days 

t t , IL-22  and IL-22  mice. 
t t , IL-22  and IL-22  

+

GFP
+  mice treated with 

+

+

Chapter 3
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,  and  
Gapdh

mice per group.

Chapter 3



hi

 

MTX d1, including , , Areg,  and 

 

treatment, Wnt target genes, such as , , , , ,  and  were 

for . 
This suggests that Yap1 suppresses Wnt signaling, in line with previous reports22. Stem cell 

target gene hi

. In line with , 
4 . Expression of the receptor 
Notch ligands   and 

 Besides preserving stemness, Notch also determines cell fate decisions during 

+ ,  and Kitl
at MTX d1, and  and Kitl further decreased at MTX d4 . Mex3a labels a 

+

insults.  In our analysis,  hi ISCs 
. Finally, the expression of other 

3



which 
 ( + ISCs 

 and  were 
hi 

as , Sct, , , ,  and 
. Paneth cell genes, such as , , , , , , Spdef, , Kit and 

 and Goblet cell genes , , , ,  and  were all upregulated 

and returned to steady-state frequencies at MTX day 4, whereas Paneth cell frequencies 
Alpi

hi

of Bax, ,  and 
hi 

+

hi 

to MTX-induced damage, concomitant to a repression of the Wnt signaling pathway. The 

are upregulated, coinciding with an increased frequency of enteroendocrine cells in small 

Chapter 3



hi-

hi cells at MTX d1 vs SS and MTX d4 vs SS (DESeq2 
 FPKM values at SS, MTX d1 and MTX d4 of a selected group 

 Wnt target genes.  

hi SSC-Alo-expressing cells correspond to enteroendocrine cells 
and CD24hi SSC-Ahi

2fold change (DESeq2 

3



Chapter 3

hi

FPKM values at SS, MTX d1 and MTX d4 of a selected group 
Notch signaling,  apoptosis and 

stem cells, Paneth cells and Goblet cells. 
2fold change (DESeq2 analysis of count 



MTX 
of epithelial stem cells and that Yap1 is important during epithelial remodeling.  To test 

in vivo we blocked Yap1-
 

of Yap1 signaling lead to a general increase in pathology . This increased 

crypts
3
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dependent

t
hi

hi ISCs display a remarkable divergent gene expression signature in the presence or 
t+

hi t  mice 
t

. Moreover, comparing the ISC transcriptome at 
hi ISCs showed 1421 
hi t . 

hi

t hi 

t hi ISCs . Focusing on Yap1 signaling 
 and 

, , Areg,  and  were increased in controls 
. 

hi

t  mice 
t  mice . 

t t  The percentage of crypts 
t . 

hi

t+ cells. 
, Kitl and  were not 

t  mice 
t ISCs . Finally, 

genes associated with the secretory lineage, including enteroendocrine, Paneth and Goblet 

3



t  ISCs compared to controls  
and 

hi t, we analyzed the frequencies of 

t  mice, enteroendocrine cell frequencies were 
not increased in response to damage .

hi

t-/-

MTX d4

Up Down Down

77 100 22

177 37

hi t t  mice 
2Fold change values, meaning higher gene expression levels in 

2

Control t Control t
Down Down Down Down

284 1 2

3

hi ISCs from 
t t 2Fold change values, meaning increased 

2

Chapter 3



hi

hi t t
hi-expressing 

t  ISCs when comparing MTX d1 or MTX d4 versus SS. Log2 fold change values for 
transcripts that correspond to Yap1 and hi-expressing cells comparing MTX 

t
t

with Yap1+ t  Log2 fold change values for transcripts that 
hi-expressing cells 

t  Percentages of enteroendocrine cells in duodenal crypt-derived 
t  mice. Enteroendocrine cells were gated as 

hi SSC-Alo. Log2 fold change (DESeq2 analysis 

3



Log2 fold change values corresponding to the expression 
hi-expressing cells at MTX d1 

t
t 2 fold change values were obtained by DESeq2 analysis 

group. 

. Then, we performed 
hi

in vivo

treated mice 

Chapter 3



+  mice treated 
 ,  and Gapdh expression 

hi-
 Wnt,  as 

enteroendocrine cells.  Percentages of enteroendocrine 

hi SSC-Alo 

2

3
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 mice and IL-22
FPKM 

hi

stem cells,  Paneth cells and  Goblet cells. FPKM 
2

Chapter 3
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of STAT3. We set out to determine whether Src family kinase signaling is needed for Yap1 

in vivo lead 
to increased total and crypt pathology . Moreover, we interrogated the role of 

+

hi

il6ra 
+

+ ILC3s transcribed , ,  and 

. Similarly, the percentage of 
. Based on 

involvement of L-11 signaling. To test this, we made use of a small molecule inhibitor of 

, although crypt pathology and 

 

3
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hi stem cells 
at MTX d1. FPKM + 

YAP1 immunostaining and percentage of crypts with Yap1+

mice treated with 

 

Chapter 3
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with 
MTX d4 of WT mice treated with  control or LMT-28 compound. 

+ cells in duodenal crypts from WT mice treated with 

3
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DISCUSSION

toxicity associated with cancer treatments.

immune cells, mesenchymal cells and the enteric nervous system, which together form the 
ISC niche.

+

cells23,24

+ ISC expansion .
In this study, we interrogated the in vivo

+

Chapter 3



hi-expressing ISCs in the absence of 
ILC3s and in vivo

28

22. 

30

22. Later during 

and this is controlled by increasing Wnt signalling31,32. 

+

+ 
ISCs by Yap1 depends on presence of ILC3s.

mechanism. 

30. In 
agreement with this, our results derived from in vivo

3
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Based on our data we propose two possible regulatory pathways by which Yap1 mediates 
+ ISCs transcribed Gp130 and il11ra1. Conversely, 

in 
vivo
for a possible role of IL-11 in inducing Yap1, which was strengthen with the results observed 

+ ISCs is controlled by innate 

Chapter 3
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ABSTRACT

+

induced damage, independently of IL-22. However, whether presence of ILC3s or IL-22 

t  but not in in 
IL-22

 was regulated by ILC3s in an IL-22-independent fashion. Since  has 

+ cells with 
an enteroendocrine cell phenotype in the absence of ILC3s. When mice were exposed to 

+

+ t
+ ISC resembling 

enteroendocrine cells. 

Chapter 4



INTRODUCTION 

and consequently shape microbial diversity1

2.

3,4. 

+

. ILC3s are an 
important source of IL-226, which acts mainly on epithelial cells and mesenchymal stromal 

of epithelial cells
+

10

11. Finally, IL-22 also can act on 
+ 12.

3,13. They are characterized 

+ ISCs vulnerable to genotoxic damage14

4



+

such as Bmi1, mTert, Lrig1 or Hopx16–20 + CBCs are completely dispensable 

and maintenance of normal crypt-villus architecture 21,22. However, because Hopx and Bmi1 

stem cell type remains unknown16–18,21,23

secretory progenitor features. 

24. Similarly, recent data suggest that subsets of secretory enteroendocrine 
+

. 

in vivo.  

crypt loss. We demonstrate that ILC3s instruct crypt epithelial cells via IL-22 dependent and 

hi lo 

lo

Chapter 4



MATERIALS AND METHODS

Mice t-GFP, IL-22 t-GFP 

were used whenever possible. 

Methotrexate

 mice every 2 days, 

centrifuge at 200g for 2 min to separate the crypts from single cells. Crypts were incubated 

 

and counted by using a microscope. 

4



 

 

genes were performed with DESeq2

each gene. Principle component analysis was performed on the fragment counts using the 

30. 

performed blinded by at least two independent analysts. Pathology was scored as previously 
described31

Chapter 4



2 

the expression of Gapdh
method as 2

Gene Reverse Primer

CCATCTTCACGTAGCAGC CAAGATGTCCTGAGGGC

GGAAGCCAGTGTCATATCA CCTTGGGGTTCATCTCA

GATGGCTACCGTGGTGT CACCCATGCTCGAATG

GGGGGTGTGAGAATGTCT AGGGCCTTCAGGTCTTC

GCGAAGGGCAAGAATAA TCGGGTCTGTGCTGAG

GCACAACGCACTTTCTTT GGTGGCCCTCAGATGT

TGGACGCTTTGCACTT AGTGGGGGGAAAACTCT

GGAGGACGATGTTCAGATAA CGGCACAGGTAAGAGTTG

Gapdh TCAACGGCACAGTCAAG GCTCCACCCTTCAAGTG

4



RESULTS

ROR

degree of bleeding. It also comprised several parameters related to the appearance of the 
stem cell-containing crypt compartment including degree of crypt loss, crypt abscesses and 

stress related transcripts  and  

controls mice were similar , showing that ILC3 absence does not alter steady-
state crypt output. Finally, we examined the in vitro ex vivo isolated 

the average number of mature organoids that grew per well . Together these 

Chapter 4



t t  mice.  
t t  

mice.  and Gapdh in total crypts t  versus 
t  controls. + t t  mice. 

t t  

4



100 Chapter 4

12,32,33. To 

. In line 
with this, crypt output 

 mice.  General or  crypt H&E 
histological scores in IL-22  mice. +

22 mice. 



+

enterocytes are derived from crypt progenitors, we tested whether the presence or absence 

+ ISCs express intermediate 
levels of the cell adhesion molecule CD24 . Hence, we used intermediate CD24 
levels (CD24med + ISCs in wild-type B6 

t  and IL-22
hi SSC-Alo hi SSC-Ahi

these three main cellular subsets in absence of ILC3s or IL-22 . Next, we tested 
+ cells at steady-state was controlled by IL-22. To assess 

+ ISCs and of the other cell subsets present in 

. Even though the frequency of PC was not altered by the absence 

t  or IL-22  mice. As expected, 
t  and IL-22  PC when compared to WT controls . This is in line with 

epithelial cells. In contrast, transcript levels of a marker of both PC and EE cells34 as 
t  mice but not in IL-22  PC  

 
Next, we set out to determine changes in ISC markers and genes important for ISC 

med

and the Notch-target gene The Notch-target gene 
transcribed in CD24med

Notch signaling within crypt epithelial cells enriched for ISCs. 

101

4
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t-/- -/-

 reporter mice. 
t  and IL-22  mice.  Frequency of CD24med-expressing 

t  and IL-22  
hi-expressing cells, enteroendocrine cells and Paneth cells 

within EpCAM+

 and Gapdh t  and IL-22  mice.  
and Gapdh med t  and IL-22  mice. 

Chapter 4
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+ hi 
SSC-A

+

t + hi 

int cells within total EpCAM-1+

. In line with published reports, 

expressing cells t + 
hi t t  mice 

t t  mice. Genes involved 
in Notch signaling, such as ,  and + 

t t  mice .  transcript levels seemed slightly 
+

+ ISCs expressed similar levels of the regulator of cyclin-dependent kinase, 
 Together these analyses revealed 

 
+

PC, + t t  mice 

lineage cells (CD24hi SSC-Alo hi int

cytometry t  duodenal crypts contained 
increased frequencies of CD24hi SSC-Alo cells that co-expressed GFP This was the 

or intermediate levels . 
+ ISC pool in the absence of 

with features of both enteroendocrine cells (CD24hi SSC-Alo +

4
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t+

t t
t + hi int

hi SSC-Alo hi int cells 
+ and hi t t  

t Gapdh + cells from 
t t

Chapter 4



hi 

t  mice, 
+ t

int

hi cells. In order to gather evidence for either of these 
hi t t  duodenal crypts by 

hi ISCs and in line with this high degree of similarity, PCA revealed a poor 
hi hi t  ISCs 

hi t  crypts when compared to control cells. 
First, we established the expression of genes involved in controlling stemness, to determine 

cells. GFPhi , and  

of ILC3s. This indicates that the GFPhi t
cell genes. Subsequently we focused on genes associated with mature EE cells, in support 

hi cells were enriched for EE cell-associated genes, such as , ,  
, , , Scin, 

,  and . The increase in EE genes was not due to altered EE cell 

enteroendocrine cells in villi or crypts in the absence of ILC3s 
GPFhi ISCs in the absence of ILC3s co-express secretory genes and stem cell genes, which 

int EE precursors.

4
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hi hi cells at steady-state 
t t  mice.  FPKM values of a selected group of genes 

associated with stem cells and t t hi 
cells. +

t t

Chapter 4



+

+ ISCs has been reported in 

t t
hi int  ISC 

+ CD24hi SSC-
Alo

steady-state frequencies of GFP+ EE-lineage cells were increased , but in contrast 
to control mice, the enrichment of EE-lineage GFP+

completely abrogated 
discussed in chapter 3.  In control mice, GFP+ cells are enriched for EE-lineage genes at day 1 

+ . 
t  mice is responsible for this phenotype, 

 mice. In response to damage and compared to steady-
+ cells with the EE-like phenotype was similar 

. In sum, these data 

+  Frequency of CD24hi SSC-Alo cells 
hi and int t t  mice at SS and 

MTX d1. Log2fold change values for transcripts that correspond to genes required during enteroendocrince 
hi t  controls 

2  Frequency 
of CD24hi SSC-Alo cells within hi and int mice treated 

4
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DISCUSSION 

stem cells. ILC3s contribute to epithelial renewal in response to damage12,32,33. The cellular 

expressing crypt epithelial stem by ILC3s. The reduced levels 
of 

36

of CD24hi SSC-Alo hi int

GFPhi t
cells (

,  and but similar levels of , ,  and , among others 
hi ISCs and mature epithelial cell types, 

t under 

hi ISC pool to maintain normal crypt output, raising the possibility that survival or 
hi

possibility, double-immunostaining for secretory and stem cell markers, such as ChgA and 

hi ex vivo 

for maintenance of crypt homeostasis. IL-22  Paneth cells had no detectable transcript 
levels of 

t  and IL-22  mice are explained by 

t

Chapter 4



 and 
+ + cells in the 

in vivo.
hi 

enteroendocrine cells was increased. These cells acquired secretory cell transcripts and 
maintained the expression of some stem cell genes. All together this suggests that subsets 

int hi

This study contributes to current views on how innate lymphoid cells regulate crypt 

+

4
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ABSTRACT

+

CD11c+

that SILTs act as innate control centers where ILC3 and DC interact and translate environmental 

+

+ cells contribute to epithelial responses 

remain elusive. Next, 

+ MHCII+ CD11b- CD103- Plet1+ cells, expressing high levels 
of  and 

with ILC3s and able to regulate ILC3. It suggests that SILT-DCs can sense epithelial damage 



INTRODUCTION 

The mucosal immune system needs to protect the single layer of epithelial cells which is 

1,2. DCs induce 

the murine small bowel3,4 +CD11b+

. Single CD103+CD11b- cells (CD24+ + 
CD8 + +

Th1 responses . Another subset of DCs, the CD103-CD11b+ cells are able of inducing both 
4 -CD103- cells is a largely 

t-

and 

by ILC3s is regulated by LT + DCs11

of ILC3 subsets. For instance, DCs expressing CXCL16 retain NKp46+ ILC3 in the LP due to 
12,13

. 

structures are developmentally dependent on ILC3s  and on LT -LT 18

LT  and LT  mice.

5
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+ ILC3, DCs and non-

+ ILC3 in SILTs in 



MATERIALS AND METHODS

Mice t-GFP and hCD2-GFPmice were bred in the animal facility 

 mice 
were bred at Icahn School of Medicine at Mount Sinai Hess Center for Science and Medicine 

 

 mice. When DT was combined with MTX, DT 

as well as in mesenteric lymph nodes. 

from hCD2-GFP 

 

in vitro Spleen were excised into small 

pressed through the strainer using the plunger end of a syringe.  Cells were washed with 
red 

+ cells were 

Cells were cultured at 0.3x106

14

5
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in vitro 6 splenic DCs or BMDC were cultured 

 

Cells were 



genes were performed with DESeq2

each gene. Principle component analysis was performed on the fragment counts using the 

20. 

+

m cell strainers previous 

for ILC3s. 

5
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Flow Cytometry and MHCII+ CD11c+ +

were dissected and pierced into small pieces. These were incubated in 2ml of PBS containing 

2 

the expression of Gapdh
method as 2

Gene Forward Primer Reverse Primer

Gapdh TCAACGGCACAGTCAAG GCTCCACCCTTCAAGTG

CTCCCCCAGTCAGACAG CAATCGCCTTGATCTCTC

CGTGGTCCTTGATAACATCT TCACGGCACTGACTGAA
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RESULTS

CD11c+

induced stem cell damage. We hypothesize that the CD11c+ CP-DCs are involved in this 
+ 

all CD11c+

+ cells in the lamina 

+ cells in both 
the LP and MLNs + cells slightly increased, 

+

being recruited from bone marrow-derived progenitors. This strategy allowed us to further 
+

treatment, hypothesizing that CD11c+ cells and ILC3s in cryptopatches are required to 

with MTX in mice lacking CD11c+

+ cells per crypt. In the absence of CD11c+

This 
+

We assessed whether CD11c+ + 
 mice treated with DT or PBS at steady-state. First, we determined 
+ILC3s within the LP of the SI and found to be unchanged 

. Second, we analyzed the level of expression of the signature cytokine IL-22. CD11c+ cell 
+

that CD11c+ 

+

5
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+

Frequency of CD11c+ MHCII+ DCs in lamina propria and  in mesenteric lymph 

PBS. 
+

+

 mice. Gapdh + ILC3 

n=3-6.
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CD11c+ - -

+ cells that lacked CD103 but expressed Plet1 . We have previously 
+ CD11b+

- Plet1+

t  mice. This revealed that CD103- Plet1+ t mice 

SILT-DCs. Next, we made use of hCD2-GFP+ reporter mice in which SILTs can be micro 
dissected using a stereomicroscope due to high expression of hCD2-GFP in ILC3 and B cells. 
Comparing cell suspensions derived from micro dissected GFP+ SILT regions or GFP- non-SILT 
lamina propria regions showed that CD103- Plet1+ DCs were only present in GFP+

and absent from non-SILT lamina propria 
+ Plet1- phenotype to isolate CP-DCs and perform phenotypic 

macrophages and B cells, and gated as CD11c+ MHCII+

+ 
DCs are CD11b+CD103+ there is another small subset of CD11b-CD103-Plet1+ DCs 

Plet1 . CD103- Plet1+ cells were further examined for the expression of CD11b, 
CD8

t  mice showed decreased frequencies of 

+ CD11b- CD103- Plet1+ DCs as SILT-resident cells. 
5
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- - +

t t +CD64-B220-CD11c+MHCII+LiveDead- cells. 
Frequency of CD103-Plet1+ t t t  mice gated as in 

.  of GFP- and GFP+ + mice. Increase in 
CD103-Plet1+ DCs in GFP+ +  

+CD64-B220 -CD11c+MHCII+LiveDead- in 
+ +CD64-B220-CD11c+MHCII+LiveDead-Plet1+

+CD64-B220-CD11c+MHCII+LiveDead- cells. Histograms show expression of indicated markers 
-Plet1-

t t +CD64-B220- CD11c+ MHCII+ cells, as DC 
gate.   Frequency of CD103-CD11b- t t



+ CD103- Plet1+ DCs that 

upregulated Plet1 transcript levels 

DCs increased Plet1 protein expression 
analyzed Csf2  mice and found that Plet1 transcript levels were almost undetectable in total 

. Altogether, these data suggest that 

Gapdh in splenic CD11c+ DCs 
Plet1 expression in bone 

Gapdh in ileum from Csf2  

5
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- Plet1+ DC 
and compared their transcriptome with that of CD11b+ CD103+

regulated in SILT-DCs when compared with CD11b+ CD103+

were found to be down-regulated . Despite the fact that CD11b- CD103- cells 

+ DCs are contained within CD11b- CD103-

DCs express lower levels of  and + DC development 
.  expression was similar between the two DC subset analyzed. However, SILT-

DCs expressed higher levels of  and , which have also been associated with CD11b+ 

CD103+ and CD11b- CD103+ . Likewise, SILT-DCs expressed  
and  
enriched in SILT-DCs, such as  and  
for  and + 

CD11b- CD8 +

,  and 
 . Furthermore, SILT-DCs were enriched for , , ,  and 
, whereas they lacked  and 

. SILT-DCs also expressed high levels of  , which indicates that SILT-
DCs might be able to migrate to gut-draining lymph nodes. Nonetheless, CD80, CD86 and 
CD40 were transcribed at similar levels in SILT-DCs and CD11b+ CD103+

. Strikingly, SILT-DCs were enriched for transcripts encoding  and , 

DC were  and , while  and 



- + . PCA plot of SI LP CD103-Plet1+

CD11b+CD103+ DCs under steady-state.  Heat-map of DESeq2
CD103-Plet1+ +CD103+ DCs under steady-state. Blue colors represent the genes with 
low expression values whereas yellow colors represent the genes with high expression values. FPKM values 

 DC development,  phenotypic DC 

helicases, 
2

n=3 per group.

5
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Because CD11c+

MTX-induced stem cell damage 

,  and , were increased in response to MTX, and 
the immature DC marker  was downregulated  

. 
, 

 and 
, we hypothesized that SILT-DCs might emigrate 

CD103- Plet1+ DCs within CD11c+ MHCII+

. 
Further experiments are in progress to fully demonstrate that SILT-DCs are able to migrate 



PCA plot 
of SI LP CD103-Plet1+  Heat-map of 
DESeq2 
low expression values whereas yellow colors represent the genes with high expression values.  Gene expression 
fold change calculated from DESeq2
and 

 Frequency of DC subsets 
within CD11c+ MHCII+

5



130

DISCUSSION

+

+

21. To determine whether similar mechanisms 

CD103- CD11b-

whether Plet1+

CD103- CD11b- t mice suggests that SILT-DCs are only present when their 
cryptopatches are formed. 

+ CD103- CD11c+ 

,  and , and 
showed that DC-expressing Plet1 express 
Csf2-producing ILC3s, likely occurring in cryptopatches. 

order to fully elucidate whether SILT-DCs are DC precursors or an intermediate state during 
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22. There is 

MLN to induce tolerance - CD11b- 

for these diseases. 

5
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GENERAL DISCUSSION





SUMMARY

The overall goal of this thesis was to underpin the role of Group 3 Innate Lymphoid cells 

+

+

+ ISCs, but 

+ ISCs from 

+ ISCs likely occurs indirectly via another cell type. We propose that 

t  

+ ISCs expressing enteroendocrine-like markers, closely resembling a reserve ISC 

+

+

+ cells co-localizing 
with ILC3s in solitary lymphoid follicles and found that they transcribe high levels of 

,  and 

General discussion
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+

t

Chapter 6Chapter 6



The presence of 

+

pathways.

General discussionGeneral discussion

6
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factors. In the gut mucosa, immune cells reinforce the epithelial barrier and induce tolerance 
against food or commensal bacteria. Among these immune cells, a recently discovered type 
of lymphocytes, innate lymphoid cells or ILCs, orchestrates immune responses and maintains 

1–3

three types, ILC1s, ILC2s and ILC3s4

IL-22 2-LT  
6,8. 

.
ILC3s also interact with macrophages to establish tolerance towards the commensal 

 in LysM+ 

10

towards the commensal microbiota11–14. ILC2s contribute to responses against helminths. 

cell death. Epithelial cells sense the danger signals released by the dying cells and produce 

18

. However, ILCs can 
 

and ILC3s, which can acquire the ability to make IFN

contribute to gut pathology20,21

from maintenance of barrier, tolerance against commensals and immune responses against 

Chapter 6
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appreciated. ILC3s contribute to skin wound healing22

insult23 24. In this thesis, we 

cells, which are crucial for epithelial self-renewal. As a result, epithelial damage is a dose-

lamina propria NKp46+ +

cells , enteric neurons28 and group 3 innate lymphoid cells

+

+

+ CBCs. The cells that 
+ cells, Prox1+ 

30–34. The actual 

General discussion

6
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+

24. 

important results are discussed below. In general, our work provides novel insights into the 

vs

.  High-dose 

In a series of experiments, we demonstrate that ILC3s are necessary to induce a number of 

t  to demonstrate a role for ILC3s in 

wound healing
the peak of damage occurs, which indicates that epithelial responses are induced very 

signaling remain to be determined. First, it would be necessary to assess the phenotype 
of the pSTAT3+

36

enteroendocrine cells (Claudin-4

associated with survival and apoptosis should be assessed. Finally, DNA damage responses 

Chapter 6
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IL-22 induces pSTAT3, as we found that NKp46+

IL-22 neutralized mice vs isotype-treated mice as well as in IL-22

38

+ CBCs mediates stem cell 

40. 

t

Wnt, Notch, BMP, EGF. 
During homeostasis, in vitro

General discussion

6
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t  but not IL-22

+ cells leads to a decrease in crypt output, 
+

t + cell subset that 
we think interact with ILC3s, therefore it is not a good model to address this. Co-cultures 
with CD11c+

+ CBCs 

+

+ CBCs caused by blocking IL-22 or STAT3 signaling does not translate in reduced 

+ CBCs, as supported by previous published reports30,41–43. It might also be possible 
that de novo +

+

+ CBC maintenance (Chapter 2 and 

+

of the stem cell compartment in in vitro
IL-22 . However, blocking cytokine signaling or administering recombinant cytokines in 
vivo or in vitro

+ CBCs.

+ CBCs 
+ CBCs downregulate 

Chapter 6



+

damage44 +

reduced, Yap1 is not completely absent in mice lacking ILC3s.

agreement with previous reports that highlighted the importance of Yap1 in crypt epithelial 
44–46

epithelial Yap1+ cells in vivo cannot be ruled out. 

+ CBCs 

important to unequivocally show that Yap1 signaling is regulated in an IL22-independent 

. This could 

+ CBCs but not 

results48. 

+ CBCs expressed high levels of transcripts encoding  and , and low 
levels of . Because cryptopatch ILC3s expressed  but not , we blocked IL-6 during 

General discussion

6
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IL-6 alone, Yap1+

then be via an indirect mechanism through mesenchymal or epithelial cell-derived IL-11. It 
t

. 

,  and 

and in response to damage and whether they migrate to lymph nodes to interact with lymph 

propose that cryptopatches have emerged in mammals in order to regulate the magnitude 

+

Chapter 6



+ . 

+ stromal 

whether cryptopatches are sites from where epithelial responses are orchestrated. 

 

. Also, 

, skin or hair follicles , corneal epithelium60 
and lung pulmonary alveoli and bronchi61 + stem cells and can contain ILC3s 

6

General discussion
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necessary. In parallel, in vitro and in vivo experiments could help to elucidate the signals 

molecules are produced and signal through membrane-bound receptors. Finally, the 
candidate molecules, will be also need to be tested both in vitro and in vivo. 

Chapter 6
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ILCs:  innate lymphoid cells
ILC1s:  Group 1 innate lymphoid cells
ILC2s:  Group 2 innate lymphoid cells
ILC3s:  Group 3 innate lymphoid cells

GALT:  gut-associated lymphoid follicles
LP:  lamina propria
BM:  bone-marrow
PPs:  Peyer Patches
CPs:  Cryptopatches

LNs:  lymph nodes
MLNs:  mesenteric lymph nodes

CLPs:  common lymphoid progenitors
CHILPs:  common helper Innate Lymphoid Cell progenitor

SAA:  serum amyloid protein
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MNP:  mononuclear phagocytes

Plet1:  placenta-expressed transcript 1 protein
ECM:  extracellular matrix

BMT:  bone marrow transfer

MTX:  methotrexate
DSS:  dextran sulfate sodium 
SS:  steady-state

YAP1:  yes-associated protein 1
EGF:  epidermal growth factor

Ihh:  indian hedgehog
GC:  Goblet cell
PC:  Paneth cell
EE:  Enteroendocrine cell
DT:  diphtheria toxin

i.p:  intraperitoneal



ENGLISH SUMMARY

which cellular and molecular mechanisms are involved in such crosstalk. Second, we also 

during these processes.
Chapter 1 

In , we demonstrated in an experimental model of chemotherapy-induced 

+

by ILC3-derived IL-22 in response to epithelial insult in chapter 3.  By blocking IL-22 and 

damage. This revealed a previously unacknowledged layer of immune cell-mediated control 

In chapter 4

t  mice at steady-
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in chapter 5

Indeed, when we depleted CD11c+

- Plet1+ DCs are present in SILTs and 

Finally, chapter 6

to progress this research.

suggest that SILTs are anatomical sites from where innate immune cells orchestrate epithelial 
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Hoofdstuk 1

In 
beschadiging van de dunne darm aangetoond dat de aanwezigheid van ILC3s in cryptopatches 

het epitheel en het repareren van de schade. Dit model van schade aan de dunne darm 

zoals bestraling en chemotherapie. In dit model hebben we kunnen aantonen dat ILC3s 

+ darm stamcellen na weefselschade.
In hoofdstuk 3

is om darm stamcellen te behouden. Echter, de afwezigheid van IL-22 had geen invloed op 

van entero-endocriene cellen. Tevens hebben we kunnen aantonen dat de cytokines IL-11 

A
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schade. Deze controle van darm epitheliale cellen door cellen van het immuun systeem was 
nooit eerder beschreven. 

hoofdstuk 4 hebben we bepaald of dit een gevolg was 

ook in de afwezigheid van darmschade. Deze veranderingen bestonden onder andere uit 
crypt-epitheelafvlakking, een verhoogde expressie van stress en ontstekings genen, en een 

die, in mindere mate, ook waargenomen werd na toediening van MTX, wat zou kunnen 

hoofdstuk 5 

+ 

+ 

hoofdstuk 6 een algemene discussie over de meest relevante bevindingen 

immuun cellen. Het ontrafelen van de mechanismen die zorgen voor ILC3-gemedieerd 
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immuun cellen de homeostase van het epitheel en het herstel van het weefsel controleren. 
ILC3s zouden daarom in de toekomst wellicht klinisch gemanipuleerd kunnen worden om 

te verbeteren. 
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