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Abstract
A breakdown of intestinal homeostasis due to dysregulated immune responses

against intestinal bacteria underlies the pathogenesis of inflammatory bowel disease
(IBD) in genetically susceptible individuals. Amongst mucosal immune cells, innate
lymphoid cells (ILCs) are a heterogeneous group of cells whose functions in
pathogenic inflammatory processes in the intestine are beginning to emerge from
experimental murine models. However, less is known about the role of ILCs in
chronic intestinal inflammation in humans.

In this thesis, human ILCs were examined in the context of IBD and potential
mechanisms by which these cells may contribute to IBD pathogenesis were
investigated. We identified phenotypically and functionally distinct ILC1, ILC2 and
ILC3 populations in the human intestinal lamina propria and peripheral blood and
found that ILCs enriched for expression of IL-17A and IFNy accumulated in the
inflamed intestine, potentially through increased in situ proliferation and
chemokine-mediated recruitment from blood. Based on their in situ localization, we
investigated potential functional interactions between ILCs and CD4* T cells and
found that a proportion of human ILCs in peripheral blood and the intestinal lamina
propria expressed HLA-DR and co-stimulatory molecules. ILCs were capable of
taking up and processing protein antigen at levels equivalent to B cells, but in
contrast to monocytes, antigen-pulsed ILCs failed to activate antigen-specific
memory CD4* T cells in vitro. Reciprocal activation between ILCs and monocytes
enhanced the antigen-presenting potential and bactericidal capacity of myeloid cells
and induced upregulation of co-stimulatory ligand expression by ILCs. This innate
activation loop resulted in an augmentation of CD4* T cell activation.

These findings extend our knowledge of the complex interactions between human
ILCs and other key immune cell populations, and suggest mechanisms by which rare
ILCs may contribute to the pathogenesis of IBD by augmenting myeloid cell and CD4+
T cell responses.
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Chapter 1: Introduction

With a surface area of approximately 100m? the intestinal mucosa represents the
largest mucosal interface of mammalian host organisms with the external
environment. A single layer of columnar intestinal epithelial cells (IECs) separates
the sterile host environment from the luminal contents of the gastrointestinal tract,
which include food, invading pathogenic viruses, bacteria, fungi and parasites and a
vast community of symbiotic commensal microbes (1). An estimated 101
commensal bacteria, comprising over 30 genera and more than 500 species, are
thought to colonize the intestinal mucosa, beginning at birth. In exchange for a
nutrient-rich environment, these bacteria aid the host organism in the breakdown of
food, supply essential nutrients and vitamins to the host, and provide colonization
resistance to invading pathogenic organisms (2). In addition to commensal bacteria,

the gut also harbours communities of commensal viruses and fungi (3,4).

The intestinal mucosal immune system faces the challenging task of mounting
effective host-protective immune responses to invading pathogens and commensal
species that breach the intestinal epithelial barrier, while at the same time
maintaining a state of tolerance to innocuous non-self antigens such as dietary
antigens and the luminal commensal microbiota (2). A breakdown of intestinal
homeostasis in response to food or commensal antigens leads to intestinal
inflammation, as exemplified by coeliac disease and inflammatory bowel disease
(IBD), respectively. Intestinal homeostasis is achieved through a complex network of
innate and adaptive immune cells and their interactions with the intestinal

epithelium (see Figure 1.1).
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Innate lymphoid cells (ILCs) have emerged as important players in intestinal
immune homeostasis. In this general introduction, we will describe what is known
about the transcriptional pathways and cytokine requirements that underlie the
development of ILCs from common lymphoid progenitors (CLPs) and will discuss the
developmental relationships between the different ILC populations identified to
date. We will outline the functions of ILCs in intestinal immune homeostasis,
including their role in the induction of organised lymphoid tissues during foetal
development; their contribution to protective immunity to infections; their role in
the maintenance of a tolerogenic host-commensal relationship; their involvement in
tissue remodelling and repair processes; and their role in the maintenance of
metabolic homeostasis. We will then discuss inflammatory bowel disease (IBD) as a
breakdown of immune homeostasis and outline what is known, mostly from mouse
models of colitis, about the contribution of ILCs to pathogenic immune responses

during chronic intestinal inflammation.

15



I

(X

/

9Z-1 ZZ-1 12-1 4LT-1 VLI pue Sujj3powsai anssiy /\/\
gz o
— ‘—. 9- 3 llydoseg
{ ) iydosynan 9z ]
— gz I Wl. Y saseajoud pue suixoL
3 W saupjoakd z adAL | nydoursog
W suomouny 4 Y s1010e} anndeosep
+ “
|e1qosdIw-puy 6 m:o:u_._:_ <y —
uopesauasal JeIqonIW-quUY W \\‘J //,
pue siedas Ja uonesauadai pue @ 122 3sey | | ) )
|enaydy 5] Jieday jeljayndy \ /

N m‘_ouu& AJejalp pue e301qoLdIW [ESUBWIWOD)

‘eudoid eulwe| jeunsajul a8y
0} a)eiBiw Aay) ‘s||90 J0J08Yd OJUI UOHENUAIBYIP JIdY} Bumojo) pue ‘s|j80 | , D uo YD Jo ‘g’p se yons siojdaoal
BuiwoyInb seonpul osje sHQ |esoonw |eunsaul Aq Bumuug speo z1LH1 Jo My eonpur sng wbdOEXD seasaym
‘sl1e0 2111 10%%8] sonpui sng L£01aD "B s *syesqns Jadjay | jounsip seonpul suoneindod O oulsip Aq Buiug "s||90
1,00 aAleu o) usbnue jussaid Asy) ‘alsH Jsuuew juspuadap-,400 € ul NN Buluielp sy o) ejesbiw suonendod
0a osay) ‘eyeydn uabpue Bumojod '08AD PueB LYDEXD ‘ALLaD ‘€0LaD Sioew aoeuns (|89 jJo uoissaudxa
JO siseq 8y} uo pauapl 8q ued sH [esoonw jo suonendod jounsig g (D) N6 By} Ul SISe}SOBWOY |BSUSLWILLIOD
-}SOy Jo soueuslulew ay} ul sjol [eornud e Aejd pue 16uny pue eusajoeq Jen|adeaxa Yim uoioaiul o) Ajunwwi apiaocid
sl10 aunwwi (1 Q4 “LIVIN) eMi-ereuur pue (g071) @euur (£171) eadepe Aq 9z-11 pue zz-11 ‘Lz ‘4211 VL
Jo uononpoid juspuadap-gz-T| pue 9-11 ‘d1-11 Aq asusioeieyd sasuodsal sunwwi /| adA] (g) seuseled tejnjjaoeixs
ypm uonoasjul jsuiebe asusjep J0) palnbal ase §)190 aunwuwi (spydoseq ‘spydouisos ‘sjjeo 1sew ‘gH7|) dleuul pue
(2"1) amndepe Aq ¢|-71 pue G- ‘=71 Jo uononpod juspuadap-4ISL pue g¢-T| ‘Gz-1l Aq pasusioeseyd sasuodsal
aunwwi gz adA] (v) (eozojoud ‘eusjoeq ‘sesnuin) susboyied dejnjeoeiiul Ypm SUOROSJUI 0} 8sudyap 1soy apiaoid
sl180 sunwuwi (1071 “YNO) 81euul pue (110 ‘LH1) sandepe Aq Ayoixojoiko pue AN Jo uoonpoid usAup-gL-| pue z|-7|
Aq pesusloeleyo sasuodsal aunwwi | 8dA] "siselsoswoy pue Ajunwwl |BUSSIUl O} 8)JNQUIUOD SUOIOUN) J0JOBYd
aunwwi pajeipawH|a2 Jo sadA} Jolew saiy] "D~V "SISE}SOdWOY puk Ajlunwiwi [eunsajul Jo swisiueyosap '} ainbi4

192194 €311

L Jol X))

 sisjeisiad
\y uondesuo)

[
iy S TEEE

W sauaoyna|

‘0T “ONNIY e_>_<<
\y uonouny siedas

>a /

7\

£z-11
oM =
g

”mm;

W dAY ¥ dAY zE

1192 y1vued

1193 ysdued

Yore slhek

\....w. ..QO.

18uny pue euajeq ‘_m_:__mum‘_uxu / AN sayseued Jejnjjasex3

~ - ~ -

1199 LVIN £T7L RN T b 1130 3asnw yroows .

\ \ BINL 9-11 ZT-1 \
\ / J uonduny / \
|v
\ ,,,, |eiqoiwnuy A4 >«_.un"xu>3 \
Y dnn i, 2

ra RS , N\
é -
H ‘-
M o« .
EREATAN
&aﬂnu moﬂn_u
LT swszn /am -
w = (==
L ey S &
+4TTAuTYIEXD-E0TAD
'L o/
8as <« ,,, mnwllv\./
L gaorvy S8
+Uwau n_.nﬂn_ufmo.nn_u
1ML m €2
LN .m (sdd ‘SNTW)
HoLvi § sails anponpul
7 1192 1 101943 7 7 1193 L 3nEN h:nu+m3nu sunwwy
6420
g _ (D) (124p|
= [pl3yHda ‘91
SNOILONNL ¥0103443 =2 Wf [ougsajul) says
N\\ AN 40123ff2 m::EEv
LT T} N

a »
AN < zr-u Wml\\u
5 .
ol v_z el 20
wu Ul
6 Apoixoy  ST-11
oy Zr-l » sjpubjs
SSalls
W Suppays xz& 4/&.: W | oyayd3
lelayud3 - o
. 23l
»
/\ ®
'\ ——— )
,/ (eozojoud ‘eliaoeq ‘sasnain) ** *

G suaSoyied sejnjjadesau|

16



1.1 Innate lymphoid cells

1.1.1 Overview

ILCs are a heterogeneous family of immune cells that share morphological
characteristics of lymphoid cells in the absence of somatically rearranged antigen
receptors. ILCs have been implicated in a wide range of homeostatic and
inflammatory immune processes in both mice and humans (5). ILCs can be grouped
on the basis of shared functional and developmental characteristics (Figures 1.2 and
1.3). These different ILC subgroups closely parallel the distinct CD4* T helper
subsets in terms of their cytokine production and transcription factor expression,
suggesting that IL.Cs may be evolutionarily ancient predecessors to adaptive T helper

cells (6,7).
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Group 1 ILCs Group 2 ILCs Group 3 ILCs

cNK cells ILC1 ILC2 CCR6"LTi CCR67'° ILC3
[ | [ |
Cb4* CD4 NKR-
Eomes* T-bet* GATA3" RORyt"  RORyt* RORyt* NKR*
T-bet* Eomes™ RORa* T-bet”  T-bet’ T-bet /10
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IFNy TNFa IFNy TNFa IL-4 IL-5 IL-9 IL-17A IL-22 GM-CSF IL-17A IL-22 GM-CSF
Y v
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Perforin IL-13  Areg IFNy TNFo
Granzyme
Immunity to viruses and cancer i+ Immunity to helminth *  Generation of lymphoid tissues during foetal
(cNK cells) parasites development
Immunity to T. gondii infection { e+  Tissue repair *  Maintenance of host-commensal homeostasis
ILC1) *  Metabolic homeostasis { * Tissue regeneration
Chronic inflammation *  Allergic inflammation * Immunity to extacellular bacteria
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Figure 1.2: Overview of ILC populations and their functions. ILCs are involved in a range of
host protective and homeostatic immune functions, but are also implicated in pathogenic
inflammatory processes. The distinct ILC populations can be grouped according to shared
functions. Group 1 ILCs (cNK cells and ILC1) are characterised by expression of Type 1
cytokines (IFNg) in response to stimulation with IL-12, IL-15 and IL-18. In contrast to cNK cells,
ILC1 have not been shown to possess cytotoxic potential. Group 2 ILCs (ILC2) are defined
through expression of Type 2 cytokines (IL-4, IL-5, IL-9, IL-13, Areg) in response to stimulation
with IL-25, IL-33 and TSLP. Group 3 ILCs comprise a heterogeneous subset of ILCs defined
through production of Type 17 cytokines (IL-17A, IL-22, GM-CSF) in response to stimulation with
IL-1B and IL-23. CCR6" LTi cells are crucial for the induction of organised lymphoid tissues during
foetal development. In adult organisms, CCR6" ILC3 can be divided on the basis of NKR
expression.
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Group 3 ILCs are characterised by a developmental dependence on the transcription
factor retinoic acid receptor-related orphan receptor (ROR)yt. The prototypical
Group 3 ILCs are foetal lymphoid tissue-inducer cells (LTi cells) which, via
interactions with stromal cells, are responsible for the induction of secondary
lymphoid tissues during embryonic development. Intestinal Group 3 ILCs also
include ILC3 that expand postnatally in response to microbiota-derived signals.
Phenotypically, foetal LTi cells and adult ILC3 populations can be distinguished on
the basis of C-C chemokine receptor type 6 (CCR6) expression, with LTi cells being of
CCR6M phenotype and adult ILC3 populations of CCR6!°%/- phenotype (8,9). These
CCR6ILC3 can be further subdivided on the basis of natural killer (NK) cell receptor
(NKR), RORyt and T-cell-specific T-box transcription factor (T-bet) expression into
NKp46-RORyt*T-bet/low LTi-like ILC3 and NKp46*RORyt*T-bet* ILC3 enriched for
interleukin (IL)-17A and IL-22 expression, and NKp46*RORytT-bet* ‘ex-ILC3’ that
have downregulated their expression of RORyt/IL-22 and upregulated their
expression of T-bet/Interferon (IFN)y (6,7). Adult ILC3 populations play important
roles in the maintenance of intestinal homeostasis in response to the commensal
microbiota, in protective immunity to infections and in tissue repair processes, and
can contribute to chronic inflammatory processes through their production of pro-

inflammatory cytokines.

Group 2 ILCs (ILC2) are IL-25 and IL-33-responsive ILCs that developmentally
depend on the transcription factors RORa and GATA-binding protein 3 (GATA3) and
produce the Type 2-cytokines IL-4, IL-5 and IL-13, as well as IL-9 and amphiregulin
(Areg) (6,10-17). Under homeostatic conditions, ILC2 can be found widely dispersed
in the peripheral tissues of mice, with highest numbers of ILC2 observed in

mesenteric lymph nodes (MLNs), spleen, liver and fewer ILC2 observed in lungs and
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peritoneum (12). ILC2 have been implicated in immunity to helminth parasites,

allergic immune responses and metabolic homeostasis.

Group 1 ILCs (conventional natural killer (cNK) cells, ILC1) are defined by
expression of the transcription factor T-bet and have been shown to produce IFNy
and tumour necrosis factor (TNF)a in response to stimulation with IL-12, IL-15 or
[L-18 (18). ILC1 are involved in protective immunity to protozoan pathogens and

can contribute to chronic inflammatory processes in the intestine.

In contrast to cNK cells, Group 3 ILCs, ILC2 and ILC1 lack expression of granzymes
and perforin and do not have direct cytotoxic potential. Instead, they are thought to
exert their effector functions through the expression of inflammatory cytokines and
cell surface molecules. In reference to the classification of T cell subsets, non-
cytotoxic ILCs are grouped together as ‘helper ILCs’, while cNK cells are categorized
as ‘cytotoxic ILCs’. All helper ILCs are characterised by expression of the IL-7Ra
chain (CD127), although not all helper ILCs are developmentally dependent on IL-7

as discussed below. cNK cells do not express CD127 (7).
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1.1.2 Early transcriptional control of ILC development

All ILCs develop from CLPs in the foetal liver and adult bone marrow (19-22) (Figure

1.3).

GROUP 1 ILCs

pNK ox cNK cell -

D2 Notch CD127-
@ B cytotoxic ILCs

PLZF ]
cLp cp T-bet @ ILc1
NFIL3 @Iy
Notch
PLZF RORa GROUP 2
GATA3 TCF1 ILC2 ILCs

@
Q

ID2
Notch
TOX

1o RORyt
AHR T-bet
|D2h+i Notch RORyt" A%z B RORyt - | CD127*

G;qrif T-bet’ T-bet* helper ILCs
ChILP NKR ILC3 NKR*ILC3

RORyt I

Runx1 @ CCR6" ILC3

CCR6" LTi GROUP 3 ILCs

Figure 1.3: Transcriptional regulation of ILC developmental pathways. Like all lymphocytes,
ILCs develop from the common lymphoid progenitor (CLP). A common ILC precursor (CILP)
shared by cNK and helper ILCs develops from the CLP in an NFIL3 and Notch-dependent manner.
cNK and helper ILC lineages diverge at this point, with ID2 and TOX and driving development of a
common helper ILC precursor (ChILP) that is shared by ILC1, ILC2, ILC3 and LTi cells. At the
ChILP stage, PLZF- cells differentiate into CCR6" LTi cells in a manner dependent on RORyt and
Runx1, while ID2 and Notch-dependent PLZF* cells comprise a precursor population from which
ILC1, ILC2 and CCR6" ILC3 are derived. From this precursor, ILC1 differentiation is driven by T-
bet, PLZF and GATAS3; ILC2 differentiation by GATA3, RORa, TCF1 and PLZF; and ILC3
differentiation by RORyt, AHR, Notch and, in the case of further differentiation into NKR* ILC3, by
T-bet and TCFA1.
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Specification of ILCs from CLPs

In vivo evidence points to a role for Notch in the specification of a4f7+ ILC
progenitors downstream of the CLP (23). These progenitors have lost B cell
potential, but have retained T cell potential and subsequent downregulation of Notch
signalling is thought to be required to prevent their differentiation into T cells and
allow commitment to the ILC lineage (23,24). Notch signals have also been shown to
be important for differentiation of ILC1, ILC2 and ILC3 subsets in vitro. In vitro
culture of CLPs on OP9-DL1 or OP9-DL4 stromal cells that overexpress Notch ligands
DL1 and DL4, respectively, but not on OP9 stromal cells leads to generation of all
ILC1, ILC2 and ILC3 subsets (18,20,21,25). However, different requirements for
Notch signalling may exist in the development of adult ILC3 and foetal liver LTi cells
(20). Adding to the complexity of Notch signalling during ILC development, Notch-
dependent signals were also shown to be required at later stages in the

differentiation of ILC2 and NKp46* ILC3 subsets (20,26-28).

Nuclear factor, IL-3 regulated (NFIL3) is a transcription factor of the basic leucine
zipper family that plays a critical role in the development of the various helper ILC
subsets (18,29-32) as well as of cNK cells (32-35). This widespread requirement for
NFIL3 in the development of all ILCs suggests that it acts early during ILC
development, potentially at the level of a progenitor population shared by all ILC
populations. Indeed, Nfil37- CLPs adoptively transferred into Rag~-1l2rg~- alymphoid
mice fail to generate ILC1, [LC2, ILC3 and cNK cells in the small intestine and liver. In
foetal liver and adult bone marrow, a Fms-related tyrosine kinase (FIt3)
a437+*CXCR6* progenitor population has been identified downstream of the CLP,
which, following adoptive transfer into Rag7-112rg7-mice or in vitro culture on OP9-

DL4 cells that overexpress the Notch ligand Delta 4, can give rise to all helper ILC
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subsets and cNK cells but has no B or T cell potential (20,36). This common ILC
progenitor (CILP) is lost in Nfil37/- mice, suggesting that NFIL3 acts early during ILC
specification and is a critical factor in promoting development of CILPs from CLPs

(7,36).

Similarly to NFIL3, the transcription factor thymocyte selection-associated high-
mobility group box protein (TOX) is critical for the development of all ILC lineages.
Tox7/- mice harbour a severe defect in lymphoid organogenesis, resulting from a
failure to generate foetal and adult LTi cells and furthermore lack adult ILC3, ILC2

and ILC1 subsets as well as mature cNK cells (37,38).

Inhibitor of DNA binding (ID) proteins are transcriptional regulators that bind to
basic helix-loop-helix (bHLH) transcription factors of the E protein family,
preventing them from binding to cognate DNA sites and thereby sequestering their
transcriptional activity (39). E proteins have important roles in the regulation of T
and B cell development and function and overexpression of inhibitory ID2 or ID3
proteins abrogates T and B cell development (5,40). Furthermore, overexpression of
the ID2-repressor early B cell factor 1 (EBF1) in pro-B cells leads to alternative
differentiation into ILC2 and ILC3 (41). In contrast, mice deficient in ID2 lack mature
helper ILC and cNK cells (13,42-44). These findings suggest that ID2 plays a critical
role in the development of helper ILC and cNK lineages and may act by inhibiting the

commitment of CLPs to T and B cell lineages.
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Specification of a progenitor common to all helper ILC populations

However, in contrast to NFIL3, which acts to induce a haematopoietic precursor (the
CILP) that is shared by both cNK cells and helper ILCs, TOX and ID2 are required at
different time-points in cNK and helper ILC development. While mature cNK cells
can no longer be detected in bone marrow, blood or spleen of Tox”- or Id2-/- mice,
committed cNK progenitors or immature NK cells are present in normal numbers,
suggesting that these transcription factors play a role in the later stages of cNK

development (37,38,42).

Downstream of the CILP, a lineage (Lin)‘CD117+IL-7Ra*a4f7*FIt3- precursor
population capable of differentiating into all helper ILC subsets but not into cNK cells
has been identified in murine adult bone marrow and foetal liver (18). This common
helper ILC progenitor (ChILP) population highly expresses TOX and is severely
reduced in Tox”/- mice (37,38). Whole transcriptome analysis of ChILP from Tox7"
compared to wild-type mice furthermore revealed that in the absence of TOX there is
reduced expression of genes known to be involved in ILC specification, including
Rorc, Thx21, Gata3, Rora, Zbtb16, Rxrg, Bcl2 as well as Notch target genes such Tcf7
and Hes1 (38). Bone marrow-resident ChILP also express high levels of ID2 and give
rise to ILC1, ILC2, ILC3 and LTi cells, but not cNK cells, following adoptive transfer
into Rag”/-112rg~- alymphoid mice (18,36,37). Both ID2 and TOX expression in ChILPs

may be subject to direct regulation by NFIL3 (21,32,36).

cNK cells and helper ILCs constitute developmentally distinct lineages
The developmental relationship between cNK cells and phenotypically related NKR-
expressing ILC1 and ILC3 populations has been subject to intense debate. However,

the above-described data provide clear evidence that cNK cells and helper ILC
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populations follow distinct developmental pathways downstream of the shared
NFIL3-dependent CILP progenitor stage. ID2*TOX* ChILP are specified progenitors
of helper ILCs but have lost the potential to differentiate into cNK cells (18,36,37).
These observations are in agreement with reports that have suggested distinct
developmental pathways for cNK cells and phenotypically related ILC1 and ILC3
populations on the basis of differential requirements for the transcription factors T-
bet, Eomesodermin (Eomes) and RORyt (18,45-47). Furthermore, GATA3 has been
shown to play a critical role in the development of all helper ILCs, whereas cNK cells
develop independently of GATA3 (25,48-51). In line with these findings, whole
transcriptome analysis of small intestinal and liver ILC1, ILC3 and cNK cells indicates
that ILC1 and ILC3 are more closely related to each other than to cNK cells in terms

of their gene expression profiles (18).

Heterogeneous expression of PLZF determines the fate of helper ILCs downstream of
the ChILP

Fate-mapping studies have revealed transient expression of promyelocytic leukemia
zing finger (PLZF) during the development of CCR6-ILC1, ILC2 and ILC3 populations
(52). In contrast, CCR6* LTi cells do not express PLZF and show no history of PLZF
expression. PLZF is a member of the zinc finger protein family of transcription
factors that has been shown to control the differentiation invariant NKT (iNKT) cells
(53-55). Examination of PLZF expression in precursor populations downstream of
the CLP in the foetal liver and adult bone marrow of mice indicates that PLZF
expression is upregulated at the ChILP stage, potentially under control of Notch-
dependent signals. Approximately 30% of ChILPs express high levels of PLZF

(18,52). Following adoptive transfer into Rag7-112rg7-alymphoid mice, these PLZF"
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ChILPs have the potential to differentiate into ILC1, ILC2 and ILC3 but not into LTi

cells (52).

These findings suggest that LTi cells branch off a developmental pathway shared by
the other helper ILCs at the stage of the ChILP. PLZF expression at the ChILP stage
marks a precursor population with the potential to differentiate into CCR6" ILC1,
ILC2 and ILC3 subsets, but not into CCR6* LTi cells. In reverse, following in vitro
culture on OP9 stromal cells or adoptive transfer into irradiated newborn mice,

foetal LTi cells cannot differentiate into other Group 3 ILC populations (8).

In a recent report Xu et al. linked NFIL3, ID2 and PLZF in a functional pathway and
showed that ID2 overexpression in Nfil37/- CLPs can rescue the inherent defect in ILC
development via induction of PLZF expression in ChILPs. This suggests a linear
pathway of transcription factor activity in the specification of the helper ILC subsets
from CLPs, in which NFIL3 acts to induce ID2 which, perhaps in conjunction with
Notch signals, in turn promotes PLZF expression by ChILPs (32). PLZF* ChILPs then
give rise to ILC1, ILC2 and ILC3 populations, while PLZF- ChILPs differentiate into
CCR6* LTi cells. However, while deficiency in Zbtb16 (the gene encoding PLZF)
results in impaired development of ILC2 and ILC1, ILC3 develop normally in these
mice. This suggests that other factors may compensate for loss of PLZF function

during ILC3 development (52).
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1.1.3 Transcriptional control of helper ILC differentiation

Immature ILC1, ILC2 and ILC3 precursors with highly restricted differentiation
potential have been identified in the murine bone marrow. Following in vitro culture
or adoptive transfer into Rag”/-Il2rg/- alymphoid hosts, these precursors give rise
only to mature ILC1, ILC2 and ILC3 populations, respectively, but not to other ILC
subsets (18,20,23,25). ILC subset-specific precursors express particular master
transcription factors (T-bet in pre-ILC1, RORa/GATA3 in pre-ILC2 and RORyt in pre-
ILC3) that, as outlined below, drive their differentiation into the mature ILC
populations and attribute them with the specific functional characteristics

associated with each ILC subset.

Group 3 ILCs

Group 3 ILCs, including CCR6*CD4+*/- foetal LTi cells and CCR6-'NKp46+/- ILC3
populations, are defined by a developmental dependence on the transcription factor
RORyt. An essential role for RORyt in the development of foetal LTi cells was first
reported by Eberl et al, who showed that RORyt-deficient mice lack LTi cells,
resulting in impaired formation of Peyer’s patches (PPs) and lymph nodes (LNs)
(56). Following upregulation of RORyt expression during development, fully

differentiated foetal LTi cells stably maintain expression of this transcription factor

(8).

Similarly to foetal LTi cells, adult CCR6!°%/- ILC3 are critically dependent on RORyt*
for their development (9,57-59). However, graded expression of RORyt* in
conjunction with T-bet expression plays a role in modulating ILC3 phenotype and
function (9,47). Amongst CCR6°"/- ILC3, a precursor-progeny relationship exists

between NKR- and NKR* ILC3. Using RORyt reporter and fate-mapping mice,
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Vonarbourg et al. reported that adoptively transferred RORyt*NKp46- ILC3 isolated
from the small intestinal lamina propria can give rise to NKp46* ILC3, although a
proportion of transferred cells stably maintained an NKp46- phenotype.
Differentiation of NKp46- ILC3 into NKp46* ILC3 is associated with downregulation
of RORyt expression and upregulation of T-bet expression (9,47). Thus, while
RORyt*NKp46- ILC3 and foetal LTi cells express little or no T-bet, RORyt*NKp46+*

ILC3 highly express T-bet at levels equivalent to cNK cells (9,60,61).

Upregulation of T-bet expression is critically required for the differentiation of
NKp46+* ILC3. In Thx217/- mice NKp46* ILC3 are severely diminished, while normal
numbers of NKp46- ILC3 and foetal LTi cells are present in the intestinal lamina
propria (9,60,61). In vitro lentiviral transduction of the Notch intracellular domain
(NICD) into Thx217/- NKp46- ILC3 can restore their ability to differentiate into
NKp46* ILC3, indicating that Notch acts downstream of T-bet in the NKp46* ILC3
differentiation pathway (61). Chromatin immunoprecipitation (ChIP) analysis of T
helper (Tu)1 cells and cNK cells has revealed T-bet binding sites in the Notch2
promoter and it is conceivable that a similar mechanism underlies T-bet-mediated
regulation of Notch activity in NKp46* ILC3 (61). Downstream of Notch, TCF1 has
been implicated in driving differentiation of and IL-22 production by intestinal

NKp46* ILC3 (27,62).

Graded expression of RORyt and T-bet by CCR6!°%/-ILC3 is associated with functional
plasticity. Both RORyt*T-bet NKp46-and RORyt*T-bet*NKp46* ILC3 express IL-23R
and respond to stimulation with IL-23 by producing IL-22. In contrast RORytT-

bet*NKp46* ‘ex-ILC3’ downregulate IL-23R and instead upregulate IL-12R[(2
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expression. In response to stimulation with [L-12, these cells mainly produce IFNy

(47).

Environmental factors influence the development and plasticity of CCR6%/- ILC3.
CCR6Msh LTi cells can be found in the intestinal lamina propria from embryonic day
(ED)12.5 and are the major intestinal Group 3 ILC population in the developing
embryo (7,9,56,63). In contrast, CCR6!°w/- [LC3 are present only in small numbers
during embryonic development, but expand rapidly in the first 4 weeks following
birth (7,9). This postnatal expansion appears to be dependent on microbiota-derived
signals, since adult CCR6!°%/- ILC3 populations are diminished in the intestinal
lamina propria of germ-free mice (9,47,57,58). Foetal LTi cells develop and function
normally in germ-free mice, indicating that they are a developmentally programmed
population of cells that operates independently of microbiota-derived signals

(8,56,57,64).

The postnatal expansion and maintenance of CCR6!°"/- ILC3 furthermore requires
the transcription factor aryl hydrocarbon receptor (AHR). Ahr7/- mice have reduced
numbers of CCR6!°%/- intestinal NKp46* and NKp46- ILC3 populations, indicating that
the pool of adult ILC3 is subject to environmental regulation through dietary and/or
microbial-derived AHR ligands (9,26,65-67). In contrast, CCR6Mgh LTi cells are
present in normal numbers in Ahr/- mice and appear to function normally in the
induction of developmentally programmed lymphoid tissues such as PPs and LNs.
Interestingly, however, inducible lymphoid tissues such as cryptopatches and small
intestinal isolated lymphoid follicles (ILFs) are diminished in Ahr/- mice
(9,26,65,66). This suggests that perhaps foetal LTi cells are responsible for lymphoid

tissue induction during embryonic development, while CCR6°%/- ILC3 populations
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control formation of inducible lymphoid tissues in adult organisms. Alternatively,
AHR may regulate inducer functionality in CCR6"Mgh LTi cells during adult but not

foetal lymphoid organogenesis (7).

Finally, the differentiation of NKp46- ILC3 into NKp46* ILC3 appears to be subject to
regulation by environmental factors. The extent of RORyt downregulation during the
differentiation of NKp46* ILC3 appears to be regulated by tissue
microenvironmental factors. While the majority of transferred RORyt* ILC3 that
homed to the small intestine continued to express RORyt*, a significant proportion of
cells that homed to the colon or spleen downregulated RORyt expression. Only
approximately 20% of differentiated NKp46* ILC3 in the colon and spleen still
expressed RORyt. The remaining cells had lost expression of RORyt and become
NKp46*RORyt T-bet* ‘ex-ILC3’ (47). Depletion of the commensal microflora by
means of antibiotics treatment drastically reduced the proportion of RORyt*NKp46*
ILC3 in the intestinal lamina propria, indicating that microbial signals may play a
role in the stabilization of RORyt expression in NKp46* ILC3, potentially via
induction of IL-7 production by intestinal epithelial and stromal cells (47). However,
the commensal microbiota has also been suggested to play a role in driving T-bet
expression by NKp46- ILC3 in a Toll-like receptor (TLR)- and IL-23-dependent

manner (9).

Taken together these findings show that the development of both CCR6* foetal LTi
cells and CCR6!*V/- intestinal ILC3 populations is critically dependent on RORyt. The
development and function of foetal LTi cells is developmentally programmed and
occurs in the absence of microbiota-derived signals. In contrast, the post-natal

expansion of CCR6!°¥/- ILC3 is dependent on the intestinal commensal microflora
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and AHR, indicating a role for environmental regulation. Amongst CCR6*%/- ILC3,
NKp46-ILC3 can differentiate into NKp46* ILC3 under control of microbiota-derived
signals. This differentiation is associated with downregulation of RORyt and
upregulation of T-bet expression. Graded expression of these transcription factors

results in functional plasticity within CCR6!°w/-ILC3.

ILC2

The transcription factor B-cell CLL/lymphoma 11b (Bcl11b), a member of the zinc
finger family with reported roles in T cell specification and maintenance, has been
reported to be involved in the specification of a committed ILC2 progenitor (ILC2P)
from the ChILP. Approximately 30% of ChILPs in bone marrow were found to
express Bcl11b (68). In vivo Bcl11b* ChILPs adoptively transferred into Rag”-112rg~-
alymphoid mice exclusively generated ILC2 while Bcl11b- ChILPs gave rise to LTi
cells and NKp46+*/- ILC3 (69). In line with these findings, tamoxifen-induced deletion
of Bclllb expression in Bcll11b/"/fRosa26CreERT2/CreERTZ transgenic mice led to a
reduction in bone marrow-resident ILC2P (69). While Bcl11b is also expressed by
mature peripheral ILC2, normal numbers of ILC2 were detected in peripheral tissues
2-3 weeks after tamoxifen administration. Thus, Bcl11b appears to be required for
the development of committed ILC2P at the ChILP stage, but not for the maintenance

or function of mature tissue-resident ILC2 (68,69).

Ex vivo ILC2 highly express Rora transcripts (21,70,71). RORa is a transcription
factor of the ROR family and has previously been reported to be involved in the
differentiation of Tu17 cells (72). The ‘staggerer’ mutation is a spontaneous deletion
within the Rora gene, leading to truncation of the RORa ligand-binding homology

domain and loss of transactivation capacity. This functional defect is associated with
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a ‘staggering’ phenotype in mice, due to impaired development of Purkinje cells and
severe cerebellar ataxia (73). Absolute numbers of ILC2 are reduced in the MLN,
small and large intestine and lungs of Rora®9/*9 mice compared to wild-type mice.
This defect appears to be specific for ILC2, since normal numbers of CD4* and CD8* T
cells, ILC3, NKT cells, cNK cells and B cells are present in spleen and MLN of Rora®9/59
mice (21,71). The deficiency in peripheral ILC2 in Rora®9/s¢ mice is likely secondary
to loss of committed ILC2P in the bone marrow (25,71). In line with these findings,
wild-type but not Rora®9/*9 bone marrow cells efficiently generate ILC2 in mixed bone
marrow chimeras (21,71). Unlike their wild-type counterparts, remnant ILC2 in
Roras9/9 mice are functionally deficient and fail to expand and produce Type 2
cytokines in response to intestinal helminth infection, resulting in impaired anti-
helminth immunity and increased worm burden at day 6 post-infection (21). Thus,
these data suggest that RORa regulates the differentiation of ILC2 from a specified
bone marrow progenitor and in addition may play a role in the maintenance and

function of mature peripheral ILC2.

In addition to RORa, peripheral ILC2 and bone marrow ILC2P highly express the
transcription factor GATA3, a known regulator of Tu2 differentiation and function
(12,13,22,25,74). Tamoxifen-induced deletion of GATA3 in all ID2-expressing cells
(i.e. ILCs) in transgenic mice in vivo, has been reported to result in selective loss of
mature peripheral ILC2 as well as a reduced population of bone marrow-resident
ILC2P (25). In turn, adoptively transferred wild-type but not Gata3~- foetal liver-
derived haematopoietic stem cells (HSCs) can reconstitute a peripheral ILC2 pool in
Rag”/-112rg~/- alymphoid recipient mice (74). Thus, GATA3 is a critical regulator of
ILC2 differentiation. Furthermore, GATA3 has been shown to functionally regulate

ILC2 in a dose-dependent manner. ILC2 from Gata3eZ+* mice with only one
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functional GATA3 allele produce lower amounts of IL-5 and IL-13 compared to wild-
type mice. Conversely, overexpression of GATA3 in CD2-Gata3tg mice results in
increased Type 2 cytokine production by ILC2 (74). Collectively, these data indicate
that GATA3 is required for the differentiation of ILC2P into mature ILC2 and in
addition plays a critical role in the maintenance and function of mature peripheral
ILC2. ChIP analysis of double-negative (DN) thymocytes has revealed GATA3 binding
to the RORa promoter (75). It is therefore conceivable that GATA3 may act upstream

of RORa during ILC2 differentiation (74).

Finally, a role for the transcription factor T cell factor 1 (TCF1) (encoded by the Tcf7
gene) has been identified in the differentiation of ILC2 (27,28). TCF1 is highly
expressed by tissue-resident ILC2. Tcf77/- mice have severely reduced numbers of
ILC2 in lungs and bone marrow, as well as a near complete loss of ILC2P in the bone
marrow. Moreover, the remnant ILC2 found in the lungs of Tc¢f7/- mice are
functionally deficient and produce reduced amounts of IL-5 and IL-13 compared to
wild-type cells following intranasal challenge with papain. Tcf7/- ILC2 express lower
levels of GATA3, suggesting that TCF1 may be involved in the regulation of GATA3
expression. Indeed, TCF1 overexpression in multipotent Lin'Sca-1*CD117* bone
marrow progenitors induces expression of GATA3 as well as additional markers
implicated in ILC2 development, including CD127. Furthermore, TCF1
overexpression can rescue ILC2 development in transgenic mice retrovirally
transduced with the pan-Notch inhibitor dominant-negative Mastermind-like 1
(dnMAML), indicating that Notch signalling acts upstream of TCF1 in the ILC2

differentiation pathway (28).
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ILC1

Murine ILC1 were first identified as an NKp46*NK1.1MILC subset in the intestinal
lamina propria enriched for expression of T-bet that produces IFNy and TNFa in
response to stimulation with IL-12 (9). Using Eomes9?/* RORyt-fatemap (fm) double-
reporter mice, Klose et al. showed that these ILC1 are developmentally distinct from
other phenotypically and functionally similar ILC populations (18). In contrast to
cNK cells, ILC1 do not express and are developmentally independent of Eomes.
Unlike NKp46*RORyt™ ‘ex-ILC3’ that have downregulated RORyt expression, ILC1
show no current or previous expression of RORyt. Fluorescence-activated cell
sorting (FACS)- purified Eomes'RORyt™ ILC1 adoptively transferred into Rag”/I12rg-
/-alymphoid mice maintain their surface phenotypes and do not upregulate Eomes

or RORyt expression, indicating that they indeed represent a stable lineage (18).

Compared to ILC2 and ILC3 populations, much less is known regarding the
transcriptional control of ILC1 differentiation. ILC1 appear to be critically dependent
on T-bet. Thx217/- mice are characterised by a loss of intestinal ILC1, amongst other
cells. This requirement for T-bet is haematopoietic cell-intrinsic as only Thx21*/* but
not Thx217/- HSCs were shown to regenerate the intestinal ILC1 population in mixed

bone marrow chimeras (18).

As mentioned above, early expression of GATA3, potentially at the ChILP stage, is
required for the development of all CD127-expressing helper ILC populations
(50,51). However, transgenic mice in which GATA3 is inducibly deleted in all Ncr1-
expressing cells show a selective deficiency in intestinal ILC1, while normal numbers
of NKp46* ILC3 and cNK cells are observed. This points to an additional role for

GATA3 in the later stages of ILC1 differentiation or maintenance (18).
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A TRAIL*NKp46+*NK1.1MT-bet* population of cells has been identified in the foetal
and adult liver of mice that produce IFNy in response to stimulation with IL-12
(45,48,76,77). In contrast to TRAIL - cNK cells, these cells lack expression of CD49b
and Eomes, but express high levels of CD127. Similar to ILC1 in the intestinal lamina
propria, Eomes'NKp46* liver cells are developmentally dependent on T-bet and
GATA3 (48,77). However, unlike intestinal ILC1, Eomes'NKp46* liver cells have
cytotoxic potential and can efficiently lyse Yac-1 cells following overnight
stimulation with [L-15 (77). Moreover, contradictory results have been published
regarding the capacity of Eomes'NKp46+* liver cells to differentiate into
Eomes*NKp46* cNK cells following adoptive transfer into Rag/-I1l12rg7/- alymphoid
mice (45,76,77). Thus, it is currently unclear whether Eomes'NKp46* liver cells
represent a progenitor population that can mature into Eomes*NKp46+* cNK cells or

an ILC1 population distinct from cNK cells (7,45,77).

1.1.4 Cytokine requirements in the development of ILCs

The common gamma chain (yc) is a cytokine receptor subunit shared by receptors
for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (78,79). All ILCs including cNK cells and
foetal LTi cells are developmentally dependent on y. signalling. Mice deficient in the
yc lack cNK, ILC1, ILC2 and Group 3 ILC populations, although different ILC

populations depend on distinct y. cytokines (13,18,57,58,80).

IL-7 plays a critical role in the development and differentiation of ILC2 and Group 3
ILC populations, but not of intestinal ILC1 or cNK cells. ILC2 are critically dependent
on IL-7 as evidenced by the absence of ILC2 in [I7/- mice (13,21,81). Similarly, 117/

or IlI7ra’/- mice have severely reduced numbers of foetal LTi cells, intestinal NKp46+/-
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RORyt* ILC3 and NKp46*NK1.1h RORyt ‘ex-ILC3’, while ILC1 and cNK cell develop
normally (18,43,47,82,83). Microbiota-induced IL-7 signals have been shown to
stabilize RORyt expression in adult ILC3, providing a potential link between
microbial colonization of the intestine and post-natal expansion of lamina propria

RORyt* ILC3 (47).

Additional cytokines have been shown to influence Group 3 ILC plasticity. IL-23 has
been reported to promote maturation of T-betRORyt*NKp46- ILC3 into T-
bet*RORyt*NKp46* ILC3, while IL-12 is thought to promote destabilization of RORyt

expression in peripheral ILC3 (9,47).

Mature ILC2 are highly responsive to the cytokines IL-25 and IL-33 and the
receptors for both cytokines, IL-17RB and ST2, are highly expressed by committed
ILC2Ps in bone marrow (25,69,84). In vitro 1L-33, in conjunction with IL-7, has been
reported to promote ILC2 development from CLPs (21). However, no in vivo
requirement for IL-25 or IL-33 for development or maintenance of ILC2 has been
demonstrated. While both cytokines are thought to be involved in driving ILC
expansion following infection with N. brasiliensis or intranasal administration of the
protease allergen papain, normal numbers of ILC2 are present in bone marrow and
peripheral tissues of Il117rb7/- or St2/- mice under steady-state conditions (11,70).
This suggests that IL-25 and IL-33 regulate the activation, expansion and effector

function of mature ILC2, but do not play a role in their development (11).

IL-15 is required for the development and function of intestinal ILC1 and cNK cells
but not for the differentiation of NKp46* ILC3. I1157/-mice have normal numbers of

RORyt* ILCs, while much reduced numbers of ILC1 and cNK cells are found in the
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intestinal lamina propria (18,43,57,58,83,85). However, a role for IL-15 in the
maintenance of NKp46*NK1.1MRORyt ‘ex-ILC3’” has been suggested, correlating with
their downregulation of CD127 and upregulation of CD122 (IL2/IL-15R [-chain)

expression compared to NKp46+*NK1.1-/°wRORyt* ILC3 (18).

37



1.2 Host-protective and homeostatic functions of intestinal ILCs

ILCs are involved in a range of host-protective and homeostatic immune responses

in the gut, as summarized in Figure 1.4.
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1.2.1 Foetal LTi cells and the generation of organized lymphoid structures

In the gut, RORyt* LTi cells, in conjunction with stromal cells, are responsible for the
induction of secondary lymphoid organs (SLO) such as MLNs and PPs during
embryogenesis and contribute to the dynamic modulation of lymphoid tissues

during adult life (86,87).

The mechanisms underlying lymphoid organogenesis have been elucidated using
knock-out mice characterised by impaired lymphoid organogenesis (87). LTi cells
seed developing LN anlagen by ED12.5 and PP anlagen by ED16 (56,64). CXCL13
produced by mesenchymal stromal cells in response to neuronal-derived retinoic
acid (RA) signals are thought to regulate the initial recruitment of LTi cells to LN
anlagen, where they are retained in a manner dependent on stromal expression of
mucosal addressin cell adhesion molecule (MAdCAM)-1 and LTi cell expression of
integrin osf31 (64,87,88). IL-7 secretion by stromal cells promotes LTi survival and
function and receptor activator of nuclear factor kappa-B (RANK)-RANK ligand
(RANKL) signals promote further LTi clustering. LTBR-dependent activation of
stromal organiser cells by lymphotoxin (LT)azB1-expressing LTi cells then leads to
upregulation of chemokines (CXCL13, CCL21, CCL19) and adhesion molecules
(intercellular adhesion molecule (ICAM)-1, vascular cell adhesion molecule (VCAM)-
1, MAdCAM-1) that attract and retain dendritic cells (DCs), B cells and T cells to the
primordial LN (87). Deletion of genes involved in LTi cell development or function
(Id2, Tox, Rorc, 117, 1171, 112rg, Rank, Rankl, Lta, Ltb, Cxcl13, Cxcr5, Ccr6) or stromal cell

function (Ltbr) result in impaired LN and/or PP development (5,87).
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Interestingly, the size of SLOs in adult mice was found to depend on maternal levels
of dietary retinoids during pregnancy. RA signalling controls differentiation of foetal
LTi cells upstream of RORyt and availability of RA in utero presumably regulates the
differentiation and pool size of foetal LTi cells. The implications of this for the

effectiveness of immune responses in adult life are currently unclear (89).

In addition to the developmentally programmed induction of MLNs and PPs,
intestinal ILFs are organised lymphoid structures that arise after birth in response to
colonization of the gut by commensal microbes (90,91). ILFs arise from
cryptopatches, small clusters of immune cells composed mainly of RORyt*ILC3 and
DCs, which are distributed throughout the intestinal lamina propria. Like MLNs and
PPs, cryptopatches are developmentally programmed structures that arise
independently of the microbial flora (92-94). However, post-natal cryptopatch
maturation into ILFs is dependent on microbial signals relayed via nucleotide-
binding oligomerization domain-containing protein 1 (NOD1) as well as AHR, and is
mediated by LT-LTBR interactions between ILCs and stromal cells in a manner
reminiscent of foetal lymphoid organogenesis (65,90,91). ILFs have been recognized
as primary sites for production of homeostatic immunoglobulin (Ig)A antibodies by
B cells, which are important for the anatomical containment of microbial
commensals (90,91,93). Thus, the dynamic induction of ILFs in response to
microbial signals acts as a feedback mechanism to generate commensal-specific IgA
antibodies required for the maintenance of a homeostatic host-commensal
relationship. There is a critical requirement for RORyt*ILC3 in this process. ILFs can
form in RORyt-deficient mice that lack ILC3 through B cell-mediated LT signals.

However, these ILFs support IgG rather than IgA production by B cells following
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epithelial damage, resulting in an inability to contain infiltrating commensal

bacteria, leading to intestinal inflammation and systemic wasting disease (95).

1.2.2 ILCs and protective immunity to infection

ILC3

Under homeostatic conditions, RORyt* ILC3 populations resident in the intestinal
lamina propria are the predominant producers of IL-22 (58,59,96). IL-22 promotes
epithelial restitution and regeneration and induces expression of mucins and
antimicrobial peptides (AMPs) by IECs, including proteins of the S100 family, B-
defensins, regenerating (Reg) proteins, lipocalin-2 and matrix metalloproteinases
(MMPs) (97-103). In addition, IL-22 can enhance pro-inflammatory responses via
induction of mediators such as IL-6 and TNFa and chemokines (CXCL1, CXCL5,
CXCL8, CCL20, CCL2) by IECs that recruit and activate immune effector cells
(102,104-109). Together, these processes promote intact intestinal epithelial barrier

function required for containment of commensal and pathogenic microbes.

[L-22 production by ILC3 is constitutive and subject to negative and positive
regulation by commensal and inflammatory signals, respectively, that are relayed to
ILC3 via the epithelium and myeloid cell populations. In response to commensal
microbial signals, IECs produce IL-25, which inhibits IL-22 production by ILC3 via
inhibitory effects on myeloid cell populations. The inhibitory effect of IL-25 is
opposed by IL-23, the expression of which is increased in response to pro-
inflammatory signals induced by infection or commensal translocation into the

intestinal lamina propria following epithelial damage (59,96,100,110-114).
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In mice, protective immunity to the intestinal pathogen Citrobacter rodentium (C.
rodentium) is critically dependent on IL-22 and the downstream induction of AMP
secretion by IECs (58,100,115). Following C. rodentium infection in Rag”- mice that
lack T and B cells, the production of IL-22 by RORyt* ILC3 is critical for prolonged
host survival. Rag7- mice deficient in ILCs rapidly succumb to infection (58,115).
Importantly, however, ILC3 also contribute to protective immunity to C. rodentium in
lymphocyte-replete mice that have normal numbers of T and B cells. RORyt*ILC3 are
the dominant producers of IL-22 in the intestinal lamina propria during the first six
days post-infection, while CD4+* T cell-derived IL-22 dominates the later immune
response (115). Using a combination of CD90- disparate mice and adoptive transfer,
it has been shown that lymphocyte-replete mice specifically depleted of ILCs suffer
delayed clearance of C. rodentium and increased infection-associated mortality
compared to ILC sufficient mice (115). Thus, early ILC3-derived IL-22 plays a non-
redundant function in mediating host-protective immunity following C. rodentium
infection. Induction of IL-22 expression by ILC3 in this setting is dependent on IL-23
and bidirectional interactions between ILC3 and intestinal macrophages/DCs (110-

112,115), which will be discussed in Chapter 5.

In addition to their role in protective immunity to C. rodentium, ILC3 have been
implicated in defence against other bacterial pathogens, including Streptococcus
pneumonia (116), Salmonella typhimurium (9,117), Mycobacterium tuberculosis
(118) and Pseudomonas aeruginosa (119). Furthermore, ILC3 appear to be involved
in immune responses against fungal (120) and viral pathogens (121,122) via various

mechanisms.
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ILC2

ILC2 play an important role in protective immunity against intestinal helminth
parasites (11-13). The majority of studies to date have used infection models based
on the murine-adapted helminth Nippostrongylus brasiliensis (N. brasiliensis).
However, there is some evidence that ILC2 are important players also during
infection with other parasitic organisms, including the helminth Strongyloides
venezuelensis (123) and the nematode Trichuris muris (124). Intestinal ILC2
contribute to anti-helminth immunity through production of Type 2 effector
cytokines (IL-4, IL-5, IL-9, IL-13), which help to coordinate effective parasite
expulsion through induction of eosinophilia, IgE production, goblet cell hyperplasia,
resistin-like molecule 8 (RELM[) expression, mucous secretion and smooth muscle
contraction (11,125-130). The importance of ILCZ in anti-helminth immune
responses is perhaps highlighted by the fact that the intestinal helminth parasite
Heligmosomoides polygyrus has evolved mechanisms to block activation of ILC2.
Secretory products released by the parasite have been found to block release of IL-

33 and subsequent activation of ILC2 (131).

Following infection with N. brasiliensis, IL-25 and IL-33 produced by IECs, stromal
cells, NKT cells and macrophages are thought to be responsible for the recruitment
and activation of ILC2 (11,125,128,132-137). ILC2 are directly responsive to IL-25
and IL-33 stimulation and mice deficient in IL-25, IL-33 or the receptors for these
cytokines show impaired immunity to N. brasiliensis infection (11,128,138). Mast
cells and basophils may further contribute to the recruitment and activation of ILC2
following N. brasiliensis infection. Activated mast cells produce high levels of
prostaglandin D2 (PGD), which has been shown to act as a chemoattractant and

activator of ILC2 both in vitro and during allergic lung inflammation in vivo
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(139,140). In the lung, mast cell-derived serine proteases have been shown to
generate cleaved forms of IL-33 that were extremely potent stimulators of ILC2 ex
vivo. It is conceivable that similar mechanisms are at play during helminth-induced
intestinal inflammation (141). Basophil-derived IL-4 may further add to this innate

activatory feedback loop by promoting ILC2 proliferation (142,143).

Several publications have highlighted a role for ILC2 in the induction of effective Tu2
responses via indirect effects on DCs and direct major histocompatibility complex
(MHC) class II-mediated antigen presentation to CD4* T cells (144-146). In the
context of N. brasiliensis infection, Tu2 responses to N. brasiliensis are impaired in
mice specifically depleted of ILC2 (146). ILC2-mediated effects on CD4+ T cells will

be discussed in detail in Chapter 4.

ILC1

Only little is known to date regarding the role of ILC1 in immunity to infection. There
is some indication that T-bet-dependent ILC1 may be involved in control of
Salmonella typhimurium (S. typhimurium) infection in mice (9). Furthermore, ILC1,
but not cNK cells, are the predominant producers of host-protective IFNy following
intestinal infection with the intracellular parasite Toxoplasma gondii (T. gondii).
Rag2/-112rg”/- mice deficient in all ILCs fail to control infection with T. gondii, a

phenotype which can be rescued following adoptive transfer of ILC1 (18).
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1.2.3 ILC3 and the intestinal commensal microbiota

In addition to their functions in promoting host-protective immunity to a variety of
pathogens, RORyt* ILC3 are known to play a role in regulating the tolerogenic
relationship between the host immune system and the commensal microbiota which

is required for the maintenance of immune homeostasis (147-149).

[L-22 is an important regulator of IEC homeostasis and ILC3 are major producers of
[L-22 in the intestinal lamina propria under homeostatic conditions (see Section
2.2.1). Through IL-22-dependent crosstalk with IECs, ILCs promote anatomical
containment and prevent systemic dissemination of the intestinal commensal
microflora and potential pathobionts. Two independent groups have reported that in
vivo depletion of ILC3 is associated with decreased levels of intestinal IL-22 and
suboptimal expression of antimicrobial factors (Reg3f, Reg3y, S100 proteins) by
IECs, resulting in systemic dissemination of commensal Alcaligenes spp. bacteria.
Normally, Alcaligenes spp. are anatomically contained within gut-associated
lymphoid structures such as PP and MLNs. Peripheral Alcaligenes spp. dissemination
was associated with low-grade systemic inflammation, which could be reversed by
treating mice with recombinant IL-22 (96,147,150). ILC3-derived IL-22 has also
been shown to protect mice against systemic dissemination of pathobionts following
Clostridium difficile infection and infection-induced damage to the intestinal
epithelium. ILC3-derived IL-22 is required for the induction of complement factor C3
in the liver and intestine, which enhances bacterial phagocytosis and allows effective
control of the pathobiont load in peripheral organs (151). Thus, by regulating IEC
anti-microbial functions, IL-22 producing ILC3 play an important role in preventing

the systemic dissemination of microbial commensals and pathobionts.
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Moreover, crosstalk between ILC3 and epithelial cells has been shown to influence
the composition of the intestinal microbial flora in mice, resulting in augmented host
resistance to colonization with pathogenic organisms such as C. rodentium
(152,153). Commensal dysbiosis secondary to ILC3 dysfunction can promote
systemic inflammatory responses. Qutgrowth of commensal segmented filamentous
bacteria (SFB), implicated in the development of pro-inflammatory Tul7 cells (154),
has been observed in Ahr/- mice that have decreased levels of intestinal ILC3-
derived IL-22. Further reduction of ILC3 numbers and IL-22 production in Ahr/-
Rorc(y)tF?/- mice promotes development of spontaneous, Tul7-driven colitis,
indicating that ILC3/IL-22-mediated regulation of the commensal flora plays a role
in limiting the induction of potentially pathogenic Tul7 responses to commensal
antigens (155). Intestinal RORyt* ILC3 have also been reported to control the
composition of the commensal microbiota through regulation of IEC fucosylation.
Fucosylated carbohydrates on IECs are thought to be important for the generation of
an intestinal niche for commensal microbes (156-158). IEC fucosylation is mediated
by the fucosyltransferase enzymes Futl and Fut2 (156). Two independent groups
have reported that IL-23-dependent IL-22 as well as LT expression by intestinal ILC3
is required for the induction of Fut2 expression in [ECs (157,158). Abrogation of IEC
fucosylation in Fut2/- mice has been linked to intestinal commensal dysbiosis and
leads to increased susceptibility to infection with the pathogens S. typhimurium and

C. rodentium (156-158).

Furthermore, ILC3 can limit commensal dissemination through effects on cells of the
adaptive immune system. Through their expression of B cell activating factors such
as B cell activation factor of the TNF family (BAFF), a proliferation-inducing ligand

(APRIL) and CD40L, as well as through LT-dependent pathways, ILC3 promote the
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production of T cell-dependent and -independent IgA and IgG antibodies by mucosal
and splenic B cell populations (93,159,160). In turn, mucosal IgA and low-affinity
systemic IgG antibodies contribute to the maintenance of mucosal homeostasis by
regulating the composition, size and anatomical containment of the intestinal
commensal microbiota (161-163). ILC3 have also been reported to limit commensal-
specific CD4+* T cell responses, through direct inhibitory interactions with CD4+ T
cells (164,165) and through induction of tolerogenic RA- and IL-10-secreting
intestinal DCs and macrophages (166). These aspects of ILC3 function will be

discussed in detail in Chapters 4 and 5.

1.2.4 ILCs in tissue remodelling and repair

ILC3

Through the production of effector cytokines, both ILC3 and ILC2 populations are
involved in the remodelling and repair of damaged tissues in response to a variety of
insults. Following induction of dextran sulfate sodium (DSS)-mediated epithelial
damage, intestinal ILC3-derived IL-22 has been shown to promote epithelial repair
and is required for resistance to colitis development (59). Similarly, ILC3-derived IL-
22 promotes restoration of intestinal epithelial integrity in a mouse model of graft-
versus-host disease (GVHD) via protective effects on intestinal stem cells (63). In the
lung, ILC3-derived IL-22 has been reported to limit inflammation and promote
epithelial repair processes in a mouse model of allergic airway hyperresponsiveness
(AAHR) (167). Moreover, regeneration of thymic epithelial cells following whole-
body irradiation of mice was found to be dependent on IL-22 production by

radiation-resistant [LC3 (168).
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RORyt* ILC3 also appear to play a role in the regeneration of damaged lymphoid
tissue following infection of mice with lymphocytic choreomeningitis virus (LCMV).
LCMYV infection leads to a loss of secondary lymphoid organ (SLO) integrity due to
CD8* T cell-mediated destruction of infected stromal fibroblastic reticular cells
(FRCs) that provide a structural backbone for SLO architecture. The functional
consequence of this is a transient immunodeficiency characterised by failure to
induce immune responses to unrelated antigens that rely on intact spatiotemporal
interactions between DCs, T helper cells and B cells in SLOs. Restoration of SLO
architecture and immune competence is critically dependent on the proliferative
accumulation of LTazBf1*RORyt* ILC3 and their crosstalk with LTBR* FRCs,
reminiscent of the stromal-LTi cell interactions responsible for the generation of

lymphoid tissues during foetal development (169).

ILC2

Repair functionality of ILC2 has been observed in mouse models of infection-induced
tissue damage in the lung. Monticelli et al. reported that intranasal infection of Rag”
mice with influenza virus H1N1 is associated with activation of innate immune
responses in the lung and immunopathology characterised by loss of epithelial
integrity and reduced lung function (170). Depletion of CD90* ILCs in this model
leads to exacerbation of epithelial necrosis and deterioration of lung function
compared to ILC-sufficient animals. In turn, adoptive transfer of ILCs into ILC-
depleted Rag” mice restores epithelial integrity. The group went on to show that the
ILC-mediated repair of damaged lung epithelium is dependent on IL-33-induced
Areg production by ILC2. Whether ILC2 contribute to epithelial repair in the gut

through similar mechanisms is currently unknown.
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Furthermore, ILC2-derived IL-9 has been shown to play an important role in the
orchestration of innate immune response required to limit immunopathological
processes in a mouse model of N. brasiliensis-induced lung inflammation (129). In
this model, ILC2-derived IL-9 acts in an autocrine amplification loop to boost IL-5
and IL-13 production by IL-9R-expressing ILC2, resulting in the recruitment and
activation of eosinophils and alternatively-activated macrophages (AAM) required

for the repair of damaged lung tissue.

1.2.5 ILC2 and metabolic homeostasis

Several reports have highlighted a role for ILC2 in the regulation of visceral adipose
tissue (VAT), metabolic homeostasis and obesity in mice. ILC2 constitute a
substantial proportion of VAT immune cells and are the pre-dominant producers of
IL-5 and IL-13 in VAT (13,171,172). IL-5 and IL-13 production by ILC2 in response
to IL-25 and IL-33 stimulation was found to be required for the maintenance of VAT-
resident eosinophils and AAM (171,172). In response to ILC2-derived IL-5, VAT
eosinophils upregulate expression of IL-4, which acts in the induction and function
of AAMs (173,174). Interestingly, ILC2/IL-5-mediated eosinophil homeostasis also
appears to be regulated by intestinal vasoactive peptide, providing a link between
ILC2-dependent metabolic effects, dietary intake and circadian rhythm (175). ILC2-
derived IL-13 has also been suggested to directly promote AAM differentiation
(171). Through their expression of IL-10, VAT AAM are important players in the
prevention of obesity-associated insulin resistance (176-178). Furthermore, AAM-
derived catecholamines promote induction of thermogenic beige adipocytes,
resulting in increased energy expenditure and improved regulation of adiposity

(174,179,180). ILC2-derived IL-13 and encephalin peptides have also been reported
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to induce beige fat through direct effects on adipocytes and adipocyte precursors
(180,181). Confirming the importance of ILC2 in metabolic homeostasis, ILC2-
deficient mice show increased susceptibility to high fat diet-induced obesity and
insulin resistance as a results of disturbed VAT eosinophil and AAM maintenance

(171,172,180).
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1.3 Human ILCs

1.3.1 Overview of human ILC subsets

The discovery of foetal LTi cells by Mebius et al. (64) and the characterisation of
several ILC subsets that persisted in adult murine tissues prompted investigations
into the existence of human ILCs. Human LTi-like cells were identified in 2008 by
Cupedo et al. who observed CD45™Lin"CD127* cells in the foetal gut, MLNs and
spleen as early as 8-12 weeks of gestation (182). Foetal CD45"tLin"CD127+* cells lack
expression of lineage markers associated with other leukocyte lineages and show no
potential to differentiate into T cells, B cells or DCs following culture on OP9 stromal
cells. Furthermore, these cells highly express transcripts for ID2, RORC, LTA, LTB and
RANKL and induce adhesion molecule expression on mesenchymal stromal cells in a
co-culture assay, identifying them as the human counterpart of murine LTi cells

(182).

LTi-like ILC3 were soon identified in post-natal tissues, including the tonsil, the PPs
of the ileum and the appendix. Based on expression of the NK cell markers CD56 or
NKp44, these postnatal ILC3 were grouped as NKR- and NKR* ILC3, similar to the
grouping of mouse ILC3 into NKp46- and NKp46* cells (182-184). Functionally,
human NKR* ILC3 are enriched for production of IL-22 following stimulation with
phorbol 12-myristate 13-acetate (PMA)/ionomycin or IL-23, while NKR- ILC3
preferentially secrete IL-17A and IFNy (183,185-187). In contrast to the
heterogeneous expression of CCR6 by mouse Group 3 ILCs, human LTi cells and ILC3

populations all have high expression of CCR6 (16,182,183,188,189).
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In addition to NKR/* ILC3, GATA3-expressing ILC2 have been identified in several
human tissues, including foetal gut (16), nasal mucosa (16), skin (190), blood and
lung (140). In contrast to RORyt* ILC3, these cells have heterogeneous expression of
CD117, lack expression of NKR and can be defined phenotypically by expression of
the PGD: receptor chemoattractant receptor-homologous molecule expressed on
Th2 cells (CRTH2) as well as high levels of CD161 and CD25 (16). In response to
stimulation with IL-25, IL-33 and thymic stromal lymphopoietin (TSLP), CRTH2*

ILCs express high levels of Type 2 cytokines IL-5 and [L-13 (16,17).

Following identification of ILC2, Bernink et al. characterized a population of lamina
propria-resident CD127+*CD117-CD56'NKp44- ILC1 that are enriched for T-bet
expression and respond to stimulation with [L-12 and IL-18 by producing IFNy.
These cells lack expression of RORyt, IL-17A or IL-22 (189). At the same time,
another group identified a population of intraepithelial CD103* ILCs enriched for
[FNy expression that phenotypically differed from other known human ILCs due to
lack of expression of CD127 (191). Unlike the cells identified by Bernink et al., these
cells express the NK markers CD56 and NKp44, but were shown to differ from cNK
cells because of a developmental independence from IL-15 signaling. However, in
addition to T-bet, intraepithelial CD103* ILC1 express high levels of Eomes and
therefore likely constitute an unconventional NK cell subset rather than a helper ILC

population.

In reference to a unified ILC nomenclature proposed by a group of researchers in
2013, in humans the distinct helper ILC populations are now classified on the basis
of the surface markers CD117, CRTH2 and NKp44. Thus, within the population of

total Lin"CD127+* ILCs, ILC1 are identified as CRTH2-CD117-NKp44- cells, ILC2 as
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CRTH2*CD117+/-cells and ILC3 as CRTH2-:CD117+*NKp44+/-. ctNK cells are CD3-CD127-

CD94+CD56* cells (6,16,188,189).

1.3.2 Development of human ILCs

The developmental requirements of and relationships between these different ILC
lineages in the human are not as well established as in the murine system. All ILC
populations originate from CD34* HSCs (189,192-194). Recently, a CD34*RORyt*
lineage-specified precursor population that exclusively gives rise to RORyt* ILC3 has
been identified in the human tonsil and intestinal lamina propria (192). Like their
murine counterparts, human ILC2 are dependent developmentally and functionally
on the transcription factors GATA3 and Notch (17,24). In vitro, retrovirus-mediated
overexpression of GATA3 in Lin"CD127+*CD117*NKp44-CRTH2-ILCs can drive their
differentiation into CRTH2+* ILC2 that produce IL-4, IL-5 and IL-13 following

stimulation with TSLP and IL-33 (17).

Furthermore, NKR* helper ILCs form a developmentally distinct lineage from cNK
cells. Unlike mature CD127-CD56* cNK cells, CD56* or NKp44+ ILC3 lack expression
of the cNK markers CD94, granzyme B and perforin (182-184). However, immature
Stage 3 NK (iNK) cells similarly lack expression of CD94 and cytotoxic effector
molecules and are enriched for markers such as CCR6, CD161 and CD117 that are
also highly expressed by ILC3. This led to the hypothesis that NKR* ILC3 are a
precursor to cNK cells that retain their immature phenotype and associated high
AHR and IL-22 expression through IL-1B3-dependent signals (184,195). However, a
further study revealed that the iNK population is a heterogeneous population

comprised of CD117+CD127-CD56*CD94- cNK precursors and
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CD117+CD127+CD56*CD94- ILC3. CD127+* ILC3 cultured in vitro with IL-2, IL-7 or IL-
15 do not differentiate into cNK cells, but instead maintained stable expression of
CD117, IL-17A and IL-22 in the absence of CD94, granzyme B or perforin
upregulation. In contrast, CD117+CD127- iNK precursors differentiate into IFNy-
producing CD94+ cNK cells that expressed KIRs and showed cytotoxic killing activity
(188). Confirming these findings, Ahn et al. reported that CD56*CD117+CD94- iNK
cells derived from CD34* umbilical cord blood HSCs can be divided into CD11a* and
CD11a populations. CD11a" cells express RORC and IL22 and fail to differentiate into
cNK cells, while CD11a* cells give rise to cNK cells (194). Finally, in vivo human
evidence for differential developmental requirements for cNK cells and NKR* ILC3
populations was provided by Vonarbourg et al. who could show that in human
severe combined immunodeficiency (SCID) patients with IL-7R deficiency the
frequency of CD56*NKp44+ LTi-like cells is severely reduced, while cNK cells is
unaffected (47). Thus, convincing in vitro evidence shows that human cNK cells and
NKR* ILC3 form developmentally distinct lineages, which is in agreement with data

obtained from RORyt fate-mapping mice.

Similar to the mouse, a precursor-progeny relationship exists between adult human
NKR- and NKR* ILC3. Crellin et al. showed that Lin"CD127+*CD56 ILC3 isolated from
the human tonsil can differentiate into Lin"CD127+*CD56* ILC3 following in vitro
culture with IL-2, [L-7 or IL-15 (188). In mice, a microbiota-induced downregulation
of RORyt and concomitant upregulation of T-bet expression in NKR- ILCs is
responsible for differentiation of NKR- ILCs into NKR* ILCs (9,47). Whether human

NKR* ILC differentiation is similarly regulated is unknown.
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The pathways underlying the development of lamina propria-resident ILC1 are less
clear. Similar to murine ILC3, Bernink et al. have described considerable plasticity
within human ILC3 populations. In vitro culture of tonsillar CD117PigNKp44+RORyt*
ILC3 with IL-2 plus IL-12 or IL-18 leads to acquisition of an ILC1-like phenotype,
including downregulation of CD117, NKp44 and RORC expression and acquisition of
TBX21 and IFNG expression (189). Thus, it is unclear whether the identified lamina
propria-resident ILC1 are bona fide ILC1 that, like mouse ILC1 constitute a
developmentally independent lineage from other helper ILC subsets, or rather are
‘ex-ILC3’ that have downregulated expression of CD117, NKp44 and RORyt

(189,196).

1.3.3 Functions of human ILCs

In line with mouse findings, adult human ILC populations have been described in a
variety of tissues, including the spleen (160), gut (185,189,191,197-199), oral
mucosa (16,200-203), skin (190,204-208), lung (140,209-211), uterine mucosa

(212,213), brain (214) and synovial tissue (18,215-218).

Like their murine counterparts human ILCs are activated by a range of myeloid-,
epithelial- and stromal-derived cytokines, including IL-7, IL-12, IL-15, [L-18, IL-25,
[L-33, IL-1B and IL-23. IL-23, IL-1B and IL-6 have been shown to induce proliferation
and production of IL-174A, IL-22 and [IFNy in ILC3 populations
(183,185,188,195,196,198). IL-12, [L-15 and IL-18 promote IFNy expression by ILC1
and ILC3 (189,191). IL-25, IL-33 and TSLP act on ILC2 to elicit IL-4, IL-5, IL-13 and
Areg expression and promote chemotaxis (16,17,190). Additionally, direct TLR2

stimulation of human ILC3 in conjunction with IL-2 has been reported to induce cell
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proliferation and expression of IL-22 (219). NKp44+ ILC3 have furthermore been
shown to become activated and adopt a pro-inflammatory cytokine profile through
direct triggering of NKp44 in conjunction with IL-1B, IL-7 and IL-23, including
production of TNFa (187). Cellular ligands for NKp44 are thought to be upregulated
on infected or stressed epithelial cells (187,220,221). PGD> has been implicated in
the regulation of ILC2 function. CRTH2* ILC2 migrate towards PGD, gradients in
vitro and upregulate Type 2 cytokine production in response to stimulation with
PGD2 (139). Furthermore, E-cadherin and the vitamin A metabolite RA have been

shown to negatively regulate human ILC2 function (190,222).

The majority of published data regarding human ILC function is descriptive and
inferential. Only few functional experiments involving human ILCs have been
performed. With respect to ILC functionality in the gut, co-culture experiments of
ILC3 with a colonic epithelial cell line have indicated that ILC3-derived IL-22 can
induce STAT3 phosphorylation, proliferation and production of anti-microbial
factors and IL-10 in IECs, suggesting that, similar to the mouse, ILC3 may contribute

to mucosal homeostasis in the human gut (183).
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1.4 IBD

IBD are chronic relapsing-remitting inflammatory disorders of the gastrointestinal
tract. Although disease pathogenesis is incompletely understood, evidence from
genetic and immunological studies suggests that a breakdown in intestinal
homeostasis due to dysregulated immune responses against intestinal bacteria

underlies disease development in genetically susceptible individuals (223).

The main forms of IBD are Crohn’s disease (CD) and ulcerative colitis (UC), which
can be distinguished through a combination of overlapping and distinct histological,
endoscopic, radiological and clinical features (224,225). Both CD and UC are highly
debilitating relapsing-remitting conditions characterised by recurrent abdominal
pain, diarrhoea, intestinal bleeding, fever and malnutrition (226). Extraintestinal
disease manifestations can be observed in both CD and UC, and most commonly
include ocular (uveitis, episcleritis), musculoskeletal (arthritis) and mucocutaneous
(pyoderma gangrenosum, erythema nodosum) complications (227,228).
Furthermore, both CD and UC patients are at increased risk for development of
colorectal cancers (229). No curative treatments are available for CD or UC and
despite the availability of biological and small molecule immunosuppressive agents
the rate of surgical intervention remains high. Approximately half of patients require

surgery ten years after diagnosis (102,226,230-233).
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1.4.1 Epidemiology

In Europe, approximately 1 in 1000 people currently suffer from IBD currently, with
a prevalence range at 8-214/100,000 and 21-294/100,000 for CD and UC,
respectively (233). The peak of onset for IBD is during early adulthood, ranging from
20-40 years. However, disease onset can occur at any age. In addition, paediatric IBD

accounts for 7 -20% of all IBD cases (233,234).

Over the last 50 years, the incidence rates of both CD and UC have been on the rise.
While UC incidence appears to have stabilized recently, CD incidence is still
increasing (233,235). The highest prevalence of IBD is found in industrialized
regions such as Europe and North America. However, epidemiological data indicate
that IBD is on the rise also in developing countries and countries that are adopting
more Westernized lifestyles (233,235). This suggests that lifestyle and/or
environmental factors associated with increased industrialisation may be

responsible for the increased rate of IBD in developing countries.

A mild gender bias has been observed in IBD, although this appears to be less
pronounced than in other autoimmune diseases. CD occurs slightly more frequently
in women, especially among cases diagnosed during adolescence and early
adulthood. Furthermore, female CD patients have been reported to experience a
more severe disease course compared to male CD patients (236,237). In contrast to
CD, UC is more common in men than women (233,238). These findings suggest that

hormonal influences may play a role in disease expression (238).
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Differences in IBD incidence between ethnic groups have been observed, which are
thought to result from both genetic and environmental differences. While the
incidence of CD among the Ashkenazi Jews varies depending on where they reside
(indicating modulation by environmental influences), it is always higher than in the
local non-Jewish population (arguing for genetic predisposition) (233). Similarly, a
lower incidence has been reported in Asian and Hispanic populations in North
America compared to Caucasian Americans. However, this likely reflects differences
in lifestyle, since the rate of IBD among these populations has begun to increase

(238,239).

1.4.2 Diagnostic features

CD is characterized by a patchy inflammation that can occur anywhere along the GI
tract from the mouth to the anus. Inflamed areas can be interspersed with
macroscopically unaffected areas, leading to characteristic ‘skip’ lesions.
Inflammatory lesions are most common in the distal ileum, the colon and the
perianal region. Inflammation is transmural, i.e. spanning the entirety of the gut wall
from the mucosa to the serosa and is characterized by deep ulcerations and
formation of non-caseating granulomas (234,239). The deep fissuring ulcers can give
rise to fistulae (abnormal connections that form between the gut and surrounding
tissues, including the skin, other parts of the intestinal tract, the vagina or blood
vessels), strictures (narrowing of the gut lumen) and abscesses, all of which are
common complications in CD patients. Based on the disease course, CD can be
classified as inflammatory (presence of inflammatory lesions in the gut wall),
penetrating (presence of fistulae and abscesses) or stricturing disease. Inflammatory

CD is most common in the early years after diagnosis, while the incidence of
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penetrating and stricturing disease increases with time after diagnosis, indicating
that the latter may be a manifestation of disease progression and arise as a

consequence of long-term chronic inflammation (234,239).

In contrast to CD, UC is characterized by a diffuse, continuous inflammation that
usually commences in the rectum and spreads proximally to the colon. Depending on
the extent of inflammation, UC is classified as proctitis (limited to rectum), left-sided
(distal to splenic flexure) or pan-colonic (proximal to splenic flexure) (224). The
inflammation is more superficial than in CD and restricted to the mucosa and
submucosa. Deep ulcerations are uncommon and only found in very severe disease
(233). Penetrating disease involving recurrent formation of fistulae is not a feature
of UC (233,234). Histological diagnostic features of UC include substantial crypt

distortion, cryptitis, mucin depletion and Paneth cell metaplasia (224).

1.4.3 Pathogenesis
The pathogenesis of IBD is incompletely understood but is thought to result from a
complex interplay between host genetics, immune responses and environmental

factors that are most dominantly represented by the microbial commensal flora

(Figure 1.5).
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Figure 1.5: IBD pathogenesis. The mechanisms underlying IBD pathogenesis are
incompletely understood, but disease is thought to result from a complex interplay of host
genetics, immune responses, the microbial commensal flora and environmental factors.
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Genetics

In addition to enrichment of IBD within the Jewish population (240), twin and family
studies point to a genetic component in the pathogenesis of IBD. Twin studies have
indicated concordance rates in monozygotic twins of approximately 30.3% for CD
and 15.4% for UC (241). The higher concordance rate in CD suggests a greater

genetic component in this disease compared to UC (226).

An 8-10 fold increased risk of IBD has also been reported in first-degree relatives of
IBD patients (226,242). In the majority of affected families, all individuals with IBD
will suffer from the same disease type. However, approximately 20% of multiply
affected families are mixed, with different family members presenting with either CD
or UC. These findings point to the existence of genetic risk factors exclusive to either
CD or UC, as well as susceptibility loci that are shared by both disease types (226).
These observations align with findings from genome-wide association studies
(GWAS). To date GWAS have identified single nucleotide polymorphisms (SNPs)
associated with 163 genetic loci that confer increased risk of or protection from IBD
development. The majority of loci (110 out of 163) are shared by both CD and UC
(243). Many of them highlight immune pathways involved in host-commensal
homeostasis, such as epithelial barrier function (HNF4A4, CDH1, ERRFI1, MUC19,
STAT3, REL, PTGER4), microbial defence (NODZ2, ITLN1, CARDY, REL, SLC11Al,
FCGR2A/B), innate and adaptive immune regulation (ILZ23R, IL23, IL22, JAK2, TYK2,
STAT3, ICOSLG, 1L21, IL12B, TNFSF15, IL5, IL7R, IL2, IL10, IL27, IL1R1/IL1R2), as well
as cellular processes such as autophagy (ATG16L1, IRGM, NOD2, LRRK2, CUL2), and

endoplasmic reticulum (ER) stress (XBP1, ORMDL3) (234).
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IBD is a complex polygenic disorder. With the exception of genetic variants identified
in very early-onset IBD patients with monogenic disease (eg. ILI0RA, IL10RB) (244),
the majority of individual disease variants identified to date convey only a small risk
(<1.5-fold) for disease development (245). The strongest associations relate to NOD2
polymorphisms in CD (relative risk >20-fold in homozygotes, with 30-50% of
European and North American CD patients carrying at least one allele), and a
protective Arg381GIn IL23R polymorphism in both CD and UC (relative risk reduced

approximately 3-fold) (226,240,245-247).

Detailed functional analyses are required to understand precisely how these risk
alleles impact the function or expression of their encoded proteins, how such
alterations can mechanistically contribute to disease development and ultimately
how these changes may be targeted therapeutically. For example, while GWAS
clearly indicate that the IL.-23/Tu17 pathways plays a prominent role in both CD and
UC (risk variants of IL23R as well as multiple other genes implicated in this pathway,
including IL-23, JAK2, STAT3, IL17A, IL17F, and CCR6), it is not well understood how

these polymorphisms affect protein function or expression (234).

On the other hand, more progress has been made in understanding the effects of
NOD2 risk variants on NOD2 function and how this may contribute to disease
development. NODZ disease variants have been reported to have a reduced capacity
to induce nuclear factor kappa B (NFxB) phosphorylation following in vitro
stimulation with bacterial peptidoglycans, indicating that these alleles may result in
reduced NOD2 function (248). Through inhibitory effects on TLR2, NOD2 has been
shown to act as a negative regulator of IL-12-mediated Tu1l activation and it is

conceivable that a reduced regulatory capacity of NOD2 may contribute to excessive
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Tul activation seen in CD (249). CD-associated NODZ2 variants were also reported to
inhibit IL-10 production by monocytes (247) and to promote IL-12p40 expression
(250), indicating that they may contribute to a loss of immune regulation in disease.
Linking NOD2 and autophagy pathways, CD-associated NODZ2 variants have been
shown to be defective in the induction of autophagy pathways in DCs following
infection with S. typhimurium or adherent-invasive Escherichia coli (AIEC), resulting
in impaired bacterial handling (251). Furthermore, Paneth cells carrying NODZ risk
variants were reported to produce lower amounts of AMPs compared to cells with
non-risk alleles (252). In addition, IBD-associated risk variants in autophagy-related
ATG16L1 and ER stress response-related XBP1 were found to functionally converge

on impaired Paneth cell function and reduced production of AMPs (234).

These findings point to a significant role for innate immunity in IBD pathogenesis
and suggest that bacterial sensing and activation of downstream pro-
inflammatory/anti-microbial modules may be impaired in patients carrying these
risk alleles. In line with the proposed immunodeficiency hypothesis of IBD, this
could potentially lead to impaired containment of commensal and pathogenic
bacteria, leading to secondary activation of commensal-specific T cells and

perpetuation of inflammation (253-255).

Environmental factors

The relatively modest concordance rates for CD and UC in twin studies indicate a
prominent role for developmental or environmental factors in IBD pathogenesis
(256). Evidence for a role of environmental risk factors also comes from migration
studies, which have shown that immigrants moving to areas with higher disease

prevalence are more likely to develop disease (257,258).
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Smoking is one of the most consistently reported risk factors for IBD (258). Smoking
is associated with increased risk for CD development and predictive of an aggressive
disease course. In contrast, smoking conveys an inverse risk for UC development. In
UC patients, cessation of smoking has been correlated with onset of disease or
disease flare-ups. It is unclear why smoking has opposing effects on CD and UC.
Moreover, the pathogenic/protective mechanisms behind these effects are not well
defined, but appear to be independent of nicotine. Effects of tobacco smoke on
epithelial barrier integrity, oxidative stress and the composition of the intestinal

microbiota have been proposed (259).

Additional environmental risk factors for IBD development have been suggested,
including mode of childbirth, breast-feeding, reduced exposure to intestinal
helminths (hygiene hypothesis), antibiotics exposure in childhood, use of oral

contraceptives, vaccinations and appendectomy (238,259).

Convincing evidence for the bacterial microbiota as an environmental risk factor
comes from colitis studies that report abrogation of disease development in germ-
free animals, pointing to a critical role for commensal bacteria in the development of
intestinal inflammation (260-263). In humans, faecal stream diversion has been
shown to reduce inflammation and to prevent post-operative recurrence in CD
patients. In turn, restoration of the faecal stream was associated with development
of inflammatory lesions and disease flare-up (264,265). Furthermore, antibiotic
treatment can ameliorate inflammation in some IBD patients, particular in those

with stricturing disease or perianal fistulae (266).
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IBD patients show a disrupted composition of the bacterial intestinal flora compared
to control individuals. Both CD and UC are associated with a reduction in bacterial
diversity, mainly due to a decrease in symbiotic Bacteroidetes and Firmicutes phyla
(267,268). In contrast, increased numbers of Proteobacteria have been reported
(268,269). Bacteroides fragilis is a prominent symbiotic species that has been shown
to protect mice from Helicobacter hepaticus (H. hepaticus)-induced colitis and its
reduction in IBD patients could facilitate pathogenic colonization of the intestinal
mucosa (270). Faecalibacterium prausnitzii (F. prausnitzii), a butyrate-producing
Firmicute with confirmed anti-inflammatory properties in mouse colitis models in
vivo, is reduced in CD and UC patients, which is associated with recurrence of ileal
CD following surgical resection (271,272). In mice, SFB have been shown to induce
the differentiation of Tul7 cells in the intestinal lamina propria (154,273).
Overexpression of Paneth cell a-defensin in transgenic mice has been shown to
reduce intestinal SFB (274) and it may be speculated that impaired Paneth cell
function in IBD (e.g. as a result of polymorphisms in NOD2, XBP1, ATG16L1) may
result in outgrowth of SFB, promoting pro-inflammatory Tul7 responses. However,

the role of SFB in IBD is currently unclear.

It is unclear whether the changes in microbial composition observed in IBD play a
primary role in disease development or whether they are secondary to
inflammation-induced microenvironmental changes. Reduced mucosal colonization
with F. prausnitzii has been reported in first-degree relatives of UC patients,
indicating that host genetics or environmental factors can result in altered microbial
composition that may then pre-dispose individuals to IBD development (275). The

effects of differences in long-term and short-term diet on changes in the composition
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of the intestinal microbiota are beginning to be elucidated and are likely to play a

significant role in determining a person’s risk for IBD development (276,277).

Specific pathogens have also been implicated in the development of IBD and
commensal dysbiosis may facilitate colonization of the intestinal mucosa by
pathogenic organisms (270). Increased numbers of mucosal AIEC have been
reported in CD patients and E. coli antigens can be detected in approximately 37-
55% of CD patients compared to <5% of healthy controls (278,279). AIEC invade and
replicate in macrophages, eliciting production of TNFa in the process, which may
contribute to intestinal inflammation (280). It has been suggested that impaired
NOD2 signalling in CD patients may promote susceptibility to AIEC infection and
contribute to disease development through induction of pro-inflammatory cytokine
secretion and granuloma formation (278). However, it is also possible that AIEC
accumulation in CD is not a primary inducer of disease but occurs secondary to
intestinal inflammation and increased mucosal permeability or commensal
dysbiosis. In addition to E.coli, mycobacterial species such as Mycobacterium avium
ssp. paratuberculosis have been implicated in IBD development, although this
evidence is controversial (281-283). Moreover, Yersinia and Listeria species have
been proposed as potential drivers of IBD, linking their increased prevalence due to

refrigeration to the rise of IBD in industrialized countries (284).

More recently, interest has risen in the intestinal virome, the viral equivalent of the
commensal bacterial flora, and its modulation of intestinal immune responses and
inflammation (3). Both CD and UC are associated with an expansion of enteric
Caudovirales bacteriophages, although the potential functional implications of this

are currently unclear (285).
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Immune effector pathways in IBD

As outlined discussed above GWAS data have pointed to a central role of IL-23-
dependent pathways in IBD. In line with these findings, multiple mouse models of
colitis have highlighted a key role of the IL-23/Tuy17 axis in driving intestinal
inflammation (286-290). The pro-inflammatory effects exerted by IL-23 in colitis
models have been linked to its role in skewing the intestinal immune balance away
from forkhead box P3 (Foxp3)* regulatory T cell (Treg)-driven regulatory responses
and towards Tu1l7-mediated pro-inflammatory responses characterised by elevated
expression of cytokines such as IL-17A/F, IL-21, IL-22, IFNy and TNFa (287,291). In
IBD patients, elevated expression levels of [L-23 are observed in the inflamed
intestinal mucosa (292-294). Increased IL-23 production by lamina propria-resident
myeloid cells that share phenotypic markers of macrophages and DCs, as well as by
infiltrating neutrophils have been reported in the inflamed lesions of IBD patients
(295-297). This is associated with increased frequencies of circulating and gut-
resident Ty1l7 cells (298) and elevated levels of IL-17A/F, IL-21 and IL-22, effector

cytokines downstream of [L.-23 (102,231).

In addition to the increased IL-23 driven Tul7-type responses observed in both
forms of IBD, CD and UC are associated with distinct, yet complex cytokine profiles.
In CD, Tul-type responses defined by production of IL-12 and IFN-y are elevated and
thought to be driven partly by IL-23 and IL-21, and by IL-12 itself (231,299,300).
Conversion of Ty17 cells towards a Tu1l-like phenotype, including acquisition of IFN-
y production, seems to correlate with their in vivo pathogenicity in mouse models of
colitis (107,301,302). In contrast, UC is associated with Tu2-type responses with

increased levels of IL-5 and IL-13 in inflamed intestinal lesions (286,289,300,303).
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Through the induction of chemoattractant production (CXCL1, CXCL5, CXCL8, CCLZ2,
CCL20) in epithelial, myeloid and stromal cells, IL-17A, IL-17F and IL-21 are
involved in the recruitment of neutrophils and inflammatory monocytes to the
intestinal mucosa (304,305). IL-17A has also been shown to act on subepithelial
myofibroblasts to initiate tissue remodelling processes via induction of MMPs and
production of pro-inflammatory cytokines such as IL-6, granulocyte-macrophage

colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-

CSF) (304-309).

The role of IL-22 in intestinal inflammation is controversial. As outlined above, IL-22
plays a key role in the maintenance of intestinal homeostasis. While the majority of
mouse colitis models have indicated a protective role of IL-22, a pro-inflammatory
contribution of IL-22 in intestinal inflammation has also been reported (311). IL-22
can boost pro-inflammatory responses via induction of IL-6, TNFa, G-CSF and
chemoattractant mediators in IECs and subepithelial myofibroblasts

(102,104,105,108,109,310).

[FNy has been shown to induce production of chemokines (CXCL9, CXCL10, CCL2) in
[ECs that contribute to recruitment of inflammatory monocytes and effector T cells
to the intestinal lamina propria (312,313). IFNy has also been shown to directly
reduce intestinal epithelial barrier function by inducing downregulation of tight
junction proteins in IECs. This leads to increased epithelial permeability and

facilitates translocation of microbes into the intestinal lamina propria

(226,230,232,314,315).
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TNFa is thought to contribute to colitis through a range of pro-inflammatory effects.
TNFa can induce Paneth cell death through necroptosis and can reduce epithelial
barrier integrity through induction of myosin light chain kinase activity.
Macrophages upregulate production of pro-inflammatory cytokines, including IL-1f3,
[L-6 and TNFa itself, in response to stimulation with TNFa. Furthermore, TNFa can
render effector T cells resistant to apoptosis and can induce expression of MMPs in

myofibroblasts (309,316).

[L-13 has been implicated in alteration of epithelial barrier function through
modulation of epithelial tight junctions and induction of apoptosis of IECs (309,317).
In addition, through effects on macrophages and stromal cells, IL-13 may contribute

to intestinal fibrosis (318).

1.4.4 Therapeutic options

Conventional medical management of CD and UC currently includes treatment with
anti-inflammatory and immunosuppressive drugs such as 5-aminosalicylic acid
compounds, thiopurines (azathioprine, 6-mercaptopurine), corticosteroids,
methotrexate and cyclosporine (319). In addition, biologics are emerging as
important therapeutic agents for the treatment of IBD patients with severe disease
or disease refractory to conventional management. Biologics approved by the
European Medicines Agency (EMA) for treatment of IBD patients are listed below in

Table 1.1.
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Table 1.1: Current list of EMA-approved biologics for treatment of CD or UC

(320)

Drug name  Active Type Target CD UC EMA approval
ingredient

Remicade Infliximab Chimeric TNFa v v 13/08/1999

mAb

Remsima Infliximab Chimeric TNFa v v 10/09/1999
biosimilar mAb

Inflectra Infliximab Chimeric TNFa v v 10/09/2013
biosimilar mAb

Humira Adalimumab Human mAb TNFa v v 08/09/2003

Simponi Golimumab Human mAb TNFa X v 01/10/2009

Entyvio Vedolizumab Humanized  a4f37 v v 22/05/2014
mAb

However, with the exception of 5-aminosalicylates and possibly vedolizumab, all
above mentioned agents are broadly immunosuppressive and associated with
significantly increased risk of infection and other serious side effects (321-327).
Furthermore, available treatments do not effectively control disease in a large
proportion of patients and approximately 70-80% of CD patients and 30% of UC
patients will require surgical intervention during their lifetime. While total
colectomy is curative for UC patients, albeit associated with pouchitis development
in up to 45% of patients, a high rate of post-operative recurrence exists for CD
patients; approximately 15% of CD patients require additional surgery after five

years (319,328).

These findings highlight a need for the development of additional, more specific

therapies and for improved patient stratification, which will allow more selective

targeting of immune pathways active in particular subgroups of CD and UC patients.
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Currently, several monoclonal antibodies and small molecule compounds are in
development or being tested in clinical trials in IBD patients that aim to inhibit key
cytokines involved in disease pathogenesis, including IL-23p19 (BI655066,
AMG139), IL-12p40 (ustekinumab, briakinumab), IL-6(R) (tocilizumab, olokizumab,
BMS945429, PF04236921, C326), IL-1f (anakinra, rilonacept, canakinumab) and IL-
13 (anrukinzumab, tralokinzumab, QAX576). Further drugs are in development
aiming to curb leukocyte migration into the gut (etrolizumab, PF-00547659,
fingolimod) or to inhibit pro-inflammatory intracellular signalling pathways,
including JAK inhibitors (tofacitinib), STAT inhibitors (pimozide), receptor tyrosine
kinase inhibitors (masitinib) and a SMAD7 antisense oligonucleotide (Mongersen)

(329,330).
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1.5 ILCs in intestinal inflammation

While early IBD research was mainly focussed on understanding the contribution of
T cells to disease pathogenesis, it soon became apparent that effector cytokines
traditionally attributed to CD4* T cells could also be produced by ILCs. This

prompted investigations into the role of [LCs in intestinal inflammation.

The involvement of murine ILC3 and ILC1 in intestinal inflammation has been
demonstrated in a variety of colitis models. ILC3 are required for induction of innate
bacterial-driven colitis in Rag7- mice following infection with the pathogenic
bacterium H. hepaticus. Colitis development is dependent on IL-23-induced IL-17A
and IFNy production by ILC3 that accumulate in the gut in response to IL-13. RORyt*
ILC3 are critical for colitis development, since intestinal inflammation is abrogated
in Rag7/-Rorc’/- mice that lack ILC3 (331,332). Pathogenic IL-17A production by
intestinal ILC3 has also been shown to underlie the development of spontaneous
colitis in Thx217/-Rag”- (TRUC) mice. In this model, ILC3 accumulate in the intestinal
lamina propria and are activated in response to TNFa, IL-23 and IL-6 produced by
activated DCs (198,333). Moreover, IFNy- and TNFa-producing NKp46*RORyt™ ‘ex-
ILC3’ and intraepithelial ILC1 are known to mediate intestinal inflammation in mice

treated with anti-CD40 antibody (47,191).

It is well documented that murine ILC2 can contribute to allergic inflammation in the
lung and skin through their production of the Type 2 effector cytokines IL-4, IL-5, IL-
9 and IL-13 in response to IL-25, IL-33, TSLP and TNF-like ligand 1A (TL1A) secreted
by activated epithelial, stromal and myeloid cells (10,70,84,133,334-337). However,

little is known regarding the potential involvement of ILC2 in intestinal
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inflammation. One report has described a pathogenic role for IL-13-producing ILC2

in a mouse model of oxazolone-induced colitis (338).

Open questions remain regarding the involvement of human ILCs in intestinal
inflammation. At the beginning of this study, data from our lab indicated that IL-23-
responsive ILCs enriched for expression of IL-17A and IFNy accumulated in the
inflamed intestinal mucosa of CD patients, suggesting that [L.Cs may contribute also

to human intestinal inflammation (discussed in detail in Chapter 3) (185).

75



1.6 Aims

Murine studies have highlighted important roles for intestinal ILCs in host-
protective and homeostatic immune responses, but also in driving pathogenic
intestinal inflammation. However, less is known about the function of human ILC
populations. As the majority of murine studies examining ILC function have been
performed in Rag”- mice deficient of T and B cells, a crucial open question is how
these rare cells impact homeostatic or, in the case of IBD, pathogenic immune

responses in the presence of a functional adaptive immune system.

This thesis aims to characterise human ILCs in the context of IBD and to investigate
potential mechanisms by which these cells can contribute to intestinal inflammation,

focussing on several key areas:

Characterisation of the frequency, phenotype and activation state of ILCs in

peripheral blood and intestinal lamina propria of IBD patients compared to

uninflamed controls.

— Examination of the in situ localization characteristics of CD3-RORyt* ILCs in
the intestinal lamina propria.

— Evaluation of the capacity of human ILCs to act as antigen-presenting cells to
CD4+ T cells.

- Investigation of functional interactions between ILCs and monocytes and the

effects thereof on CD4+ T cells.

These experiments aim to provide insight into how ILCs as a rare immune cell

population can contribute to pathogenic intestinal immune responses in the context

of two key players implicated in IBD pathogenesis, CD4* T cells and monocytes.
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Chapter 2: Materials and methods

2.1 Study subjects

IBD and colorectal cancer (CRC) (control) patients were recruited and consented at
the John Radcliffe Hospital and Churchill Hospital, Oxford, through the Oxford IBD
cohort study and Oxford Radcliffe Biobank (ORB). The diagnosis of CD or UC was
made on the basis of established clinical, endoscopic, radiological and histological
criteria. In the case of IBD patients, gut specimens were collected from patients
undergoing surgical resection for severe or chronically active disease. Intestinal
specimens from non-tumour resection margins were collected from CRC patients
and used as non-inflammatory controls. For both CRC and IBD patients, ileal, small

intestinal, colonic and rectal specimens were collected.

IBD blood samples were collected mainly from patients attending the outpatient
clinic, and only in some cases from patients undergoing surgery. Control blood
samples were obtained from healthy volunteers or from leukocyte cones obtained
from the National Health Services (NHS) Blood & Transplant centre at the John

Radcliffe Hospital.

2.2 Ethics

Ethical approval was obtained through the NHS Research Ethics System (Reference
numbers: 09/H1204/30 for IBD patients and 11/YH/0020 for controls). Informed

written consent was obtained from all study participants.
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2.3 Clinical patient data

The tissue specimens received in the Translational Gastroenterology Unit (TGU)
were completely anonymised by the ORB prior to hand-over and only identifiable
through an assigned IBD or ORB number. Upon request, information regarding
diagnosis and in some cases treatment history and would be made available without

revealing patient identity.

2.4 Preparation of tissue for histology

2.4.1 Preparation of tissue specimens for frozen sections

Tissues for the generation of frozen sections were cut into small approximately 1
cm? pieces, placed in Tissue-Tek® Cryomold® Biopsy containers (Sakura) and
immersed in Tissue-Tek® 0.C.T. Compound (Sakura). This was followed by rapid
freezing on a layer of isopentane (Sigma) pre-cooled on dry ice. Frozen blocks were

stored at -80°C.

2.4.2 Cutting of tissue sections

Frozen sections were cut to a thickness of 5pm using microtome and cryostat,
respectively. Following adherence to the microscopy slides (Superfrost Plus™,
Fisher Scientific), sections were dried at room temperature (RT) for 1h before

storage either at RT (FFPE sections) or -20°C (frozen sections).
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2.5 Immunofluorescence

Antibodies used for double and triple staining are listed in Table 2.2. Images were

acquired on a Zeiss Axioscope. Image analysis was performed using Image] (339).

Table 2.1: Primary and secondary antibodies used for immunofluorescence

Specificity Species  Conjugated  Dilution = Company
Primary

antibodies

CD3 SP7 Rabbit Unconjugated 1:100 Abcam

CDh127 eBioRDR5 Mouse Unconjugated 1:10 EBioscience
RORYy AFK]JS-9 Rat Unconjugated 1:20 EBioscience
Secondary

antibodies

Anti- Polyclonal Donkey  HRP 1:100 Jackson

rabbit ImmunoResearch
Anti- Polyclonal Donkey  HRP 1:100 Jackson

mouse ImmunoResearch
Anti-rat Polyclonal Donkey  HRP 1:100 Jackson

ImmunoResearch

Frozen tissue sections were obtained from OCT-embedded resection material as
described in Sections 2.4 and 2.5. Following defrosting at RT for 5 mins, the sections
were fixed in cold acetone for 3 mins at -20°C. In order to preserve better tissue
morphology, this was followed by fixation in 2% formalin for 3 mins at RT.
Endogenous peroxidase activity and non-specific antibody binding were blocked by
incubating the sections in a mixture of 1% (vol/vol) of 0.13% sodium azide + 1 %
(vol/vol) of 30% H202 + 10% donkey serum for 2 x 15 mins at RT. After washing in
phosphate buffered saline (PBS) for 3 x 5 mins, primary antibody was added (diluted
in PBS + 2% donkey serum). Following incubation for 30 mins at RT, the sections
were washed and incubated with horseradish peroxidase (HRP)-conjugated

secondary antibody. After additional washing steps in PBS, this was followed by
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incubation with fluorescent Cy3-tyramide or Cy5-tyramide TSA™ reagents (diluted
1:300 in tyramide amplification buffer) (Perkin Elmer), allowing the visualization of
specific signals. If double stainings were performed this was followed by
intranuclear staining (see below), whereas for triple stainings, a second round of
surface staining was performed after blocking endogenous peroxidase activity as

described above.

For intranuclear staining for RORy, sections were permeabilized by incubating in
cold fixation/permiabilization buffer (Foxp3 staining kit, EBioscience) for 5 mins.
After blocking endogenous peroxidase activity, the sections were incubated with
anti-RORYy antibody for 2h at RT or overnight at 4°C. The sections were then washed
in PBS, incubated with anti-rat-HRP antibody (1h, RT) and specific binding
visualized using fluorescein isothiocyanide (FITC)-tyramide TSA™ reagent diluted
1:300 in tyramide amplification buffer (Perkin Elmer). Finally, sections were dried at
RT and mounted using DAPI-containing Vectashield Mounting Medium for

Fluorescence (Vector Laboratories).
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2.6 Cell isolation from peripheral blood and tissues

2.6.1 Peripheral blood mononuclear cell (PBMC) isolation

Peripheral blood was diluted in an equal volume of PBS and layered onto 15ml of
Lymphoprep™ (Axis-Shield). This was followed by centrifugation at 900 x g at RT for
20 mins. PBMCs were collected from the Lymphoprep™-plasma interface and

washed 3x in PBS before further use.

2.6.2 Lamina propria mononuclear cell (LPMC) isolation

LPMCs from surgical resection specimens were isolated following a protocol
previously established in the lab. Specimens were washed in Hank’s Balanced Salt
Solution (HBSS), followed by dissection along the muscularis mucosa to separate the
mucosa from the underlying submucosa. To remove the mucous layer, the mucosa
was incubated in dithiothreitol (DTT) solution (HBSS supplemented with 1mM DTT
(Life Technologies)) on a shaker at RT for 2 x 15 mins. To detach the epithelial layer,
the specimen was then cut into small pieces (<25 mm?) and transferred to a vented
Erlenmeyer flask (Corning) for washes in ethylenediaminetetraacetic acid (EDTA)
solution (HBSS supplemented with 0.75 mM EDTA) at 37°C for 3 x 30 min. Following
this, supernatants were carefully removed and the specimen washed in HBSS in
order to remove any remaining EDTA, which is an inhibitor of collagenase activity.
The tissue was then immersed in collagenase solution made up of RPMI-1640
supplemented with 10% foetal calf serum (FCS) (Gibco) and 0.1 mg/ml collagenase
A solution (Roche Diagnostics), and left to digest overnight (12-18h) at 37°C in a
vented Erlenmeyer flask with a magnetic stirrer for additional mechanical
disruption. The next day, supernatants were harvested, filtered through 70um cell

strainers (Fisher Scientific) and washed 3x in RPMI-1640 + 10% FCS. Cells were
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resuspended in a 40% Percoll solution (GE Healthcare) and were then layered onto a
100% / 60% / 40% / 30% Percoll gradient and centrifuged for 30 mins at 600 x g at
4°C. Finally, LPMCs were collected from the 40% / 60% interface and washed in
HBSS before further use. All solutions used in the isolation procedure were
supplemented with penicillin/streptomycin solution (1% vol/vol) (Life
Technologies), gentamicin (40 pg/ml) (Life Technologies), and amphotericin B

(0.025 pg/ml) (Lonza).

2.6.3. Fat mononuclear cell isolation

Visceral fat surrounding tissue specimen was separated from the gut tissue, washed
in HBSS, cut into small pieces and digested overnight (12-18h) in vented Erlenmeyer
flasks (Corning) using collagenase solution (RPMI-1640 + 10% FCS + 0.1 mg/ml
collagenase A solution (Roche Diagnostics)). The next day, supernatants were
filtered through 70um cell strainers (Fisher Scientific) and washed 3x in HBSS before
FACS staining. All solutions used in the isolation procedure were supplemented with
penicillin/streptomycin solution (1% vol/vol) (Life Technologies), gentamicin (40

ng/ml) (Life Technologies), and amphotericin B (0.025 pg/ml) (Lonza).
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2.7 Flow cytometry

2.7.1 Antibodies used for flow cytometry analysis

Table 2.2 lists antibodies used for flow cytometry. Stained cells were acquired on a

BD Fortessa or LSRII. Analysis was performed using Flow]o software (TreeStar Inc.).

Table 2.2: Antibodies used for flow cytometry

Specificity Clone Species Fluorochrome Dilution Company
Surface

CD1a HI149 Mouse FITC 1:50 Biolegend
CD3 UCHT1 Mouse FITC 1:100 Biolegend
CD3 OKT3 Mouse BV510 1:100 Biolegend
CD3 OKT3 Mouse eFluor 605 1:100 Biolegend
CD3 OKT3 Mouse BV650 1:100 Biolegend
CDh4 OKT4 Mouse FITC 1:100 Biolegend
CDh4 OKT4 Mouse BV605 1:100 Biolegend
CD8«a HIT8a Mouse FITC 1:100 Biolegend
CD8« RPA-T8 Mouse PE/TxR 1:100 BD Bioscience
CD11b ICRF44 Mouse FITC 1:100 Biolegend
CD11c 3.93 Mouse FITC 1:100 Biolegend
CDh14 61D3 Mouse FITC 1:50 Biolegend
CDh14 M5E2 Mouse BV605 1:100 Biolegend
CDh14 M5E2 Mouse BV650 1:100 Biolegend
CDh16 3G8 Mouse FITC 1:50 Biolegend
Cbh19 HIB19 Mouse FITC 1:50 Biolegend
CD19 HIB19 Mouse BV605 1:50 Biolegend
CD20 2H7 Mouse FITC 1:100 Biolegend
CD25 BC96 Mouse APC 1:50 Biolegend
CD34 4H11 Mouse FITC 1:50 Biolegend
CD40 5C3 Mouse APC 1:50 Biolegend
CD45 HI30 Mouse PE/Cy7 1:100 Biolegend
CD45 RA3-6B2 Mouse Alexa 700 1:100 Biolegend
CD45RA HI100 Mouse PE/Cy7 1:100 Biolegend
CD45RO BV570 Mouse UCHL1 1:100 Biolegend
CD56 HCD56 Mouse PcP/Cy5.5 1:50 Biolegend
CD56 HCD56 Mouse BV510 1:50 Biolegend
CD70 113-16 Mouse APC 1:50 Biolegend
CD80 2D10 Mouse BV650 1:50 Biolegend
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CD83 HB15e Mouse FITC 1:50 Biolegend
CD86 IT2.2 Mouse BV605 1:50 Biolegend
CDh117 A3C6E2 Mouse PE/Cy5 1:100 Biolegend
CDh117 104D2 Mouse PE/Cy7 1:100 Biolegend
CD123 6H6 Mouse FITC 1:20 Biolegend
Cbh127 A019D5 Mouse PB 1:50 Biolegend
Cbh127 A019D5 Mouse BV421 1:100 Biolegend
CD127 eBioRDR5 Mouse APC 1:100 EBioscience
Cbh127 A019D5 Mouse PE 1:100 Biolegend
Cbh127 A019D5 Mouse PE/Cy7 1:100 Biolegend
Ch161 HP-3G10 Mouse APC 1:50 EBioscience
CDh161 HP-3G10 Mouse BV421 1:50 Biolegend
BDCA-2 201A Mouse FITC 1:50 Biolegend
CRTH2 BM16 Rat PE 1:20 Biolegend
CRTH2 BM16 Rat biotin 1:25 Miltenyi
FceRI AER-37 Mouse FITC 1:50 Biolegend
HLA-DR L.243 Mouse PcP/Cy5.5 1:50 Biolegend
ICOS C398.4A Mouse PE 1:50 Biolegend
0X40 ACT35 Mouse PE/Cy7 1:50 Biolegend
0X40L 11C3.1 Mouse PE 1:25 Biolegend
PD1 EH12.2H7 Mouse BV711 1:50 Biolegend
PD-L1 29E.2A3 Mouse BV421 1:50 Biolegend
PD-L2 24F.10C12  Mouse PE 1:50 Biolegend
TCRaf IP26 Mouse FITC 1:50 Biolegend
TCRaf IP26 Mouse PE 1:100 Biolegend
TCRyS B1.1 Mouse FITC 1:50 Biolegend
TCRyS B1.1 Mouse APC 1:100 Biolegend
CCR6 11A9 Mouse PE 1:100 Biolegend
CCR6 GO34E3 Mouse BV605 1:100 Biolegend
CCR7 3D12 Mouse APC 1:50 EBioscience
CCR9 112509 Mouse Unconjugated  1:50 R&D Systems
Biotinylated

Abs for MACS

CD1a HI149 Mouse Biotin 1:500 Biolegend
CDh8 HIT8a Mouse Biotin 1:500 Biolegend
CDh14 HCD14 Mouse Biotin 1:500 Biolegend
CDh16 3G8 Mouse Biotin 1:500 Biolegend
CD19 HIB19 Mouse Biotin 1:500 Biolegend
CD25 BC96 Mouse Biotin 1:500 Biolegend
CD34 581 Mouse Biotin 1:500 Biolegend
CD45RA H100 Mouse Biotin 1:1250 Biolegend
CD56 HCD56 Mouse Biotin 1:500 Biolegend
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NKp44 P44-8 Mouse Biotin 1:500 Biolegend
CD95 DX2 Mouse Biotin 1:500 Biolegend
CDh123 6H6 Mouse Biotin 1:500 Biolegend
Secondary
antibodies
SA-PE-CF594 --- PE-CF594 1:300 BD Bioscience
SA-PE PE 1:100 EBioscience
Intracellular
- cytokines
IL-17A 4S.B3 Mouse PE 1:10 Biolegend
IL-17A BL168 Mouse BV711 1:150 Biolegend
IL-22 2G12A41 Mouse PE 1:150 Biolegend
IL-22 22URTI Mouse PE/Cy7 1:150 EBioscience
GM-CSF BVD221C11 Mouse PcP/Cy5.5 1:150 Biolegend
GM-CSF BVD221C11 Mouse APC 1:150 Biolegend
IL-4 MP4-25D2  Mouse PE 1:150 Biolegend
IL-5 TRFK5 Mouse APC 1:150 Biolegend
IL-13 PVM13-1 Mouse FITC 1:150 EBioscience
IFNy B27 Mouse A700 1:100 Biolegend
TNFa MAB11 Mouse BV605 1:150 Biolegend
IL-2 MQ1- Mouse BV650 1:150 Biolegend
17H12
IL-10 JES3-9D7 Mouse BV421 1:150 Biolegend
Intracellular-
transcription
factors
Ki67 B56 Mouse PE 1:50 EBioscience
Ki67 B56 Mouse FITC 1:50 EBioscience
Foxp3 PCH101 Mouse PE/Cy7 1:50 EBioscience
RORyt Q21-559 Rat PE 1:150 BD Bioscience
Tbet 4B10 Mouse BV421 1:150 EBioscience
Tbet 4B10 Mouse BV711 1:150 EBioscience
Eomes WD1928 Mouse PcP/Cy5.5 1:150 EBioscience
GATA3 TWA]J Mouse APC 1:50 EBioscience
GATA3 TWA]J Mouse PE 1:150 EBioscience
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2.7.2 Staining for surface antigens

FACS buffer (PBS + 2% BSA + 2mM EDTA) was used to make up antibody dilutions
and perform washing and resuspension steps. FACS stainings were performed in V-
bottom 96-well plates or 1.5 ml Eppendorf tubes at cell densities of approximately 1-
15 x 106cells per well or tube. This was followed by incubation with appropriately
diluted antibody mixes supplemented with fixable viability dye eFluor780
(eBioscience) (at a final dilution of 1:1000) for 30 mins on ice. Cells were washed 3x
in FACS buffer. For antibody mixes containing biotinylated primary antibodies, this
was followed by incubation with streptavidin-labelled secondary antibodies diluted
(1:300 in FACS buffer) for 20 mins on ice. After washing 3x in FACS buffer, cells were
then fixed at RT in 2% PFA solution (Electron Microscopy Sciences) diluted in PBS
for 15 mins or in BD FACS Lysing Solution (BD Biosciences) diluted 1:10 in dH20 for

8 mins. Finally, cells were resuspended in 200ul of FACS buffer.

2.7.3 Intracellular staining for cytokines

In preparation for intracellular cytokine staining (ICS), cells were stimulated with
phorbol 12-myristate 13-acetate (PMA) (100 ng/ml) (Sigma Aldrich) and ionomycin
(1 pg/ml) (Sigma Aldrich) at 37°C for 4h in the presence of Golgistop (1:1000) (BD
Bioscience) and Golgiplug (1:1000) (BD Bioscience). After washing 3x in FACS
buffer, cells were stained for surface markers and fixed as described above. The cells
were then washed and resuspended in the anti-cytokine antibody mix diluted in
saponin solution (0.1% w/v saponin (Sigma-Aldrich) in PBS) for 1h on ice. Cells

were then washed three times before final resuspension in 200ul of FACS buffer.
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2.7.4 Intranuclear staining for transcription factors

Unless otherwise indicated, FACS buffer (PBS + 2% BSA + 2mM EDTA) was used to
perform washing and final resuspension steps. Following staining for surface
markers as described above, cells were fixed in ice-cold fixation/permeabilization
buffer (Foxp3 staining kit, EBioscience) for 30 mins on ice. Cells were washed 1x in
ice-cold Permeabilization buffer (Foxp3 staining kit, EBioscience). This was followed
by re-suspension in antibody mix diluted in Permeabilization buffer and incubation
for 30 mins-1h on ice. Immediately before flow cytometry analysis, cells were
collected by centrifugation (500 x g, 5 mins at 4°C) and resuspended in 200pl of ice-

cold FACS buffer.

2.8 Magnetic-activated cell sorting (MACS)

2.8.1 Monocyte enrichment

Following isolation from human peripheral blood, PBMCs re-suspended in RPMI-
1640 + 10% FCS, transferred to petri dishes and incubated at 37°C to allow
monocyte adherence to the dish. After 2.5 -3 h of adhesion, non-adherent cells and
supernatants were carefully removed from the petri dishes. The adherent cells were
collected using vigorous pipetting. Monocytes were then further purified from the
adherent fraction by magnetic cell sorting using a MACS® CD14 human microbead
kit (Miltenyi Biotec) according to the manufacturer’s protocol. Following labelling
with beads, cells were sorted using an AutoMACS® separator (Miltenyi Biotec).

Monocytes were routinely enriched to purities = 95% as assessed by FACS.
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2.8.2 PBMC pre-enrichment for naive and memory CD4+ T cell

Before FACS sorting naive and memory CD4* T cells from human peripheral blood,
PBMCs were pre-enriched for these populations via depletion of non-target cell
populations. For naive CD4+*CD45RA* T cell enrichment, PBMCs were labeled using
biotin-conjugated anti-CD8, anti-CD19, anti-NKp44, anti-CD14, anti-CD16, anti-CD25,
anti-CD45R0, anti-CD34, anti-CD123 and anti-CD1a antibodies. For memory
CD4+CD45R0O* T cell enrichment, PBMCs were labeled using biotin-conjugated anti-
CD8, anti-CD19, anti-NKp44, anti-CD14, anti-CD16, anti-CD25, anti-CD95, anti-CD45
RA, anti-CD34, anti-CD123, anti-CD1a and anti-CD56 antibodies. The labeled non-
target cells were then depleted using MACS® Anti-Biotin MicroBeads (Miltenyi
Biotec) according to the manufacturer’s protocol on an AutoMACS® separator

(Miltenyi Biotec).

2.8.3 PBMC pre-enrichment for ILC sorts
For ILC subset sorts from human peripheral blood, PBMCs were pre-enriched before
FACS sorting using a RosetteSep™ human NK cell enrichment kit (StemCell

Tehcnologies) according to the manufacturer’s protocol.
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2.9 Fluorescence-activated cell sorting (FACS)

All sorts were performed in the Nuffield Department of Medicine (NDM)
Experimental Medicine flow cytometry facility using a FACSArialll cell sorter (BD

Biosciences).

2.9.1 Sorting of ILC populations

In a two-step staining approach PBMCs pre-enriched for ILCs (see 2.9.3) were
labeled with anti-Lineage (CD1a, CD3, CD4, CD8, TCRafB, TCRys, CD11b, CD11c,
CD14,CD16,CD19,CD20, CD34, CD94, CD123, FceRI, BDCA-2) - FITC; CD45 - AF700;
TCRaf - PE; TCRyS - APC; CD3 - BV650; CD127 - BV421; CD56 - BV510 or
PcP/Cy5.5; CD117 - PE/Cy5 or PE/Cy7; CRTH2 - biotin and SA-PE/TxR antibodies

as well as viability dye in eFluor780.

The following four cell populations were then sorted into RPMI-1640 + 50% FCS
according to expression of cell surface markers:

ILC3: Live CD45* CD3- TCRaf- TCRyS Lin- CD127+* CD56- CD117+ CRTH2-

ILC2: Live CD45* CD3- TCRaf- TCRyS Lin- CD127+ CD56- CRTH2*

ILC1: Live CD45* CD3- TCRaf3- TCRy6" Lin- CD127+ CD56- CD117- CRTH2-

cNK cells: Live CD45* CD3- TCRaf- TCRyS- CD127- CD56*

For ILC sorts from LPMCs, cells were labeled with anti-Lineage (CD1a, CD3, CD4,
CD8, T cell receptor (TCR)af3, TCRyS, CD11b, CD11c, CD14, CD16, CD19, CD20, CD34,
CD94, CD123, FceRI, BDCA-2) - FITC; CD45 - AF700; TCRap - biotin; TCRyS - biotin;

NKp44 - APC; CD3 - BV650; CD127 - BV421; CD56 - BV510 or PcP/Cy5.5; CD117 -
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PE/Cy5 or PE/Cy7; CRTH2 - PE and SA-PE/TxR antibodies as well as viability dye in
eFluor780.

The following populations were sorted into RPMI-1640 + 50% FCS:

ILC3: Live CD45* CD3- TCRaf- TCRyS- Lin- CD127+* CD56- CD117+ NKp44+ CRTH2-
ILC2: Live CD45* CD3- TCRaf- TCRyS- Lin- CD127* CD56- NKp44- CRTH2+*

ILC1: Live CD45* CD3- TCRaf- TCRyS Lin- CD127+* CD56- CD117- NKp44- CRTH2-

cNK cells: Live CD45* CD3- TCRaf- TCRyS- CD127- CD56*

2.9.2 Sorting of memory CD4+ T cells

Pre-enriched PBMCs were labeled with anti-CD45 - AF700; anti-CD4 - FTIC; anti-
CD8 - PE/TxR; CD45R0 - BV570; CD45RA - PE/Cy7 amtibodies as well as viability
dye in eFluor780. Memory CD4* T cells were sorted into RPMI-1640 + 50% FCS as

Live CD45* CD8- CD4* CD45R0O* CD45RA-

2.9.3 Sorting of Salmonella-specific memory T cells on basis of CFSE dilution
Following expansion of CFSE-labelled CD4* CD45R0O* memory T cells with irradiated
autologous monocytes pulsed with Salmonella lysate antigen, Salmonella-reactive T
cells were sorted on the basis of CFSE dilution and ICOS upregulation. T cells were
labeled with anti-ICOS - PE and anti-CD4 - BV605 antibodies as well as viability dye
in eFluor780. Salmonella-specific T cells were identified as CD4* CFSElow [COShigh

cells and sorted into RPMI-1640 + 50% FCS.
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2.10 Absolute cell counts

2.10.1 Full blood counts
Full blood counts from some control and IBD patients were obtained using a

haematology analyser (Abx Pentra 60, Horiba Abx Diagnostics).

2.10.2 Absolute cell counts using flow cytometry
Absolute cell counts in in vitro experiments were obtained using CountBright™
Absolute Counting beads for flow cytometry (Life Technologies) according to the

manufacturer’s protocol.

2.11 RNA extraction and cDNA synthesis

Cells were lysed in RLT buffer (Qiagen) supplemented with -mercaptoethanol and
then stored at -80°C. RNA extraction was performed using RNeasy Mini kits (Qiagen)
according to the manufacturer’s protocol. DNase incubation steps were performed to
avoid contamination with genomic DNA. Concentration and quality of RNA were
assessed using a NanoDrop (Thermo Scientific). RNA was stored at -80°C. cDNA
synthesis was performed using SuperScript® III Reverse Transcriptase (Invitrogen)
and Oligo (dT) primers (Invitrogen) according to the manufacturer’s protocol. After

synthesis, cDNA was diluted in Milli-Q water (Millipore) and stored at -20°C.
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2.12 Gene expression analysis

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed using

TagMan® Gene Expression Assays

(Life

Technologies)

according to the

manufacturer’s protocol. Detection occurred through a CFX384 Touch™ Real-Time

PCR Detection System (Bio-Rad). Reactions for all samples were set up in triplicate

and fB-actin was included as a housekeeping gene. Gene expression levels for each

sample were normalized to B-actin and expressed as 22T (ACT = CTtarget gene —

CTacts), unless otherwise indicated. The TagMan® gene expression assays used are

listed in Table 2.3.

Table 2.3: TagMan gene expression assays

Entrez

Gene ID

Transcript

Reporter

Dye

Company

RORC 6097 NM_005060 FAM Life Technologies Hs01076122_m1
AHR 196 NM_001621 FAM Life Technologies Hs00169233_m1
TBX21 30009 NM_013351 FAM Life Technologies Hs00203436_m1
EOMES 8320 NM_005442 FAM Life Technologies Hs00172872_m1
GATA3 2625 NM_002051 FAM Life Technologies Hs00231122_m1
RORA 6095 NM_002943 FAM Life Technologies Hs00536545_m1
ID2 3398 NM_002166 FAM Life Technologies Hs04187239_m1
HLADMA 3108 NM_006120 FAM Life Technologies Hs00185435_m1
HLADMB 3109 NM_002118 FAM Life Technologies Hs00157943_m1
HLADRA 3122 NM_019111 FAM Life Technologies Hs00219575_m1
CD74 972 NM_004355 FAM Life Technologies Hs00269961_m1
CD80 941 NM_005191 FAM Life Technologies Hs00175478_m1
CD83 9308 NM_004233 FAM Life Technologies Hs00188486_m1
TNFSF4 7292 NM_003326 FAM Life Technologies Hs00182411_m1
TNFSF14 8740 NM_003807 FAM Life Technologies Hs00542477_m1
LTA 4049 NM_000595 FAM Life Technologies Hs04188773_gl

92




LTB 4050 NM_002341 FAM Life Technologies Hs00242739_m1
IL4 3565 NM_000589 FAM Life Technologies Hs00174122_m1
IL13 3596 NM_002188 FAM Life Technologies Hs00174379_m1
IL22 50616 NM_020525 FAM Life Technologies Hs01574154_m1
IFNG 3458 NM_000619 FAM Life Technologies Hs00989291_m1
CSF2 1437 NM_000758 FAM Life Technologies Hs00929873_m1
IL1R1 3554 NM_000877 FAM Life Technologies Hs00991002_m1
IL2RA 3559 NM_000417 FAM Life Technologies Hs00907779_m1
IL6R 3570 NM_000565 FAM Life Technologies Hs01075666_m1
IL10RA 3587 NM_001558 FAM Life Technologies Hs00155485_m1
IL10RB 3588 NM_000628 FAM Life Technologies Hs00175123_m1
IL12RB1 3594 NM_005535 FAM Life Technologies Hs00538167_m1
IL23R 149233 NM_144701 FAM Life Technologies Hs00332759_m1
IL1RL1 9173 NM_003856 FAM Life Technologies Hs00545033_m1
ACTB 60 NM_001101 FAM Life Technologies Hs01060665_g1
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2.13 Cell culture

2.13.1 Media

Complete growth medium used for ILC and T cell cultures consisted of RPMI-1640
supplemented with with human serum (2% vol/vol) (Sigma-Aldrich), MEM Non-
Essential Amino Acids solution (1% vol/vol) (Life Technologies), beta-
mercaptoethanol (0.05 mM), sodium pyruvate (1 mM) (Life Technologies), L-
glutamine (Life Technologies) and penicillin/streptomycin solution (1% vol/vol)

(Life Technologies).

2.13.1 Cytokines used for in vitro experiments
Human recombinant cytokines used in the course of this study are listed in Table 2.4.

Table 2.4 Cytokines used for in vitro experiments and stimulations

Cytokine Concentration used Company
IL-18 50 ng/ml Peprotech
IL-2 100 U/ml or 200 U/ml Peprotech
IL-2 IS 100 U/ml or 200 U/ml Miltenyi Biotec
IL-6 20 ng/ml Peprotech
IL-7 50 ng/ml Peprotech
IL-7 50 ng/ml R&D Systems
IL-10 10 ng/ml Peprotech
IL-12 50 ng/ml Peprotech
IL-15 10 ng/ml R&D Systems
IL-17A 20 ng/ml Peprotech
IL-18 50 ng/ml Peprotech
IL-23 50 ng/ml Peprotech
IL-33 50 ng/ml Peprotech
IFNy 10 ng/ml Peprotech
TNFa 10 ng/ml Peprotech
TGFp 10 ng/ml Peprotech
M-CSF 100 ng/ml Peprotech
LTa 20 ng/ml Peprotech
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2.13.2 ILC expansion

FACS sorted ILC1, ILC2, ILC3 and cNK populations were plated in round-bottom 96-
well plates (1 x 103 cells/well) on a feeder layer of mixed irradiated PBMCs (45 Gy)
from three allogeneic donors (1 x 105 cell/well). The culture medium used was
complete growth medium supplemented with IL-2 (100 U/ml) and/or IL-7 (50
ng/ml). Phytohaemagglutinin (PHA) (1pg/ml) was added once at the beginning of
the cultures. IL-2 and IL-7 were replenished every three days. ILCs were cultured for
up to 6 weeks before being used in experimental assays. The culture purity was
assessed using flow cytometry before every experiment and if necessary cells were

re-sorted.

2.13.3 ILC supernatants

To generate ILC supernatants for use in gentamycin protection assays, ILC2 and ILC3
that had been expanding in vitro for approximately 3-4 weeks were washed 3x in
PBS in order to remove any remaining PHA. ILCs were resuspended in complete
growth medium and re-seeded at a density of 2 x 10> cells/well in 96-well round-

bottom plates. Supernatants were collected after three days of culture.

2.13.4 Measuring cell proliferation

In vitro proliferation of target cells was measured using CellTrace™ CFSE or Violet
reagents (Life Technologies) according to the manufacturer’s protocol. Briefly,
CellTrace™ reagents were stored at -20°C in the dark. Stock solutions were prepared
by resuspension in DMSO at a concentration of 5 mM. Target cells were resuspended

in ice-cold PBS + 1% BSA and CellTrace™ CFSE or Violet were added to a final
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concentration of 5 pM, followed by incubation in the dark for 5 mins at RT. The cells

were then washed 3x in ice-cold PBS + 1% BSA.

2.13.5 Expansion of Salmonella-specific CD4* memory T cells

CD4+*CD45R0O* memory T cells were FACS sorted from human peripheral blood as
described above and labelled with carboxyfluorescein succinimidyl ester (CFSE).
Autologous monocytes were purified using adherence and MACS CD14+ cell
enrichment as described above to achieve purities 295%. Monocytes were irradiated
(45 Gy), resuspended in complete growth medium and seeded onto flat-bottom 96-
well plates at densities of 1 x 10* monocytes/well. S. typhimurium lysate was added
to each well (1:1000) followed by incubation for 6 - 8h at 37°C to allow antigen
uptake and processing. Following this, CFSE-labelled T cells were added at a density
of 2 x 10* T cells/well and allowed to expand for 10d. Monocyte-T cell co-cultures
without addition of bacterial antigens were used as negative controls of T cell
proliferation. Addition of staphylococcal enterotoxin B (SEB) (Sigma-Aldrich) was
used as a positive control for T cell proliferation. Following expansion for 10d, cells
were harvested and stained with anti-CD4, anti-CD8, anti-CD14 and anti-ICOS
antibodies as well as viability dye. Salmonella-responsive T cells (Live CFSE- CD8-
CD14- CD4* ICOShigh) were FACS sorted and seeded in round-bottom 96-well plates
at a density of 10% cells/well in complete growth medium supplemented with IL-2
(200 U/ml). Dynabead® CD3/CD28 human T activator beads (Life Technologies)
were added at a density of 1 bead : 2 T cells, and T cells were allowed to expand for 5

- 7d. Cells were transferred to 48-well plates when the medium turned yellow.
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2.13.6 Macrophage differentiation

PBMC were isolated by Ficoll gradient centrifugation. Monocyte-derived
macrophages (MDM) were differentiated from the adherent fraction of PBMC over a
period of 5 days in RPMI-1640 medium supplemented with 10% FCS and

macrophage colony-stimulating factor (M-CSF) (100 ng/ml).

2.13.7 Inducer assay

Depending on the experiment, equal cell numbers of stromal cells (colonic fibroblast
cell line CCD18co) and in vitro expanded ILC populations (5 x 103 or 1 x 10%
depending on the experiment) were co-cultured in flat-bottom 96-well plates for 3-
4d in complete growth medium. Cells were then harvested and stromal cell
activation was assessed using FACS. Stroma-ILC co-cultures were compared to

stromal cells activated with TNFa (10 ng/ml), LTa (20 ng/ml) and IL-17A (20

ng/ml).

2.13.8 Preparation of bacterial lysates for T cell assays

Bacterial lysates were generated from Bifidobacterium animalis subsp. lactis Bi-07
(Bifidobacterium) and Salmonella enterica serovar typhimurium (S. typhimurium).
Microbes were Kkilled by heating at 65 °C for 1 h according to standard methods,

followed by three freeze-thaw cycles.
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2.14 Antigen uptake and processing assays

2.14.1 DQ-OVA assay

DQ™ Ovalbumin (Life Technologies) is a self-quenching conjugate of ovalbumin
linked to BODIPY® FL dye (Life Technologies). Following uptake and proteolytic
degradation through the endocytic pathway, DQ-OVA emits bright green
fluorescence that can be detected by flow cytometry. It is therefore a useful tool to
assess the capacity of target cells to take up and proteolytically process protein
antigen. Lyophilized DQ-OVA was reconstituted in PBS to a stock concentration of 1
mg/ml. Target cells were resuspended in RPMI-1640 + 10% FCS. DQ-OVA was added
to a final concentration of 10 pg/ml, followed by 4h of incubation on ice to inhibit
antigen uptake (negative control) or at 37°C. The cells were then washed, stained for

surface antigens and analysed by flow cytometry.

2.14.2 Phagocytosis assay

A phagocytosis assay kit (Cayman Chemicals) was used according to the
manufacturer’s protocol. Briefly, MACS purified CD14* monocytes and in vitro
expanded ILCs cells were seeded in 24-well plates at a density of 5 x 105 cells/well in
complete growth medium and incubated for 4h at 37°C with latex beads coated with
FITC-labelled rabbit IgG. The cells were harvested, washed, stained with fixable

viability dye and analysed by flow cytometry.

2.14.3 Gentamycin protection assay
Salmonella enterica serovar typhimurium (S. typhimurium) expressing GFP (NCTC
12023) was used in the gentamicin protection assays. S. typhimurium was grown

overnight in lysogeny broth (LB) medium and freshly inoculated the next day to
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achieve an optical density (OD) of 0.5. MDM were seeded in 96-well flat bottom
plates at a density of 9 x 10% cell/well and rested overnight. Cells were pre-treated
with supernatants derived from unstimulated and IL-23-stimulated ILC3 or
unstimulated ILC2 cultures overnight. Bacterial infection was performed at
multiplicity of infection (MOI) of 10 bacteria per macrophage cell. After 1h cells were
washed with PBS and new complete medium supplemented with gentamicin (100
ng/ml) was added for an additional 2h to kill extracellular bacteria. In order to
remove all traces of gentamicin, cells were washed with PBS and MDM were lysed in
Triton X-100 diluted in deionized water (1% vol/vol). Samples were diluted, and
plated by track method onto square LB agar plates to determine the number of

colony forming units (CFU) recovered from the lysed macrophages.

2.14.4 Stimulation of antigen-specific CD4+ T cells

Salmonella-specific CD4+* CD45R0* memory T cells were expanded as described
above, harvested and washed 3x in PBS. Cells were then cultured in complete
growth medium for 1d in the absence of exogenous IL-2, harvested and labelled with
CFSE. Irradiated (45 Gy) autologous monocytes and autologous in vitro expanded
ILCs were seeded into flat-bottom 96-well plates at densities of 2 x 10 cells/well.
Salmonella lysate was added to each well (1:1000) followed by incubation for 6-8h at
37°C to allow antigen uptake and processing. The unrelated antigen Bifidobacterium
lysate (1:750) was used as a negative control for T cell stimulation. Addition of SEB
was used as a positive control for T cell activation. CFSE-labelled Salmonella-specific
T cells were then added to each well at a density of 4 x 10% cells/well. After co-
culture for 5-7d, cells were harvested and T cell proliferation (CFSE dilution),

activation (0X40, CD25, ICOS, PD1), cytokine expression (IFNy, GM-CSF, IL-17A, IL-
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22, 1L-5, IL-13, IL-10, IL-2, TNFa) and transcription factor expression (T-bet, Eomes,

RORyt, GATA3) were assessed by flow cytometry.

2.15 ILC - monocyte co-cultures

MACS purified CD14* monocytes were labelled with CFSE and plated on flat-bottom
96-well plates at a density of 3 x 10* cells/well in complete growth medium. In some
cases, monocytes were activated by addition of LPS (1 pg/ml) (Sigma-Aldrich). In
vitro expanded autologous or allogeneic ILC1, ILC2 and ILC3 were labelled with
CellTrace Violet and added to the monocytes at a density of 3 x 10* cells/well. All
cultures were supplemented with IL-2 (100U/ml) and IL-7 (50ng/ml) to maintain
optimal ILC health. The co-cultures were maintained for two days, then cells were
harvested, labelled with antibodies and analysed by flow cytometry. Where
indicated, blocking antibodies specific for TNFa (Infliximab/Remicade®, MSD), IL-6R
(Tocilizumab/Actemra®, Roche), IL-13 (clone H1b-27, Biolegend) and GM-CSF (clone
BVD2-23B6, Biolegend) were added at saturating concentrations (10 pg/ml) at the

beginning of the co-cultures.

2.16 ILC-monocyte-T cell co-cultures

These experiments were performed using autologous CD4* memory T cells, CD14+
monocytes and in vitro expanded ILC populations. T cell and ILC populations were
FACS sorted from peripheral blood, while monocytes were MACS sorted as described
above. T cells were labelled with CFSE and ILCs were labelled with CellTrace Violet
prior to co-culture in order to assess cell proliferation and allow for careful gating of
the individual populations. ILCs and monocytes were seeded in flat-bottom 96-well

plates at a density of 2 x 10* cells/well, either alone or in combination. This was
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followed by addition of naive or memory CD4+ T cells at a density of 4 x 10%
cells/well. T cell activation was achieved by addition of anti-CD3 antibody (10
ng/ml) (purified NA/LE mouse anti-human CD3, clone HIT3a, BD Pharmingen). After
7d of culture, cells were harvested and analysed by flow cytometry. Cultures were
grown in complete growth medium in the absence of exogenous cytokines. In some
experiments, CD4+ T cells and monocytes were separated from ILCs using 0.4um
polycarbonate transwell inserts (Corning). In some cultures, inert lymphocyte-sized
filler beads (2x10%/well) (FluoSpheres™ polystyrene microspheres, Life

Technologies) were added to the monocyte - T cell co-cultures instead of ILCs.

2.17 Statistics

Statistical analysis was performed using Prism statistics software (GraphPad). The
non-parametric Wilcoxon matched-pairs signed rank test was used for analysis of
paired samples. For all other analyses, the non-parametric two-tailed Mann-Whitney
U test was performed. Mean * standard error of mean (SEM) was plotted in graphs.
Differences between groups were considered to be statistically significant when p <

0.05.
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Chapter 3: Ex characterisation of blood and intestinal ILCs in

IBD

3.1 Introduction

At the time this study was initiated, human Lin"CD127* ILCs had been identified in
the uninflamed foetal and adult human gut, but little was known about the behaviour
of human ILCs during intestinal inflammation. In line with previous reports
(102,300,309,340,341), research from our group had shown increased expression at
the mRNA level of Tyl7-associated cytokines [L17A, IL17F, IL22 and IL26 in the
inflamed lamina propria of CD and UC patients (185). While no significant
differences in the expression of these cytokines among CD3* cells were detected
between uninflamed controls and CD patients, CD3- cells from CD patients were
significantly enriched for IL17A and IL17F transcripts. Further phenotyping of the
CD3- fraction of lamina propria mononuclear cells (LPMCs) revealed that the
producers of Tul7-type cytokines corresponded to previously identified ILCs, i.e.
they lacked expression of lineage markers (CD14, CD16, CD19) associated with other
immune effector populations, but highly expressed CD127. Furthermore, Lin"CD127+*

cells expressed RORC, IL23R and AHR, identifying them as LTi-like ILC3 (185).

In agreement with a previous report showing that, similar to murine systems, human
ILC3 could be grouped according to their expression of NKRs (NKp44 or CD56)
(183), the ILC3 identified in our lab could be subdivided into CD56* cells enriched
for NKp44, IL22 and IL26 expression and CD56" cells enriched for expression of
IL17A and IL17F. Both CD56" and CD56* ILCs isolated from the lamina propria of CD
patients expressed IFNG (185). Analysis of the frequencies of CD56- and CD56*ILCs

among Lin"CD45* LPMCs revealed that CD56" ILCs were selectively enriched in the
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lamina propria of CD but not UC patients compared to uninflamed controls,
indicating that these cells may accumulate under inflammatory conditions and
contribute to intestinal pathology through production of pro-inflammatory cytokines

such as IL-17A, IL-17F and IFNy (185).

Here, we sought to perform a detailed ex vivo characterisation of human intestinal
CD56" and CD56* ILC3 building on the above discussed findings from our lab. We
aimed to (i) examine the phenotype and function of these ILC subsets in different
inflammation states (control, CD, UC) and tissue sites (colon, ileum, peripheral blood,
visceral fat) using flow cytometry; (ii) investigate potential mechanisms of ILC
accumulation in the inflamed intestinal lamina propria of IBD patients; (iii) analyse
the in situ localization characteristics of CD3-RORy* ILC3 populations in control and
IBD tissues; and (iv) establish a culture system allowing for the stable expansion of

human ILC subsets in vitro.
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3.2 Results

3.2.1 Lin'CD127+ ILCs can be detected in the human blood and gut and show
enriched frequency in colon compared to blood

Flow cytometric analysis was used to identify Lin- CD127* ILCs in peripheral blood
and intestinal resection specimens. IBD blood samples were obtained from patients
attending the Oxford IBD outpatient clinic and compared to blood from healthy
control individuals. Intestinal specimens were derived from IBD patients requiring
surgical intervention due to severe, treatment-unresponsive disease. Non-tumour
containing resection specimens from colorectal cancer patients were used as

uninflamed controls.

As shown in Figure 3.1A, CD45* cells in human blood and the intestinal lamina
propria contain a clear population of CD127+* cells that do not express phenotypic
markers associated with other leukocyte lineages (CD1a, CD3, CD4, CD8, TCRaf,
TCRyS, CD11b, CD11c, CD14, CD16, CD19, CD20, CD34, CD94, CD123, FceRI and
BDCA-2). Under uninflamed conditions, these ILCs were enriched in the intestinal
lamina propria compared to peripheral blood, but in both compartments constituted
an extremely rare population of immune cells, accounting for approximately 0.35%

of total CD45* leukocytes in the colon and for 0.16% in the blood (Figure 3.1A).

3.2.2 Lin'CD127+ ILCs accumulate in the inflamed intestinal lamina propria
of IBD patients and produce pro-inflammatory cytokines

Compared to uninflamed controls, we observed a significant increase in the
frequency of ILCs in the intestinal lamina propria of IBD patients (Figure 3.1B).

Following in vitro activation with PMA/ionomycin, ILCs were capable of expressing a

104



range of effector cytokines and in IBD blood showed increased production of pro-
inflammatory and fibrosis-promoting cytokines such as [FNy, GM-CSF, IL-17A, 1L-4,
[L-13, IL-2 and TNFa (Figure 3.1C). These cytokines have been implicated in the
pathogenesis of experimental and human IBD and it is therefore conceivable that
cytokine production by human ILCs can contribute to inflammatory processes in the

intestine (342).

3.2.3 CD56" ILCs but not CD56* ILCs accumulate in the intestinal lamina
propria in IBD

Within the Lin"CD127+ILC population, two distinct ILC subsets have been reported
that can be distinguished based on differential expression of the NK marker CD56.
Using this strategy, we compared ILC expression of CD56 in colon and blood. In the
uninflamed colon, the Lin"CD127* ILC population contained a similar proportion of
CD56* and CD56° ILCs, whereas in the blood CD56° ILCs clearly pre-dominated
(Figure 3.1D). Confirming earlier findings from our lab (185), the frequency of CD56-
ILCs specifically increased in the inflamed CD colon compared to control colon, but
were in addition found to accumulate in UC colon (Figure 3.1E). Similarly, an
increase in CD56- ILCs was observed in the inflamed CD ileum compared to
uninflamed ileum (Figure 3.1F). Thus, CD56" ILCs appear to accumulate selectively in

the inflamed intestinal lamina propria of CD and UC patients.
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Figure 3.1: ILCs are enriched in the intestinal lamina propria and produce pro-inflammatory
cytokines. (A) Representative gating strategy for total Lin"CD127* ILCs among LPMCs isolated from
uninflamed colon (left) and quantification of total ILCs frrequency among CD45" cells in the intestinal
lamina propria and blood (right). (B) Quantification of Lin"CD127* ILCs in uninflamed and inflamed
intestinal lamina propria. (C) Quantification of the proportion of cytokine expressing ILCs in control
and IBD blood. (D) Representative FACS plot (left) and quantification (right) of CD56 expression on
Lin"CD127* ILCs. (E + F) Quantification of CD56" ILCs among total ILCs in uninflamed and inflamed
colonic (E) and ileal (F) lamina propria. Each dot in the plots represents an individual donor. Statistical
significance was determined by means of Mann-Whitney U tests. Bars represent mean + SEM. *p <
0.05. *p <0.01. **p < 0.001. **p < 0.0001.
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3.2.4 CD56" ILCs are enriched in production of IL-17A, IFNy, GM-CSF and IL-
13 in IBD

Compared to cNK cells, both CD56* and CD56" ILCs expressed more RORyt and
GATA3, and lower levels of T-bet (Figure 3.2A). No significant differences were
detected between CD56* and CD56° ILCs with respect to RORyt and T-bet expression,
but CD56- ILCs expressed significantly higher levels of GATA3. No significant
differences in cytokine production could be detected between CD56* and CD56- ILC
subsets under uninflamed conditions, although there was a trend towards increased
expression of IL-17A, IFNy and IL-13 in the CD56" ILCs, while CD56* ILCs tended
towards greater expression of IL-22 (Figure 3.2B). While both CD56* and CD56- ILCs
upregulated production of IL-17A, IL-22 and GM-CSF under inflamed conditions,
only CD56° ILCs increased production of IFNy, TNFa and IL-13 (Figure 3.2C and D).
Furthermore, the above described trends towards differences in cytokine profiles
between CD56* and CD56" ILCs became statistically significant under inflammatory
conditions. Compared to CD56* ILCs, CD56" ILCs were enriched in production of IL-
17A, IFNy, GM-CSF and IL-13, whereas a greater proportion of CD56* ILCs produced
[L-22 (Figure 3.2C). Thus, CD56 expression defines functionally distinct ILC subsets,
with CD56" ILCs enriched for IL-17A, IFNy and IL-13 expression and CD56* ILCs

enriched for IL-22 expression.
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Figure 3.2: CD56" ILCs are enriched for expression of IBD-associated cytokines in blood
from CD patients. (A + B) Quantified flow cytometry data of (A) TF and (B) cytokine expression by
CD56" ILCs, CD56" ILCs and cNK cell in healthy control blood. (C + D) Quantified flow cytometry
data of cytokine expression by (C) CD56" ILCs and (D) CD56" ILCs in control and IBD blood. Each
dot in the plots represents an individual donor. Blue dotted lines indicate comparison of data between
CD56 and CD56" ILCs. Statistical significance was determined by means of Mann-Whitney U tests.
Bars represent mean + SEM. *p < 0.05. **p < 0.01. ***p < 0.001.
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3.2.5 Lin'CD127+ ILCs show increased in situ proliferation in the inflamed
lamina propria

We next sought to determine the mechanism behind the accumulation of Lin"CD127+*
ILCs in the inflamed lamina propria of IBD patients. Possible explanations include
inflammation-induced increase in proliferation of tissue-resident ILCs and

recruitment of circulating ILCs from the blood.

In order to test whether there might be increased in situ proliferation of resident ILC
populations, freshly isolated LPMCs from control and IBD patients were analysed for
intracellular expression of the proliferation-associated marker Ki67. The proportion
of proliferating ILCs was compared with total CD3+*T cells and cNK cells. As expected
(343), the proportion of proliferating T cells in the uninflamed colonic lamina
propria was low, with a significant increase observed in IBD tissue. cNK cells and
ILCs closely mirrored this trend (Figure 3.3A and B). Due to low numbers of Ki67+*
cells in the ILC gate, it was impossible to determine whether CD56- ILCs displayed
comparatively higher proliferation rates, accounting for their selective enrichment.
However, these findings clearly indicated that increased ILC in situ proliferation can
contribute to their accumulation in the inflamed intestinal lamina propria of IBD

patients.

3.2.6 CD56" ILCs show increased expression of CD25 and may accumulate
preferentially in response to IL-2 derived signals

FACS analysis of blood and tissue-resident ILCs revealed high expression levels of
the IL-2Ra chain CD25 (Figure 3.3C). CD56° ILCs in both peripheral blood and

intestinal lamina propria were enriched for CD25 expression compared to CD56*
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ILCs (Figure 3.3C). Stimulation of bulk LPMC populations with IL-2 revealed that this
could indeed provide proliferative signals to ILCs, as indicated by increased Ki67
expression and absolute numbers of ILCs following stimulation with IL-2 (Figure
3.3D). Elevated levels of IL-2 have been reported in inflammatory lesions of IBD
patients (344) and our data indicate that ILCs themselves upregulate IL-2
production during inflammation (Figure 3.1C). Paracrine or autocrine IL-2 signals
may thus contribute to the increase in ILC proliferation observed in the inflamed

tissue.

3.2.7 CD56" ILCs highly express CCR6 and may be recruited to the inflamed
lamina propria from the blood

We next sought to investigate whether chemokine-mediated recruitment of blood
ILCs may in addition be involved in the accumulation of ILCs in the inflamed
intestinal lamina propria. Flow cytometry analysis on peripheral blood samples
revealed a decrease in the frequency of total Lin"CD127* ILCs in IBD patients
compared to healthy controls, suggesting that IL.Cs may indeed be recruited from the
blood to the inflamed tissue (Figure 3.3E). To assess the migratory potential of ILCs
in peripheral blood, we examined their CCR expression using flow cytometry. In
contrast to total CD3* T cells, Lin-CD127* ILCs did not express CCR7, nor did they
express CCR9 (data not shown). However, we observed high CCR6 expression on
total Lin"CD127* ILCs (Figure 3.3F). This confirmed previous findings regarding

CCR6 expression by ILC populations in human tonsil and gut (183,185).
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Interestingly, CCR6 expression did not seem to be evenly distributed between CD56*
and CD56" ILC subsets in peripheral blood, with a significant enrichment observed
within the CD56° ILCs subset (Figure 3.3G). Differential expression of this homing
marker could account for the preferential intestinal accumulation of CD56" ILCs
during inflammation. Supporting the idea of specific recruitment to the intestine, a
relative decrease in CD56" ILCs was observed in the peripheral blood of IBD patients,
while the frequency of CD56* ILCs remained unchanged compared to control blood
(Figure 3.3H). Thus, preferential CCR6-mediated recruitment of CD56 ILCs from
blood may contribute to their selective accumulation in the inflamed intestinal

lamina propria.
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Figure 3.3: Accumulation and proliferation of Lin"CD127* ILCs in the intestinal lamina
propria of IBD patients. (A) Representative FACS plots of Ki67 expression in total LinCD127*
ILCs, cNK cells and total CD3" T cells in inflamed IBD colon. (B) Quantification of flow cytometry
data of Ki67 expression in ILCs, cNK cells and T cells in uninfllmed and IBD colonic lamina
propria. (C) Quantification of flow cytometry data of CD25 expression by blood and colonic CD56*
and CD56" ILCs. (D) Quantification of Ki67 expressing ILCs (left) and absolute number of ILCs
(right) following stimulation of total control LPMCs with IL-2. (E) Quantification of total LinCD127*
ILC frequency among CD45" cells in control and IBD blood. (F) Representative FACS plots (left)
and quantification (right) of CCR6 expression by total ILCs, cNK cells and total CD3* T cells in
control blood. (G) Quantification of CCR6 expression by CD56* and CD56™ ILCs in blood (left) and
colon (right) of control patients. (H) Quantification of the frequency of CD56 (left) and CD56*
(right) ILCs among Lin"CD45" cells in control and IBD blood. Each dot in the plots represents an
individual donor. Statistical significance was determined by means of Mann-Whitney U tests. Bars
represent mean + SEM. *p < 0.05. **p < 0.01. **p < 0.001. ***p < 0.0001.
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3.2.8 CRTH2+ ILC2 are present in peripheral blood and intestinal tissues

Our findings of a population of GATA3 and IL-13-expressing cells within the CD56-
ILC subset suggested that similar to published data from the mouse (11,13), there
could be ILCs specialized for type 2 cytokine production in the human system as
well. Indeed, Mjosberg et al. soon reported identification of such an ILC lineage in the
human tonsil and foetal gut, which could be identified based on surface expression of
the prostaglandin D2 receptor CRTH2 and which they termed ILC2 (16). Thus, we
decided to investigate the frequency of ILC2 in the intestinal lamina propria and

blood of controls and IBD patients on the basis of CRTH2 expression.

As shown in Figure 3.4A, a clear population of CRTH2* ILC2 cells could be identified
within the Lin"CD127* ILC fraction. These ILC2 did not express the NK marker CD56,
but in accordance with the published findings of Mjosberg et al. expressed high
levels of CD161 and CD45 (16). CRTH2* ILCs in control blood constituted
approximately 13.2% of Lin"CD127* cells in control blood, which was a significantly
larger proportion than in the uninflamed colonic lamina propria, where only
approximately 2.8% of Lin"CD127*ILCs expressed CRTH2 (Figure 3.4B). Based on
the original identification of GATA3-expressing ILCs in murine adipose tissue (13),
we examined the frequency of CRTH2* ILC2 in gut-associated visceral fat and could
indeed detect a population of ILC2 that were significantly enriched compared to the
colonic lamina propria (Figure 3.4B). The frequency of CRTH2+ ILC2 amongst Lin-
CD127+ cells was significantly increased in both CD and UC blood compared to
healthy controls. However, contrary to our initial hypothesis, no changes in CRTH2+*
ILC2 frequency were detected in the inflamed compared to the uninflamed colonic
lamina propria (Figure 3.4C). Using in vitro stimulation of whole PBMCs with

PMA/ionomycin followed by intracellular cytokine staining (ICS) and flow
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cytometry, we confirmed that Lin"CD127+*CRTH2* cells were indeed functional ILC2.
Gating on Lin'CD127+CD56- cells revealed that the CRTH2* cells within this
population were the predominant producers of IL-13, while CRTH2- ILCs were

enriched for IFNy and IL-17A (Figure 3.4D).

Thus, human IL-13-producing CRTH2* ILC2 are present in peripheral blood,

intestinal lamina propria and visceral adipose tissue of uninflamed controls and are

enriched in the blood of IBD patients.
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Figure 3.4: CRTH2* ILC2 enriched for IL-13 production are present in blood, colon and
mesenteric fat and are enriched in the blood of IBD patients. (A) Representative FACS
plots showing identification of CRTH2+ ILCs in human blood. (B) Quantification of ILC2
frequency among total Lin-CD127+ ILCs in blood, colon and mesenteric fat from control
patients. (C) Quantification of ILC2 frequency among total Lin-CD127+ ILCs in blood (left) and
colon (right) of control and IBD patients. (D Representative FACS plots of cytokine expression
in ILC2 following stimulation of whole PBMCs with PMA/ionomycin for 4h in the presence of
Golgistop and Golgiplug. Each dot in the plots represents an individual donor. Statistical
significance was determined by means of Mann-Whitney U tests. Bars represent mean +
SEM. *p < 0.05. *p < 0.01. **p < 0.001.
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3.2.9 In situ visualization of RORy* ILC3 using immunofluorescence

In order to examine the in situ localization characteristics of RORy* ILC3 in the
human gut lamina propria, we performed immunofluorescence analysis on colonic
and ileal tissue sections. The strategy for visualization of RORy* ILCs involved a
double staining approach, using antibodies against CD3 and RORy, with ILCs
expected to be CD3-RORy*. Using this method, CD3*RORy" T cells, CD3*RORy* T cells

and CD3-RORy~* ILCs could be clearly identified in the images obtained (Figure 3.5A).

Confirming our earlier findings obtained using flow cytometry analysis,
quantification of anti-CD3/anti-RORy stained tissue sections revealed increases in
the frequency and density of CD3-RORy*in CD colon and ileum compared to control
colon (Figure 3.5B). As expected based on published data, the frequency of
CD3*RORy* cells was similarly increased (341). Interestingly, RORy* T cells and
RORy* ILCs were present at similar frequencies and absolute numbers within the

uninflamed lamina propria.

To validate that this approach correctly identified ILCs, we performed triple
stainings using anti-CD3, anti-RORy and anti-CD127 antibodies, with ILC3 expected
to be CD3'-RORy*CD127*. Indeed, the vast majority of CD3-RORy* cells expressed
CD127, confirming that they were indeed ILCs (Figure 3.5C and D). In addition, rare
CD3'-RORyCD127* cells were found scattered throughout the lamina propria.
CRTH2* ILC2 and ILC1 in adult tissue express CD127 but no or low levels of RORy
(16) (189), suggesting that these rare CD3-RORy"CD127* cells may be representative
of other ILC lineages. Taken together, this staining approach allowed us to determine

ILC3 localization in situ.
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Examining their localization within the different tissues, it was noticeable that CD3-
RORy* ILCs were not distributed homogeneously, but rather seemed to occur focally,
co-localizing with aggregates of CD3* T cells (Figure 3.5E). As a result of the close co-
localization of CD3* T cells and RORy* ILCs, we were interested in examining the
potential functional interactions between these cell types. In order to investigate the
different ILC populations functionally, we needed to establish an in vitro culture

system allowing for the expansion of these extremely rare cell populations.
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Figure 3.5: RORy* ILCs can be visualized in frozen intestinal tissue sections and localize in close
proximity to CD3* T cells. (A) Representative image showing CD3"'RORy™* ILCs and CD3*RORy™* T cells in a
frozen tissue section from normal colon. (B) Quantification of relative and absolute numbers of CD3* T cells,
CD3'RORy™ T cells and CD3'RORy™" ILCs in frozen tissue sections obtained from uninflamed CRC colon and
inflamed CD colon and ileum. (C) Representative image of a triple staining approach to visualize CD127 expression
by CD3'RORy* ILCs. (D) Quantification of CD127 expression by CD3'RORy"* cells. (E) Representative image of
the close co-localization of CD3'RORy™ ILCs and CD3" T cells. Each dot in the plots represents an individual
donor. In (B) statistical significance was determined by means of Mann-Whitney U tests. Bars represent mean +
SEM. *p =< 0.05. *™p =< 0.01. For individual specimens in (D) the 95% confidence intervals for a single proportion
were calculated using the Wald equation.
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3.2.10 Revised phenotypic definition of ILC3, ILC2 and ILC1 populations

In the course of our study, using a refined panel of cell surface markers that included
CD117, Bernink et al. identified T-bet- and IFNy-expressing ILC1 that were
phenotypically distinct from the known ILC3 and ILC2 populations and accumulated
in the inflamed lamina propria of CD patients. Furthermore, the group identified an
ILC subset intermediate between ILC3 and ILC1 based on transcription factor and
cytokine profiles, which they termed ILCO (189). Within the Lin"CD127* population
of immune cells, these ILC1 are now defined as CRTH2:CD117-NKp44- cells, while
ILC3 are CRTH2-:CD117+*NKp44+ cells, ILC2 are CRTH2*CD117+/"NKp44- cells and

ILCO are CRTH2-CD117+*NKp44+ cells (6).

We repeated our analysis of the frequency of ILC subsets in uninflamed and inflamed
intestinal lamina propria based on these revised definitions (Figure 3.6A). In the
uninflamed colon, ILC3 and ILCO constituted the highest proportion of Lin"CD127+*
cells, while ILC2 and ILC1 were much less frequent (Figure 3.6B). No significant
differences were observed in the frequency of ILC2 or ILC3 subsets, while ILCO were
significantly reduced in UC colon. However, in the inflamed mucosa of CD patients
there was an accumulation of CD117-NKp44- ILC1, confirming the above-mentioned
findings by Bernink et al. (Figure 3.6C-F). The frequency of ILC1 among total Lin
CD127+ ILCs was unchanged in control compared to IBD blood, suggesting that in
situ proliferation and/or differentiation rather than recruitment from the blood may

contribute to the observed accumulation of ILC1 (Figure 3.6G).

119



N
010
(8]
102
0
0102 10° 10 10° :
/ cD3 0102 10° 10* 10°
w ] Lineage
0 50K 100K 150K 200K 250K 012 105 0% 10° 1055 554
< 10
g_ ILC3
¥1°3 —
S 10
T T = UiSTIE
0102 10° 0% 10f —_— [E (E ‘J@
= & 25.3
: :
0102 10° 10* 10° 0102 10° 10* 10°
B C. D. E. F.
o) 0 0 @ 80 - . @ 80 N
8 g 8 S 60: . 8 60;
+ + + + + °
S S N N . S °. .
N - M - N o ==
on on on 0Q 4 0 Q 4
20 20 20 20 o =29 °® s o
£ £ £ £ o £
< = 20 . 20
5 s 5 5 : 5 ol
2 ® 2 8 ° 2
< < i =~ 0 T T T 0 T T T
3
PO IN G ORI
S I
G.
w
2 60
[ "
O 50 . -
~ . -
g 40 ®ee u®
°,® i
8 301 o iy
¢ g
£ 20 .o an
| .o H
w 10| o u "
o L) [ L]
E T T
A
<§$o ®
@)

Figure 3.6: The frequency of ILC1 is increased in intestinal lamina popria of CD patients. (A)
Representative FACS plots for a revised gating strategy for ILC1, ILC2, ILC3 and ILCO subsets in
LPMCs isolated from uninflamed control colon. (B) Quantification of the frequencies of the different ILC
subsets in control intestinal lamina propria. (C - F) Quantification of the frequencies of ILC3 (C), ILC2
(D), ILC1 (E) and ILCO (F) among total Lin"CD127* ILCs in control and IBD intestinal lamina propria.
(G) Quantification of ILC1 frequency among total Li"fCD127* ILCs in control and IBD blood. Each dot
in the plots represents an individual donor. Statistical significance was determined by means of Mann-
Whitney U tests. Bars represent mean + SEM. *p < 0.05. **p < 0.01.
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3.2.11 Sorting strategy of ILC3, ILC2 and ILC1 populations for in vitro
cultures

We next sought to develop a tractable human system for ILC expansion to use in
functional experiments and we decided to purify individual ILC subsets from human
peripheral blood according to the revised ILC nomenclature outlined above. As blood
ILCs do not express NKp44 under homeostatic conditions, we defined the different
ILC populations on the basis of CRTH2 and CD117 expression. Thus, within the
CD45*Lin"CD127+CD56" population, ILC1 were sorted as CRTH2-:CD117- cells, ILC2 as
CRTH2*CD117*- and ILC3 as CRTH2-CD117+ cells, while cNK cells were sorted as
CD45*CD3-CD127-CD56* cells (Figure 3.7A). To confirm that these populations
indeed corresponded to the known ILC subsets, we performed flow cytometric and
gRT-PCR analysis of transcription factor and cytokine profiles expressed by these

cells directly ex vivo.

Both on protein and mRNA levels, ILC1 and cNK cells were enriched for expression
of T-bet, while cNK cells preferentially expressed Eomes. ILC2 expressed highest
levels of GATA3 and ILC3 contained the greatest proportion of RORyt-expressing
cells (Figure 3.7B-D). Both ILC3 and ILC2 were enriched for AHR mRNA expression,
while ILC2 expressed highest levels of RORA mRNA, a transcription factor that has
been linked to ILC2 development (21) (Figure 3.7E). All ILC subsets expressed ID2
transcript, a transcriptional regulator essential for the differentiation of ILCs from
CLPs (5), albeit at different levels with ILC3 and cNK cells expressing highest levels,

ILC2 intermediate levels and ILC1 lowest levels of ID2 mRNA (Figure 3.7E).
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Following stimulation with PMA/ionomycin, the different ILC subsets displayed
distinct cytokine profiles (Figure 3.8A). ILC3 were enriched for production of Tu17-
associated cytokines such as GM-CSF and IL-17A (Figure 3.8B). ILC2 predominantly
produced the Tu2-associated cytokine IL-13 and a proportion also expressed IL-4
(Figure 3.8C). ILC1 mainly produced the Tul-associated cytokine IFNy, although
some expression of IL-17A was also detected (Figure 3.8D). cNK cells were included
as a control group, and as expected predominantly expressed IFNy and TNFa (Figure
3.8E). All three ILC subsets produced TNFa and interestingly also IL-2 (Figure 3.8B-
D). Thus, our sorting strategy allows us to reliably purify functionally distinct ILC

subsets from human peripheral blood.
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Figure 3.7: Characterisation of TF expression by blood ILC subsets. (A) Representative gating
strategy for ILC1, ILC2 and ILC3 subsets in peripheral blood. (B) Representative FACS plots showing TF
expression by blood ILC1, ILC2 and ILC3 subsets. Quantification of the frequencies of the different ILC
subsets in control intestinal lamina propria. (C) Quantification of the proportion of Tbet-, Eomes-, RORyt-
and GATAS-expressing cells among blood ILC1, ILC2 and ILC3. (D) qRT-PCR analysis of TBX21, EOMES,
RORC and GATAS3 expression by FACS sorted blood ILC subsets (normalized to cNK expression levels).
(E) gqRT-PCR analysis of AHR, RORA and ID2 expression by FACS sorted blood ILC subsets (normalized
to cNK expression levels). Each dot in the plots represents an individual donor. Statistical significance was
determined by means of Mann-Whitney U tests. Bars represent mean + SEM.
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Figure 3.8: Analysis of cytokine expression by blood ILC subsets. Whole PBMCs from
healthy donors were stimulated with PMA/ionomycin for 4h in the presence of Golgistop/Golgiplug
followed by ICS and flow cytometry analysis. (A) Representative FACS plots of cyokine
expression by ILC1, ILC2, ILC3 and cNK cells. ILC subsets were gated as in Figure 3.7. (B - E)
Quantification of cytokine-expressing cells amongst ILC3 (B), ILC2 (C), ILC1 (D) and cNK cells
(E). Data are representative of n = 3 - 6 individual donors.Bars represent mean + SEM.
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3.2.12 ILC subsets can be expanded in presence of exogenous IL-2 and IL-7

We next sought to establish a method for the in vitro expansion of ILC subsets
purified from human peripheral blood. From each leukocyte cone, we obtained
between 1 and 5 x 10* ILCs per subset, emphasizing that ILCs are indeed an
extremely rare population of immune cells. The culture strategy we adopted was
based on published data from the Spits lab and involved expansion of FACS sorted
ILC populations on a feeder layer of irradiated PBMCs mixed from three allogeneic
donors in the presence of [L-2 and/or IL-7 (188). At the beginning of each culture, an
initial PHA stimulus was given, following which fresh growth medium containing IL-

2 and/or IL-7 was administered every second day (Figure 3.9A).

Using this approach, we initially compared the expansion of the different FACS
sorted blood ILC subsets cultured with IL-2 and IL-7 alone or in combination. After
three weeks of culture, all three ILC subsets expanded robustly when cultured with
either IL-2 or IL-7 or a combination of both cytokines, whereas no growth was
observed in the absence of exogenous cytokines (Figure 3.9B). For all three ILC
subsets, the greatest expansion was achieved using a combination of IL-2 and IL-7.
Therefore, this was a suitable culture system for the in vitro expansion of human ILC

subsets.
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Figure 3.9: Establishment of culture conditions for in vitro expansion of FACS sorted
blood ILC subsets. (A) Schematic depiction of culture strategy. FACS sorted ILC1, ILC2, ILC3
and cNK populations were plated in round-bottom 96-well plates (1 x 10* cells/ml) on a feeder layer
of mixed irradiated PBMCs (45 Gy) from three allogeneic donors (1 x 108 cellml). The cells were
cultured in complete growth medium supplemented with IL-2 (100 U/ml) and/or IL-7 (50 ng/ml) (see
Materials & Methods). PHA (1ug/ml) was added once at the beginning of the cultures. IL-2 and IL-7
were replenished every three days. ILCs greatly expanded within 2-3 weeks of culture and were
cultured for up to 6 weeks before being used in experiments. (B) Fold expansion of FACS sorted
ILC subsets cultured for 3 weeks in IL-2 (100 U/ml) and/or IL-7 (50 ng/ml). Each dot in the plots
represents an individual donor. Bars represent mean + SEM.
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3.2.13 Characterisation of in vitro expanded ILC subsets
We next examined phenotypic and functional characteristics of the in vitro cultured
ILCs in order to determine whether FACS sorted blood ILC subsets could be

expanded stably in vitro without loss of their defining features.

First we analysed ILC surface marker expression (Figure 3.10A). Similar to ex vivo
blood ILC subsets, in vitro expanded ILC3 had highest expression of CD117
compared to heterogeneous expression in ILC2 and significantly lower expression in
ILC1 (Figure 3.10B). In vitro expanded ILC3 upregulated NKp44 and CD56
expression, whereas no NKR expression was observed on cultured ILC2 or ILC1 in
line with previous reports (16,188,189) (Figure 3.10C and D). Compared to ILC2 or
ILC1, cultured ILC3 were enriched for CCR6 expression, which again reflected ex vivo
expression patterns (Figure 3.10E). Furthermore, in vitro expanded ILC3 maintained
high expression of CD25 and CD161 (Figure 3.10F and G). Cultured ILC2 retained
high expression of their defining lineage marker CRTH2 compared to ILC2 or ILC1
subsets (Figure 3.10H) and highly expressed CD25 and CD161. In vitro expanded
ILC1 showed high expression of CD25 (Figure 3.10F). All three ILC populations had
low expression of the cNK-specific marker CD94, but highly expressed ICOS (Figure
3.10I and ]). Therefore, based on surface expression, ILCs expanded in the culture

system resembled ex vivo ILC populations.
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Figure 3.10: Characterisation of surface marker expression by in vitro expanded
blood ILC subsets. FACS sorted ILC subsets were cultured in IL-2 (100 U/ml) and IL-7 (50
ng/ml) for 3-5 weeks followed by flow cytometry analysis of surface marker expression. (A)
Representative FACS plots showing expression of surface markers by ILC3. (B - J)
Quantification of the proportion of cells among cultured ILC1, ILC2, ILC3 and cNK that
express CD117 (B), NKp44 (C), CD56 (D), CCR6 (E), CD25(F), CD161 (G), CRTH2 (H),
CD9% (l) and ICOS (J). Each dot in the plots represents an individual donor. Statistical
significance was determined by means of Mann-Whitney U tests. Bars represent mean +
SEM. *p < 0.05. **p < 0.01. **p < 0.001.
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We next examined functional characteristics of in vitro expanded ILCs. Following
stimulation with PMA/ionomycin, the cytokine profiles of in vitro cultured ILC
populations were assessed. As expected from the ex vivo cytokine expression
patterns, ILC3 were enriched for expression of Tul7-type cytokines IL-17A, IL-22
and GM-CSF (Figure 3.11A and D). ILC2 showed highest expression of the Tu2-
associated cytokines IL-4, IL-5 and IL-13 (Figure 11B and E) and ILC1 were enriched
for production of IFNy (Figure 3.11C and 11F). All three ILC subsets retained high
expression of TNFa, with a trend towards highest expression in ILC1 (Figure 3.11C
and F). Similar to the ex vivo cytokine expression data presented in Figure 3.8, all ILC
subsets were capable of producing IL-2, with highest expression in ILC2 (Figure
3.11F). Thus, in vitro expanded ILCs had cytokine profiles similar to ex vivo ILC

populations.

Finally, analysis of transcription factor expression by in vitro expanded ILC
populations indicated that cultured ILCs expressed key lineage-associated
transcription factors. Highest expression of RORyt was found in the ILC3 subset
(Figure 3.12A and B), while GATA3 expression was enriched in ILC2 (Figure 3.12A
and C). ILC1 showed high expression of T-bet, comparable to expression levels in
cNK cells (Figure 3.12A and D), while cNK cells expressed highest levels of Eomes

(Figure 3.12A and E).
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Figure 3.11: Characterisation of cytokine expression by in vitro expanded blood ILC subsets.
FACS sorted ILC subsets were cultured in IL-2 (100 U/ml) and IL-7 (50 ng/ml) for 3-5 weeks and then
stimulated for 4h with PMA/ionomycin in the presence of Golgistop. This was followed by ICS and flow
cytometry analysis. (A-C) Representative FACS plots of cytokine expression by cultured ILC3 (A),
ILC2 (B) and ILC1 (C). (D) Quantification of IL-17A, IL-22 and GM-CSF expression by the different
ILC subsets. (E) Quantification of IL-4, IL-5 and IL-13 expression by the different ILC subsets. (F)
Quantification of IFNy, TNFa and IL-2 expression by the different ILC subsets. Each dot in the plots
represents an individual donor. Statistical significance was determined by means of Mann-Whitney U
tests. Bars represent mean + SEM. *p < 0.05. **p < 0.01. ***p < 0.001. ***p < 0.0001.
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Figure 3.12: Characterisation of TF expression by in vitro expanded blood ILC subsets. FACS
sorted ILC subsets were cultured in IL-2 (100 U/ml) and IL-7 (50 ng/ml) for 3-5 weeks followed by flow
cytometry analysis. Representative FACS plots of TF expression by cultured ILC subsets are shown.
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Comparison of cytokine expression patterns of ILC1, ILC2 and ILC3 expanded with
IL-2 or IL-7 alone or with a combination of both IL-2 and IL-7 indicated that these
different cytokine combinations did not induce significant changes in ILC cytokine
profiles (Figure 3.13A-C). The data shown are representative for ILC3, but equivalent

results were observed for ILC2 and ILC1.

Collectively, these data indicate that ILC3, ILC2 and ILC1 populations FACS sorted
from human blood can be stably expanded in vitro in the presence of exogenous IL-2
and IL-7 while retaining their defining surface marker, cytokine and transcription
factor expression patterns. The ILC populations used in all subsequent experiments

were expanded using IL-2 and IL-7.
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Figure 3.13: The cytokine expression profiles of ILC3 cultured IL-2, IL-7 or IL2 +
IL-7 are not significantly different. FACS sorted blood ILC3 were cultured in IL-2
(100 U/ml), IL-7 (50 ng/ml) or a combination of both cytokines for 3-5 weeks. This was
followed by stimulation with PMA/ionomycin for 4h in the presence of Golgistop/
Golgiplug, ICS and flow cytometry analysis. (A - C) Quantification of IL-17A, IL-22 and
GM-CSF (A), IL-4, IL-5 and IL-13 (B) and IFNy, TNFa and IL-2 (C) expression by
ILC3 cultured with the different cytokine combinations. Each dot in the plots represents
an individual donor. Statistical significance was determined by means of Mann-Whitney
U tests. Bars represent mean = SEM.
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3.2.14 ILC3 express LTi-associated markers and activate intestinal stromal

cells

In the mouse, adult RORyt+ ILC3 were initially identified based on their phenotypic
similarities to foetal LTi cells, which, in conjunction with stromal cells, are
responsible for the induction of organised secondary lymphoid tissues in the
developing embryo (56,64,89,345). Using co-cultures with mesenchymal stromal
cells (MSCs), human Lin"CD127* ILCs isolated from foetal lymph nodes and tonsil
have been shown to have a similar inducer potential. In vitro human LTa1f2* ILCs
promoted upregulation of ICAM-1 and VCAM-1 expression by LTBR* MSCs,
mimicking the LTi cell-mediated induction of lymphocyte-retaining adhesion
molecules on LN anlagen-resident stromal cells that is thought to occur in vivo
during foetal development (182,188). We wanted to examine the inducer potential

of the different adult ILC populations expanded in vitro from blood.

ILC3, but not ILC2 or ILC1 expressed the LTi-associated markers TNFSF14 (LIGHT),
LTA and LTB at mRNA level (Figure 3.14A-C). Co-culture of the different ILC subsets
with the intestinal stromal cell line (iSC) CCD18co was then used to functionally
validate whether [LCs were capable of inducing ICAM-1 expression on the iSCs.
Stimulation of iSCs with TNFq, IL-17A and recombinant human LTa were used as

positive controls for induction of adhesion molecule expression (87,182,346,347).

Stimulation with TNFa, [L-17A and LTa induced significant upregulation of ICAM-1
expression on the iSCs (Figure 3.14D). Co-culture with ILC3 but not ILC1 induced
robust upregulation of ICAM-1 expression at levels equivalent to LTa stimulation.
Interestingly, despite their lack of LIGHT or LT expression, ILC2 were equivalent to

ILC3 in their capacity to induce ICAM-1 expression on iSCs. Although cultured ILC2
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produce TNFa, this mechanism seems to be TNFa-independent, since in vitro
expanded ILC1 can produce TNFa and yet fail to induce iSC activation (Figure
3.11D). However, ILC2 produce large quantities of IL-4 and IL-13, cytokines that
have been implicated in stromal cell activation (348,349). Thus, adult human ILC3
and ILC2, but not ILC1, displayed inducer potential. Different mechanisms likely

underlie the capacity of ILC3 and ILC2 to activate iSCs.
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Figure 3.14: ILC3 and ILC2 induce ICAM-1 upregulation on intestinal stromal cells. (A -
C) Quantification of TNFSF14 (A), LTA (B) and LTB (C) mRNA expression by ex vivo sorted
blood ILC populations. Each dot in the plots represents an individual donor. (D) CCD18co
colonic stromal cells were co-cultured with in vitro expanded ILC1, ILC2 or ILC3 for 3 days
followed by flow cytometry analysis. ILCs were derived from n = 3 - 5 individual donors.
Stimulation of CCD18co cells with recombinant human TNFa, IL-17A or LTa was used as a
positive control for induction of ICAM-1 expression. The plots represent quantification of the
percentage (left) and MFI (right) of ICAM-1 expression by CCD18co cells following co-culture
with ILC3, ILC2, ILC1 or following cytokine stimulation. Statistical significance was determined
for each co-culture conditions with respect to untreated CCD18co cells by means of Mann-
Whitney U tests. Bars represent mean + SEM. *p = 0.05. **p = 0.01. **p < 0.001. ***p <
0.0001.
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3.3 Discussion

By examining ILCs ex vivo from human tissue and blood, we show here that Lin-
CD127* ILCs are enriched in the human intestinal lamina propria compared to
peripheral blood and further accumulate in the inflamed lamina propria of CD and
UC patients compared to uninflamed controls. Based on ILC nomenclature at the
time, we investigated the relative frequencies of CD56* and CD56" ILC subsets and
could confirm a previous report (185) of a selective increase in lamina propria-
resident CD56° ILC frequency not only in CD but also in UC patients. No significant
differences in terms of cytokine and transcription factor expression were detected
between CD56- and CD56* ILCs in healthy control blood (except for GATA3
expression, which was significantly higher in the CD56- ILCs). However under
inflammatory conditions CD56° ILCs showed significantly increased expression of
pro-inflammatory cytokines implicated in IBD pathogenesis such as IL-17A, [FNy,

GM-CSF and IL-13, while CD56* ILCs were enriched for IL-22 expression.

The relative decrease of CD56*ILCs in the intestinal lamina propria of IBD patients
suggests a decrease in ILC-derived IL-22 in the lamina propria of IBD patients. While
[L-22 can exert pro-inflammatory effects in several mouse models of chronic
inflammatory disorders including rheumatoid arthritis and psoriasis (350-353), the
majority of reports to date have demonstrated a protective role for IL-22 in mouse
models of colitis (311). Specifically, ILC-mediated expression of IL-22, regulated via
RA and the tyrosine kinase Lyn, has been shown to protect mice from DSS-induced
colitis (354,355). It is conceivable that a reduction in ILC-derived IL-22 could
contribute to impaired epithelial barrier function, including reduced secretion of
antimicrobial peptides, epithelial fucosylation and epithelial repair, all of which are

features of both CD and UC patients. This may lead increased translocation of
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commensal antigens into the intestinal lamina propria, promoting inflammatory

immune responses and secondary activation of commensal-specific CD4* T cells.

Analysis of in situ localization characteristics of RORy* ILCs confirmed inflammation-
associated accumulation of these cells in the colonic and ileal lamina propria of CD
patients and furthermore revealed that RORy* ILCs localize in proximity of CD3* T
cells. This suggests that RORy* ILCs and T cells may functionally interact in the
intestinal lamina propria. In support of this idea, evidence suggests that in mouse
spleen, RORyt* ILC3 may support survival and activation of CD4* memory T cells
through provision of 0X40L and CD30L signals (356-358). We investigate potential

functional interactions between ILCs and T cells in Chapter 4.

Examining potential mechanisms of accumulation, we found for the first time that
there was increased in situ proliferation among total ILCs in the inflamed human
lamina propria. We furthermore showed that ILCs proliferate in response to IL-2,
which is increased in inflamed IBD lesions (344). CD56" ILCs expressed higher levels
of CD25 in both peripheral blood and colonic lamina propria, suggesting that
differential sensitivity to IL-2 may result in the preferential accumulation of CD56°
ILCs under conditions of inflammation. Our findings indicate that ILCs themselves
are producers of IL-2, with increased production observed in IBD patients compared
to control individuals, and it is conceivable that ILC-derived IL-2 may act in an
autocrine manner to stimulate proliferation of these cells. Furthermore, activated
CD4+* T cells are major producers of IL-2 (359-361). In light of our finding that ILCs
and T cells closely co-localize in the intestinal lamina propria, this presents the
interesting possibility that activated CD4+ T cells may regulate ILCs through IL-2.

Recent published evidence that arose in the course of this study indeed suggests that
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this may be the case. Oliphant et al. reported that ILC2 were induced to proliferate
and to upregulate expression of IL-5 and IL-13 in the presence of activated CD4* T

cells in vitro. Neutralization of IL-2 prohibited ILC2 activation (146).

Analysis of CCR expression by blood ILCs revealed that CD56- ILCs had higher
expression of the gut-homing receptor CCR6 compared to CD56* ILCs. Preferential
recruitment to the intestinal lamina propria under conditions of inflammation may
contribute to the observed selective accumulation of CD56- ILCs in CD and UC
patients. CCL20-dependent recruitment of pro-inflammatory CCR6-expressing
effector cells has been implicated in the pathogenesis of several animal models of
chronic inflammatory diseases, including EAE, RA and colitis (362-366). In humans,
increased expression of the CCR6 ligand CCL20 by activated epithelial and stromal
cells is found in IBD lesions and has been correlated with the severity of
inflammation in paediatric UC patients (367-369). Furthermore, SNPs in the gene
encoding CCR6 are associated with increased susceptibility to CD (370). Thus, CCR6-
dependent recruitment of pro-inflammatory CD56 ILCs may contribute to disease
pathogenesis in IBD patients.

In contrast to an earlier report of CCR7 expression on human LTi cells isolated from
the foetal MLN (182), we did not detect CCR7 expression by blood ILCs. This
indicates that CCR7 expression may be limited to the foetal LTi subset, which seed
the foetal mesentery early during development (182). Alternatively, it is possible
that blood ILCs do not directly home to LNs, but first migrate into peripheral tissue
sites, for example in a CCR6-dependent manner, followed by upregulation of CCR7
and migration to the draining MLN. A recent publication revealed that in the murine
system RORyt* ILCs migrate from the small intestinal lamina propria to the draining

MLN in a CCR7-dependent manner (371). Examination of CCR7 expression on lamina
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propria-resident ILC populations would be required to assess this possibility in a

human setting.

While our data suggest that increased proliferation and preferential recruitment
may contribute to the selective accumulation of CD56- ILCs in the inflamed intestinal
lamina propria, downregulation of CD56 expression by CD56* ILCs under
inflammatory conditions cannot be excluded. In vitro a plastic relationship between
human NKR- and NKR* ILCs has been demonstrated (189,196). Stimulation of
NKp44+ ILC3 with IL-12 can lead to downregulation of NKp44 and RORyt expression
and upregulation of T-bet and IFNy expression (189). It is conceivable that in an
environment enriched for pro-inflammatory cytokines such as IL-12, IL-23 and
TNFa as is found in the inflamed intestinal lesions of IBD patients, CD56* ILCs may
differentiate into inflammatory CD56 ILCs. However, this hypothesis would require
further examination in vitro. Evidence indicates that TGF-f3 may drive a loss in IL-22
expression by Tul7 cells in UC patients and promote the generation of IL-17 single
producers (293). It would be interesting to test whether a similar regulatory

mechanism may be at play in the ILC compartment.

Following identification of a CRTH2* ILC subset enriched for GATA3 expression and
type 2 cytokine production in the human foetal gut and tonsil (16) and based on our
finding of high GATA3 and IL-13 expression among the CD56° ILC subset, we
investigated the presence of CRTH2* ILC2 in the adult human blood and gut. In view
of their role in Type 2 immunity and allergic inflammation in both mice and humans
(10,16,338), we hypothesized that an increased frequency of these cells might be
found in UC colon. Increased levels of IL-33 are present in UC lesions (372-374), and

it is conceivable that IL-33-mediated expansion and activation of IL-5 and IL-13-
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producing CRTH2* ILC2 cells could contribute to disease pathogenesis

(11,317,338,375).

A clear CRTH2* ILC population that expressed IL-13 but not IFNy or Tul7-related
cytokines was present in blood and intestinal lamina propria, albeit at much lower
frequency in the latter. While ILC2 frequency in the blood of CD and UC patients was
increased, no significant difference was found in IBD compared to uninflamed gut.
Wojno et al. recently reported reduced expression of CRTH2 on IL-33R* ILC2 in
human and mouse lung compared to peripheral blood (140). The group suggested
that ligation of CRTH2 by PGD2 in the blood induces downregulation of CRTH2 and
migration of ILC2 into the lung. It is conceivable that a similar mechanism could
account for the reduced proportion of CRTH2* cells amongst the Lin"CD127+ ILC
population observed in the colon compared to peripheral blood. A different staining
approach based on definition of ILC2 according to GATA3 and IL-33R expression
could help to clarify open questions regarding the size of the ILC2 population in both

the steady-state and inflamed intestinal lamina propria.

Our finding that ILC2 are present in human mesenteric adipose tissue opens up an
interesting hypothesis for future investigation. Hypertrophy of mesenteric fat
(‘creeping fat’) overlying inflammatory intestinal lesions is a phenomenon closely
associated with CD, although its role in disease pathogenesis is not well understood
(376). In CD patients, increased bacterial translocation across the inflamed and leaky
intestinal epithelial barrier into mesenteric fat has been described (377). Recent
evidence indicates that creeping fat is infiltrated by alternatively activated
macrophages. It was suggested that these cells, in conjunction with adipocytes, aid in

the establishment of an immunoregulatory environment that prevents systemic
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inflammation due to bacterial translocation, but allows for development of effective
local immunity to bacterial antigens (378). Murine ILC2 have been identified in fat-
associated lymphoid structures where they contribute to metabolic homeostasis by
maintaining adipose tissue-associated eosinophils and alternatively activated
macrophages as well as through direct IL-4- and IL-13-mediated effects on adipocyte
progenitors (13,171,180,181). Based on our finding that ILC2 are present in
mesenteric adipose tissue it would be interesting to examine a potential role for ILC2

in the generation and functionality of CD-associated creeping fat.

Using a revised panel of surface markers according to a proposal for a unified ILC
nomenclature that arose in the course of this study (6), we could confirm a previous
report of increased ILC1 frequency in the inflamed intestinal lamina propria of CD
compared to control patients (189). Flow cytometry analysis of transcription factor
and cytokine expression by blood ILC subsets gated on the basis of CD56, CD117 and
CRTH2 expression confirmed that these subsets were indeed enriched for functional

markers associated with known ILC1, ILC2 and ILC3 subsets.

However, while the cytokine and transcription factor profiles of these populations
indicate that they correspond to the equivalent populations identified in the mouse,
it is unclear how human ILC3, ILCO and ILC1 interrelate and whether ILC1 constitute
an independent bona fide IL.C1 lineage or rather differentiate from ILC3 or ILCO. Both
ILC3 and ILCO populations have been shown to differentiate into ILC1 in response to
[L-12 (189). Increased levels of IL-12 are present in the inflamed lamina propria of
CD patients (292) and may induce the preferential differentiation of ILC1, resulting
in an accumulation of these cells in the intestinal lamina propria. In line with this

hypothesis, we observed a trend towards reduced intestinal ILC3 and ILCO
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frequencies in CD patients. Further investigations into the plasticity of ILC1
populations will be required to determine the relationship between ILC1, ILC3 and
ILCO more conclusively. Our data indicate that CD56- ILCs express both RORyt and T-
bet. Furthermore, while ILC3 populations are heterogeneous for CD56 expression,
ILC1 ex vivo do not express CD56 (189). It is therefore likely that the CD-associated
[FNy and IL-17A-producing CD56- ILC population identified in our lab is comprised

of a mixture of ILC3 and bona fide and ILC3-derived ILC1.

The functional investigation of human ILC subsets is hampered by their low
frequency and compounded by the challenges of obtaining human tissue specimens.
Based on knowledge of the developmental dependence of ILCs on common y chain
cytokines from mouse and human studies (379) as well as previous reports of in
vitro culture of human ILCs (188,196), we describe the establishment of an in vitro
culture system using IL-2 and IL-7 allowing for the robust expansion of FACS
purified ILC1, ILC2 and ILC3 subsets from human peripheral blood. After up to 6
weeks in culture, these ILC populations maintained stable expression of their
characteristic surface markers, cytokines and transcription factors. Thus, we

successfully established a method to investigate human ILCs functionally in vitro.

Co-culture experiments with iSCs indicate that ILC3, ILC2 and ILC1 have a
differential capacity to induce stromal cell adhesion molecule expression. ILC3
appear to be most closely related to foetal LTi cells and seem to share their inducer
capacity, while ILC1 do not exert an effect on ICAM-1 expression by iSC. The
formation of aberrant tertiary lymphoid organs (TLOs) is associated with a range of
autoimmune and chronic inflammatory diseases, including IBD. TLOs are thought to

arise through LT-dependent mechanisms that recapitulate SLO formation during
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foetal development and contribute to disease pathogenesis by facilitating the
priming and expansion of pathogenic T and B cell responses. TLOs are characterised
by the presence of activated stromal cells that highly express adhesion molecules
such as ICAM-1 and VCAM-1, and chemokines such as CXCL13, CCL21, CCL19, and
CXCL12, helping them to attract and retain infiltrating immune effector cells

(380,381).

Our data indicate that, similar to the reported function of foetal LTi cells, ILC3 may
contribute to the activation of stromal cells and thus potentially to TLO formation.
Future work would aim to investigate more closely the molecular pathways
responsible for ILC3-mediated iSC activation and examine whether ILC3 conditioned
by the inflammatory environment of IBD lesions are more effective at driving iSC
activation. Surprisingly, ILC2 had an inducer capacity equivalent to ILC3. The
mechanisms behind ILC3- and ILC2-mediated inducer function most likely engage
distinct signalling pathways. LTi/ILC3-mediated inducer capacity has been shown to
occur through TNFSF members such as LTa1f2 and LIGHT, as well as through IL-17A
(87,182,346,347). ILC2 do not express these LTi-associated markers, but in contrast
express high levels of IL-4 and IL-13. Further experiments would be required to
elucidate a potential role for these cytokines in ILC2-mediated inducer capacity.

It has been suggested that both physiological and inflammatory TLOs can form in an
ILC3-and LT-independent manner. For example, it has recently been proposed that
adipose tissue-resident ILC2 may be responsible for the induction of fat-associated
lymphoid clusters (95,381). Our data indicate that perhaps ILC2, through IL-4- and
[L-13-dependent mechanisms, may also contribute to the induction of TLOs during

intestinal inflammation.
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In summary, we have identified phenotypically and functionally distinct ILC
populations in the human intestinal lamina propria and peripheral blood. Our data
indicate that dynamic changes occur in the relative frequencies of ILC subsets in the
lamina propria and blood of IBD patients, with ILCs enriched for expression of pro-
inflammatory cytokines such as IL-17A and IFNy accumulating in the inflamed
intestine. Potential mechanisms of ILC accumulation include increased in situ
proliferation and chemokine-mediated recruitment from blood. Examination of the
in situ localization characteristics of RORy* ILC3 revealed that in the intestinal
lamina propria, ILC3 closely co-localize with aggregates of T cells. In order to further
investigate potential functional interactions between ILCs and T cells, we developed
a reliable culture system allowing for the stable expansion of rare ILC subsets

purified from human peripheral blood.
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Chapter 4: ILCs - unconventional antigen-presenting cells?

4.1 Introduction

In light of our finding that ILCs localize in close proximity to CD3* T cells in the
intestinal lamina propria, we next wanted to investigate the potential functional

interactions between these two cell types.

Evidence from murine studies has described direct ILC-derived effects on CD4* T cell
responses that are dependent on expression of MHC class Il and co-stimulatory
ligands by ILCs. In the initial characterisation of CD4+*CD3- LTi cells in the mesenteric
lymph nodes of neonatal mice, Mebius et al. (64) found that, in addition to mediators
of lymphoid tissue formation, approximately 50% of cells also express MHC class II
ex vivo, in the absence of CD40, CD80 or CD86 expression. Nevertheless, co-culture of
antigen-specific CD4* T cells with antigen-pulsed LTi cells induced IL-2 production
by the T cells, although at lower levels than following stimulation with
lipopolysaccharide (LPS)-activated antigen-pulsed B cells (64). These data suggest
the intriguing possibility that LTi cells may regulate antigen-specific CD4* T cell
activation. Further analysis by Eberl et al. revealed that LTi cells resident in LN and
PP anlagen at ED16.5 already express MHC class II. However, the functional
relevance of this remains unclear since at this time point T cells have not yet started

to emigrate from the thymus (56).

Another indication for the potential regulation of CD4+ T cells by LTi-like ILCs comes
from their localization characteristics in the murine spleen. While CD11c* DCs are
found mainly in the T cell zones, CD4+*CD3- LTi-like cells are located in the B cell

areas and the B:T interface, the site of interaction between activated T helper cells
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and B cells (382). Following transfer of CD45.1* OTII-transgenic T cells into congenic
CD45.2* mice and challenge with alum-precipitated ovalbumin (OVA), CD4* T cells
show an early association with CD11c* DCs, but by day 5 the majority of antigen-
specific CD4+* T cells can be found in association with CD4+CD3- LTi-like cells at the
B:T zone border. Thus, it appears that following priming by DCs in the T cell zones of
the spleen, antigen-specific CD4* T cells migrate to and associate with CD4+CD3- LTi-
like cells located at the B:T interface. Analysis of purified splenic CD4*CD3- LTi-like
cells revealed that they express lower levels of MHCII, CD40, CD80 and CD86 than

CD11c* DCs and are unable to directly present antigen to T cells (382).

However, LTi-like ILCs highly express the co-stimulatory ligands OX40L (TNF
superfamily 4 (TNFSF4)) and CD30L (TNFSF8) (382). The complementary receptors,
0X40 and CD30, are upregulated on CD4+* T cells following antigenic stimulation and
deliver essential anti-apoptotic signals required for the sustained survival of
memory T cells (383). Mice deficient for 0X40 and/or CD30 have intact primary
expansion of antigen-specific CD4+* T cells in response to antigenic stimulation, but
severely reduced memory CD4* T cell populations resulting in defective immunity
(357,358,382,384). CD4+CD3- LTi-like cells purified from mouse spleen can support
the survival of memory CD4* T cells in an 0X40-dependent manner in vitro
(357,382,385). While multiple immune cell types can express 0X40L/CD30L after
activation in vivo, expression of these TNFSF ligands by adult LTi-like cells occurs
constitutively and in the absence of antigenic stimulation (357,385). Thus, ILC-
mediated 0X40L/CD30L signalling may play an important role in the maintenance of

memory CD4* T cell populations in the absence of persistent antigenic stimulation.
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In addition to MHC class Il expression by foetal LTi cells and adult ILC3, expression
of MHC class II transcripts and protein by MLN-resident ILC2 has been reported

(11).

Thus ILCs are capable of constitutive MHC class Il expression and can mediate
functional interactions with CD4* T cells. In light of the paucity of data regarding the
potential modulation of adaptive T cell function by ILCs in humans, we sought to (i)
undertake a systematic analysis of MHC class Il and co-stimulatory molecule
expression by blood- and tissue-resident human ILC populations in control and IBD
patients; (ii) examine how MHC class Il and co-stimulatory molecule expression by
human ILC populations is regulated and (iii) ascertain the functional effects of MHC
class Il and co-stimulatory molecule expression by ILCs on human antigen-specific T

cell responses.
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4.2 Results

4.2.1 Ex vivo human ILC populations in blood and colon express HLA-DR
Evidence regarding HLA-DR expression by human ILCs is limited. We first wanted to
examine HLA-DR expression by ILC subsets in human blood and the intestinal

lamina propria.

Flow cytometric analysis showed that a clear population of HLA-DR expressing cells
could be identified amongst Lin"CD127+ ILCs in peripheral blood and colonic lamina
propria of uninflamed control patients (Figure 4.1A). Lin"CD127+ ILCs were
significantly enriched for HLA-DR expression compared to cNK cells (Figure 4.1B).
Further analysis revealed that ILC1, ILC2 and ILC3 subsets showed differential
expression of HLA-DR. In blood, approximately 12.8 + 5.2% of ILC1 expressed HLA-
DR, while only 2.7 + 1.0% of ILC2 and 6.4 + 1.2% of ILC3 showed HLA-DR expression
(Figure 4.1C). In the colon, a different trend was observed with ILC3 containing the
highest proportion of HLA-DR expressing cells (50.3 = 13.0%) (Figure 4.1C).
Comparison of blood and colonic ILC subsets revealed that tissue-resident ILCs were
significantly enriched for HLA-DR expression, a difference which was most
pronounced for ILC3 (Figure 4.1D). gqRT-PCR analysis of ex vivo FACS sorted ILC
subsets confirmed expression on mRNA level of HLA-DRA and revealed expression of
HLA-DMA, HLA-DMB and the invariant chain CD74, additional markers involved in
the antigen presentation pathway. In comparison to CD14* monocytes ILCs
expressed considerably lower levels of HLA-DR and related transcripts, suggesting
that their potential to present antigen is likely reduced relative to professional
antigen-presenting cells (APCs) (Figure 4.1E). However, levels of class II-related

genes were higher in ILCs than in iSCs.
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4.2.2 Ex vivo blood and intestinal ILCs express co-stimulatory ligands

Flow cytometric analysis of ILC populations in blood and colonic lamina propria
from uninflamed control patients indicated that a proportion of Lin"CD127* ILCs
express the co-stimulatory ligands CD80, CD86, OX40L and programmed death-
ligand 1 (PD-L1) in addition to HLA-DR (Figure 4.2A). Only a very small percentage
of Lin"CD127* ILCs expressed CD80 (0.58 * 0.25%) and CD86 (2.75 + 0.91%), at
levels equivalent to cNK cells (Figure 4.2B). However, a substantial proportion of
ILCs expressed OX40L (17.2 + 3.6%) and the inhibitory ligand PD-L1 (21.8 = 3.3%).
Compared to cNK cells, ILCs were enriched for expression of 0X40L and showed
equivalent expression of PD-L1 (Figure 4.2B). Comparison of the different ILC
subsets indicated that in the blood ILC1 were enriched for expression of CD86,
0X40L and PD-L1 compared to ILC3 and ILC2 (Figure 4.2C). Analysis of colonic ILC
subsets did not reveal significant differences in co-stimulatory ligand expression
between ILC1, ILC2 and ILC3 (Figure 4.2D). In contrast to HLA-DR expression, which
was enriched in colonic ILCs, no significant differences in co-stimulatory ligand

expression were detected between blood and colonic ILC subsets (Figure 4.2E).

Taken together, our findings indicate that ex vivo human ILC populations in blood
and intestinal lamina propria express HLA-DR and co-stimulatory ligands. A larger
proportion of ILCs express HLA-DR in the colon compared to blood. In the blood,
ILC1 are enriched for HLA-DR and co-stimulatory ligand expression, while in the

colon, ILC3 are enriched for HLA-DR expression.
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Figure 4.1: Human ex vivo ILC subsets in blood and intestinal lamina propria express
HLA-DR. PBMCs or LPMCs were isolated and stained for flow cytometry analysis. ILCs were
gated as described in Chapter 3. (A) Representative FACS plots depicting HLA-DR expression by
ex vivo Lin"CD127* ILCs in blood and control from uninflamed controls. (B) Quantification of HLA-
DR expression by total Lin"CD127* ILCs and cNK cells in blood from healthy controls. (C)
Quantification of HLA-DR expression by ex vivo ILC subsets in control blood and colon intestinal
lamina propria. (D) Comparison of HLA-DR expression by blood and colonic ILCs from control
patients. (E) gPCR analysis of expression of HLA-DR-related markers in ex vivo FACS sorted
blood ILC subsets. Each dot in the plots represents an individual donor. Statistical significance was
determined by means of Mann-Whitney U tests. Bars represent mean £+ SEM. *p < 0.05.
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Figure 4.2: Human ILC subsets in blood and intestinal lamina propria express express
co-stimulatory ligands. (A) Representatve FACS plots showing co-stimulatory ligand
expression by total Lin"CD127* ILCs. (B) Comparison of co-stimulatory ligand expression
between total Lin"CD127* ILCs and cNK cells in control blood. (C + D) Quantification of co-
stimulatory ligand expression by individual ILC subsets in blood (C) and colonic lamina propria
(D) of control patients. (E) Comparison of HLA-DR and co-stimulatory ligand expression by
colonic and blood ILC subsets. Each dot in the plots represents an individual donor. Statistical
significance was determined by means of Mann-Whitney U tests. Bars represent mean + SEM.
*p<0.05. *p=<0.01.
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4.2.3 In vitro expanded ILCs express HLA-DR and co-stimulatory ligands

Next we examined whether in vitro expanded blood ILC populations expressed HLA-
DR and co-stimulatory ligands. ILC subsets were sort purified from control blood
and expanded using a mixture of IL-2 (100 U/ml) and IL-7 (50 ng/ml) as described
in Chapter 3. HLA-DR and co-stimulatory ligand expression was assessed by flow

cytometry after 3-5 weeks of culture.

All three ILC subsets expressed high levels of HLA-DR following in vitro culture. 39.6
+ 4.8% of ILC3, 56.8 £+ 6.2% of ILC2 and 59.7 * 8.3% of ILC1 expressed HLA-DR
(Figure 4.3A). We detected expression of co-stimulatory ligands CD80, CD86, 0X40L
and PD-L1 as observed in ex vivo ILC subsets (Figure 4.3B-D). Furthermore, we
observed expression of CD83, CD40 and CD70 by in vitro expanded ILC subsets
(Figure 4.3C and E). Comparison of ex vivo and in vitro cultured blood ILC subsets
revealed modulation of HLA-DR and co-stimulatory ligand expression following
culture. Compared to ex vivo blood ILC subsets, cultured ILC1, ILC2 and ILC3
expressed significantly higher levels of HLA-DR, CD80 and CD86. In contrast, 0X40L
expression was reduced on in vitro expanded compared to ex vivo ILC1, while no
significant differences were observed between in vitro cultured and ex vivo ILC2 and
ILC3. PD-L1 expression was significantly reduced on all in vitro cultured ILC subsets
compared to ex vivo ILCs (Figure 4.3F). Thus, in vitro cultured ILCs expressed higher

levels of class II-related genes compared to ex vivo ILC subsets.
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Figure 4.3: In vitro expanded blood ILCs express HLA-DR and co-stimulatory ligands. (A - E)
Representative FACS plots (left) and quantification (right) of HLA-DR and co-stimnulatory ligand
expression by blood ILC subsets expanded in vitro for 3-5 weeks with IL-2 (100 U/ml) and IL-7 (50
ng/ml). (F) Comparison of HLA-DR and co-stimulatory ligand expression between ex vivo and in vitro
expanded blood ILC subsets. Each dot in the plots represents an individual donor. Statistical
significance was determined by means of Mann-Whitney U tests. Bars represent mean + SEM. *p <

0.05. *p < 0.01. **p = 0.001.
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4.2.4 ILC1 show increased expression of HLA-DR in IBD compared to
control blood

Next we examined HLA-DR expression by blood and intestinal ILC subsets in control
and IBD patients. As shown in Figure 4.4A, there was higher expression of HLA-DR
amongst Lin"CD127* ILCs in IBD compared to control blood. Quantification of HLA-
DR expression by ILC subsets showed that HLA-DR expression amongst ILC1 was
significantly increased in blood from CD (48.1 + 6.6% HLA-DR*) and UC patients
(45.2 + 4.6% HLA-DR*) compared to healthy controls (12.8 + 5.2%). While there was
a trend towards increased HLA-DR expression by ILC2 and ILC3 in IBD blood this

difference did not reach statistical significance (Figure 4.4B).

In the intestinal lamina propria no significant differences in HLA-DR expression by
ILC subsets were observed between IBD and control patients. However, in contrast
to our findings in blood, there was a trend towards decreased HLA-DR expression by
colonic ILC3 in both CD and UC patients, but these differences were not statistically
significant (Figure 4.4C). Thus, our data point towards differences in HLA-DR
expression by ILC populations in IBD patients compared to uninflamed controls,
with potentially different regulation in peripheral blood compared to the intestinal

lamina propria.
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Figure 4.4: ILC1 have increased HLA-DR expression in IBD blood. FACS
analysis of HLA-DR expression by ex vivo blood and colonic ILCs from control
compared to IBD patients. (A) Representatve FACS plots showing HLA-DR
expression by total Lin"CD127* ILCs from control and IBD blood. (B + C)
Quantification of HLA-DR expression by ILC subsets from blood (B) and colon (C) of
control and IBD patients. Each dot in the plots represents an individual donor.
Statistical significance was determined by means of Mann-Whitney U tests. Bars
represent mean = SEM. **p < 0.01.

156



4.2.5 HLA-DR expression by ILCs is not regulated by IFNy

In view of the differential HLA-DR expression by ex vivo ILCs depending on tissue
environment (blood versus colon) and inflammation state (uninflamed versus IBD)
as well as the increased HLA-DR expression induced by in vitro culture, we wanted

to examine how HLA-DR expression by ILCs was regulated.

Due to its well-documented role as an inducer of MHC class II expression, we initially
wanted to examine whether IFNy was involved in the regulation of HLA-DR
expression by human ILC subsets (386,387). In vitro expanded ILC subsets were
stimulated with IFNy (1ng/ml) for 24h, followed by flow cytometric analysis. No
significant differences in HLA-DR expression could be detected in I[FNy-stimulated
ILC1, ILC2 or ILC3 compared to unstimulated controls (Figure 4.5A-C). Similarly,
expression of the co-stimulatory ligands CD80 and CD86 by ILC subsets was
unaffected following stimulation with IFNy (Figure 4.5D-I). Stimulation of total
PBMCs with varying doses of IFNy (0.1 ng/ml; 1 ng/ml; and 10 ng/ml) for 24h
confirmed that the cytokine used was bioactive. We observed upregulation of CD86
expression both by bulk PBMCs as well as CD14* monocytes in response to IFNy
stimulation (Figure 4.5]). Thus, HLA-DR and co-stimulatory ligand expression by

ILCs appear to be regulated in an IFNy-independent manner.

4.2.6 Cytokine-dependent regulation of HLA-DR expression by ILCs

We next wanted to examine whether other cytokines may play a role in the
modulation of HLA-DR and co-stimulatory ligand expression by ILCs. Published data
indicate that ILC1 are highly responsive to stimulation with [L-12, IL-15 or IL-18,

while ILC2 are activated by IL-25 and IL-33 and ILC3 are responsive to stimulation
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with IL-1B8 and IL-23 (16,185,189,196). qRT-PCR analysis of cytokine receptor
expression by ex vivo sorted ILC populations confirmed enrichment of IL2Z3R and
IL1R1 expression by ILC3, while ILC2 expressed highest levels of IL1RL1, the gene
encoding IL-33R/ST2 (Figure 4.6A). All three ILC subsets expressed IL12RBI,
although ILC2 expressed lower levels compared to ILC1 and ILC3. Similarly,

expression of IL6R transcripts was detected in all three ILC subsets.

We stimulated in vitro expanded blood ILC1, ILC2 and ILC3 overnight with
combinations of IL-1B, IL-23, IL-6 as well as with IL-33, [L-12, IL-15 and TNFa,
followed by flow cytometric analysis of HLA-DR expression. We detected
upregulation of HLA-DR expression by ILC3 stimulated with IL-1(, IL-23, IL-1p + IL-
23 as well as TNFa (Figure 4.6B). In vitro expanded ILC2 expressed increased levels
of HLA-DR following stimulation with [L-33 and TNFa (Figure 4.6C). Finally,
stimulation of ILC1 with IL-15 resulted in increased expression of HLA-DR (Figure
4.6D). Furthermore, ex vivo blood ILC3 stimulated overnight with IL-1f, IL-6 and IL-
23 alone or in combination resulted in increased expression on mRNA level of HLA-
DRA and HLA-DMA as well as of the co-stimulatory ligands CD80 and TNFSF4
(encoding 0X40L) (Figure 4.6E). Similarly, overnight stimulation of in vitro
expanded colonic ILC3 with IL-1B and IL-23 resulted in upregulation of HLA-DR

expression as assessed by flow cytometry (Figure 4.6F).

Taken together, these results indicate HLA-DR and co-stimulatory ligand expression

by human ILCs may be regulated by different cytokines specific for each ILC subset,

but not by IFNy.
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Figure 4.5. IFNy-independent regulation of ILC MHC class Il and co-stimulatory ligand
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4.2.7 ILCs take up and process exogenous protein antigen

Due to their expression of HLA-DR and co-stimulatory ligands, we next investigated
whether ILCs were capable of taking up and processing exogenous antigen. DQ-OVA
is a self-quenching protein that, upon cellular uptake and proteolytic digestion in the
endosomal pathway, becomes fluorescent and detectable by flow cytometry, thus
allowing quantification of protein antigen uptake and processing (Figure 4.7A). In
vitro expanded blood ILC1, ILC2 or ILC3 were incubated with DQ-OVA for 4h at 37°C
to allow proteolysis or on ice in order to quench phagocytic and proteolytic activity.
Monocytes and B cells were used as positive antigen-processing control populations,

total CD3* T cells and cNK cells as negative control populations.

Incubation of ILC3, ILC2, ILC1, monocytes and B cells with DQ-OVA at 37°C resulted
in a clear shift in fluorescein isothiocyanide (FITC) fluorescence, whereas only a
small shift was observed for cNK cells and T cells (Figure 4.7B). Quantification of
FITC fluorescence (normalized to FITC signal on ice) indicated that the capacity of
ILCs to take up and process DQ-OVA was lower than that of monocytes, but similar to
that of B cells and significantly increased compared to T cells and cNK cells (Figure
4.7C). Similar results were obtained in an experiment using in vitro expanded colonic

ILC3 and ILC1 (Figure 4.7D).

Finally, we confirmed these findings by means of a phagocytosis assay using FITC-
coated latex beads. Similar to the DQ-OVA assay, in vitro expanded blood ILCs had a
capacity to take up phagocytosis beads that was intermediate between monocytes
and T cells (Figure 4.7E). Therefore, these data suggest that ILCs can take up and

process protein antigen.
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Figure 4.7. ILCs can take up and proteolytically process protein antigen. (A) Schematic
representation of the principle underlying the DQ-OVA assay. DQ-OVA is a self-quenching
OVA-conjugate that, upon cellular uptake and proteolytic digestion in the endosomal pathway,
becomes fluoerescent and detectable by flow cytometry, thus allowing quantification of protein
antigen uptake and processing. (B) Representative FACS plots depicting FITC fluorescence of
DQ-OVA in in vitro expanded ILCs or control populations incubated on ice or at 37°C. (C)
Quantification of FITC fluorescence in ILCs and control populations from human blood. (D)
Quantification of FITC fluorescence in in vitro expanded ILCs and control populations from
human intestinal lamina propria. (E) ILCs and control populations were incubated overnight with
FITC-coated phagocytosis beads followed by flow cytometry analysis. Quantification of
percentage of FITC-expressing cells. Each dot in the plots represents an individual donor.
Statistical significance was determined by means of Mann-Whitney U tests. Bars represent
mean = SEM. *p < 0.05.
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4.2.8 Establishment of antigen-specific memory CD4+ T cell lines

Thus far our data have shown that human ILC populations localize in proximity to
CD3* T cell aggregates in the intestinal lamina propria (Chapter 3), express HLA-DR
and co-stimulatory ligands and can take up and process model antigens. We next
wished to investigate the potential functional effects of HLA-DR-mediated antigen

presentation by ILCs to CD4+* T cells.

As a large proportion of CD4* T cells resident in the intestinal lamina propria are
memory cells that have already encountered cognate antigen (388), we aimed to
model a situation of ILC-mediated antigen presentation to memory CD4* T cells.
Non-typhoidal Salmonella enterica infections are a leading cause of human
gastroenteritis, accounting for an estimated 93.8 x 10° cases world-wide annually
(389). CD4* T cells undergo a drastic expansion following Salmonella infection and
production of Th1 and Th17 effector cytokines is thought to play an important role
in the resolution of infection (390). As a result of wide exposure, we reasoned that
Salmonella-specific memory CD4* T cells would be present in a high proportion of

individuals.

Our strategy for isolation and expansion of Salmonella-specific memory CD4+* T cells
is outlined in Figures 4.8 and 4.9. In order to avoid HLA mismatch and allogenicity-
dependent T cell proliferation, we isolated autologous memory CD4* T cells, ILC
subsets and monocytes from the same donors. ILC subsets were sort purified and
expanded with a mixture of IL-2 (100 U/ml) and IL-7 (50 ng/ml) as described in
Chapter 3. Memory CD4* T cells in human peripheral blood were defined
phenotypically as CD45*CD8CD4*CD45RA-CD45R0O* cells and FACS sorted to

purities 299.9% (Figure 4.9A). Monocytes were isolated using an adherence method
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in combination with MACS purification, yielding purities 295.0% (Figure 4.9B).
Monocytes were irradiated (45 Gy) and pulsed with Salmonella lysate for 6-8 hours
to allow for antigen uptake and processing. Memory CD4* T cells and antigen-pulsed
monocytes were then combined into co-cultures, allowing Salmonella-responsive
CD4+* T cells to expand. Co-cultures without addition of bacterial antigen were used
as negative controls for CD4* T cell proliferation (Figure 4.8A). After 10 days, the co-
cultures were terminated and Salmonella-responsive CD4*T cells were FACS sorted
as CFSE-CD8-:CD14-CD4*Inducible T-cell co-stimulator (ICOS)hish cells (Figure 4.9C).
Sorted cells were expanded further by means of stimulation with CD3/CD28
dynabeads beads and IL-2 (200 U/ml). After 5-7 days of culture, the expanded
Salmonella-specific CD4* T cells were recovered and flow cytometry analysis
indicated that they had retained a pure CD3*CD8-:CD4* phenotype (Figure 4.9D). The
Salmonella-specific CD4* T cells were starved overnight in order to reduce
background proliferation induced by the expansion protocol and re-labelled with

CFSE.

In order to assess the ability of ILC subsets to activate antigen-specific CD4* memory
T cells, autologous in vitro expanded ILC1, ILC2 or ILC3 were irradiated (45Gy),
pulsed with Salmonella lysate for 6-8 hours and co-cultured with the expanded
CFSE-labelled Salmonella-responsive CD4* T cells for 5 days. Read-outs for CD4+ T
cell activation included proliferation as assessed by CFSE dilution, expression of
surface activation markers (ICOS, CD25, 0X40, PD-1, CD127), transcription factors
(T-bet, Eomes, GATA3, Foxp3) and cytokines (IL-2, IL-17A, [L-22, GM-CSF, IFNy, IL-4,
IL-5, TNFa, IL-10). Irradiated antigen-pulsed autologous monocytes were used as
positive controls for the induction of Salmonella-specific CD4* T cell activation. ILCs

or monocytes pulsed with Bifidobacteria lysate (an unrelated bacterial species) were

164



used to control for the specificity of CD4+* T cell responses, while stimulation of co-
cultures with SEB served as a positive control for the induction of CD4* T cell

proliferation (Figure 4.8B).
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Figure 4.8: Establishment of antigen-specific CD4* T cell assays. (A) Schematic
representation of primary expansion of antigen-specific memory CD4" T cells isolated from
peripheral blood. FACS sorted CD4*CD45RO" memory T cells were labelled with CFSE and
stimulated in vitro for 10 days with irradiated autologous monocytes pulsed with Salmonella (SM)
lysate antigen. In the presence of SM antigen, rare SM-specific CD4* T cells become activated and
undergo clonal expansion, which is detectable as dilution of CFSE signal by flow cytometry (right).
In the absence of antigen, no CD4* T cell proliferation is observed (left). SM-responsive
(CFSENe9atve) CD4* T cells were re-sorted using FACS and expanded further in vitro using CD3/
CD28 activator beads. (B) Schematic representation of re-stimulation of in vitro epanded SM-
specific memory CD4* T cells. The capacity of ILCs to activate SM-responsive CD4" T cells was
tested in direct comparison to monocytes. Read-outs for CD4* T cell activation included proliferation
as measured by CFSE dilution, expression of surface activation markers, cytokine production and
TF expression. In vitro expanded SM-specific CD4" T cells were again labelled with CFSE and co-
cultured for 5 days with irradiated monocytes or ILCs pulsed with SM lysate. Monocytes/ILCs
pulsed with the unrelated antigen Bifidobacterium (Bif) lysate were used as controls for the
specificity of CD4* T cell responses. Monocytes/ILCs pulsed with SEB were used as positive
controls for the induction of T cell proliferation.
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Figure 4.9: Expansion of Salmonella-responsive memory CD4* T cells. (A) Representative
FACS plots showing sort strategy for blood memory CD4* T cells pre-enriched using MACS. (B)
Representative FACS plots showing monocyte purity following MACS enrichment. (C)
Representative FACS plots showing re-sort of Salmonella (SM)-responsive CD4* T cells based on
CFSE dilution following expansion with SM lysate-pulsed autologous monocytes. (D) Representative
FACS plots showing surface characterisation of SM-specific CD4* T cells following further
expansion using CD3/CD28 activator beads and IL-2 (200 U/ml).
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4.2.9 ILCs pulsed with Salmonella lysate do not directly activate Salmonella-
specific memory CD4+ T cells

Flow cytometry analysis showed that co-culture of Salmonella-specific CD4+ T cells
with SEB-pulsed ILCs or monocytes induced vigorous proliferation as measured by
CFSE dilution and upregulation of the cell surface activation markers ICOS, CD25 and
0X40. In contrast, Salmonella-specific CD4* T cells co-cultured with monocytes or
ILCs pulsed with Bifidobacterium lysate did not proliferate or display an activated
surface phenotype (Figure 4.10A-F). These results indicated that the CD4* T cells
were capable of proliferation in response to stimulation with superantigen, but
showed restricted antigen specificity due to unresponsiveness to stimulation with an
unrelated antigen. Confirming the specificity of the CD4+* T cell lines, co-culture with
Salmonella lysate-pulsed monocytes induced T cell proliferation at levels equivalent
to SEB stimulation as well as upregulation of activation marker expression. In
contrast, no increase in CD4* T cell proliferation or expression of activation markers
was detected following co-culture with ILCs that had been pulsed with Salmonella

lysate.

Examination of transcription factor expression by Salmonella-specific CD4* T cells in
the different co-culture conditions yielded similar results. As expected, stimulation
of CD4+ T cells with SEB-pulsed ILCs or monocytes induced upregulation of T-bet,
Eomes, GATA3 and Foxp3 expression (Figure 4.11A and B). In contrast, transcription
factor expression by CD4+ T cells remained low following co-culture with ILCs or
monocytes pulsed with Bifidobacterium lysate. Stimulation of CD4+* T cells with
Salmonella lysate-pulsed monocytes induced clear upregulation of T-bet and Foxp3

expression, however, in contrast stimulation of CD4* T cells with Salmonella lysate-
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pulsed ILCs did not yield detectable upregulation of transcription factor expression

(Figure 4.11C-F).

Finally, we analysed expression of CD4* T cell-derived cytokines following
PMA/ionomycin stimulation and ICS at the end of the co-cultures. Salmonella-
specific CD4* T cells stimulated with SEB-pulsed ILCs or monocytes showed clear
upregulation of several cytokines, including GM-CSF, IL-5, IL-2 and TNFa (Figure
4.12A-C). In contrast, CD4* T cells stimulated with ILCs or monocytes pulsed with
Bifidobacterium lysate expressed lower levels of these cytokines. Co-culture of CD4+
T cells with Salmonella lysate-pulsed monocytes induced robust upregulation of
cytokine production (Figure 4.12D-G). However, no increase in cytokine expression
compared to unrelated antigen control was detected when CD4* T cells were

stimulated with Salmonella lysate-pulsed ILCs.

Flow cytometry analysis of the in vitro expanded ILC subsets showed that they
expressed high levels of HLA-DR and CD86, whereas there was no detectable
expression of the inhibitory ligands PD-L1 or PD-L2 (Figure 4.13A). However, direct
comparison of HLA-DR expression by in vitro expanded blood ILC subsets in
comparison to CD14* monocytes indicated that ILCs expressed much lower levels of
HLA-DR than professional APCs (Figure 4.13B). Thus, while ILCs clearly expressed
HLA-DR, perhaps the density of surface HLA-DR molecules on ILCs may not be

sufficiently high to enable efficient presentation of antigen to CD4* T cells.

Thus, our findings indicate that in contrast to monocytes, in vitro expanded blood
ILC populations pulsed with protein antigen do not functionally operate as APCs and

do not stimulate antigen-specific memory CD4* T cell responses.
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Figure 4.10: ILCs do not mediate antigen-specific memory CD4* T cell
activation. CD14* monocyte or in vifro expanded ILC subsets were pulsed with
Salmonella (SM) lysate, Bifidobacterium (Bif) lysate (negative control) or SEB (positive
control) for 6-8 hours before co-culture with CFSE-labelled SM-specific CD4* T cells
for 5d. (A + B) Representative FACS plots showing CFSE dilution and expression of
ICOS, CD25 and CD127 by T cells co-cultured with SM-lysate pulsed ILC3 (blue) or
monocytes (red). (C - F) Quantification of T cell expression of CFSE (C), ICOS (D),
CD25 (E) and OX40 (F) following re-stimulation with ILC subsets or monocytes
pusled with SM lysate, Bif lysate or SEB. Data are derived from n = 2 - 5 donors.
Statistical significance was determined by means of Mann-Whitney U tests. Bars
represent mean = SEM. *p < 0.05. **p < 0.01.
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Figure 4.11: ILCs do not enhance TF expression by antigen-specific memory CD4* T
cell. CD14" monocyte or in vitro expanded ILC subsets were pulsed with Salmonella (SM)
lysate, Bifidobacteria (Bif) lysate (negative control) or SEB (positive control) for 6-8 hours before
co-culture with CFSE-labelled SM-specific CD4* T cells for 5d. (A + B) Representative FACS
plots showing TF expression by T cells co-cultured with SM-lysate pulsed ILC3 (blue) or
monocytes (red). (C - F) Quantification of T cell expression of Tbet (C), Eomes (D), GATA3
(E) and Foxp3 (F) following re-stimulation with ILC subsets or monocytes pusled with SM lysate,
Bif lysate or SEB. Data represent n = 2 donors. Bars represent mean + SEM.
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Figure 4.12: ILCs do not induce cytokine production in antigen-specific memory CD4* T
cells. CD14* monocyte or in vitro expanded ILC subsets were pulsed with Salmonella (SM)
lysate, Bifidobacteria (Bif) lysate (negative control) or SEB (positive control) for 6-8 hours before
co-culture with CFSE-labelled SM-specific CD4* T cells for 5d. (A - C) Representative FACS plots
showing cytokine expression by T cells co-cultured with SM-lysate pulsed ILC3 (blue) or
monocytes (red). (D - G) Following co-culture, cells were retrieved and stimulated with PMA/
ionomycin for 4h in the presence of Golgistop/Golgiplug. This was followed by ICS and flow
cytometry analysis. Quantification of CD4" T cell expression of GM-CSF (D), IL-5 (E), IL-2 (F)
and TNFa (G). Each dot in the plots represents an individual donor. Data obtained from n = 2
donors. Bars represent mean £ SEM.
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Figure 4.13: ILCs used in T cell assays express high levels of HLA-DR and
CD86. (A)Representative FACS plots indicating HLA-DR and co-stimulatory ligand
expression by in vitro expanded blood ILC subsets. Gates were set according to
unstained controls. (B) Representative FACS plot of HLA-DR expression by in vitro
cultured blood ILC subsets and MACS purified blood monocytes used in T cell assays.
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4.3 Discussion

Our results indicate that ex vivo ILC populations in human blood and the intestinal
lamina propria as well in vitro expanded blood ILC subsets express HLA-DR and co-
stimulatory ligands. In the colon, ILC3 were found to contain the highest proportion
of HLA-DR expressing cells, with intermediate expression by ILC1 and lowest
expression by ILC2. A similar distribution of HLA-DR expression among mouse ILC
subsets has been reported by Hepworth et al., with small intestinal (SI) RORyt*T-
bet and RORyt*T-bet* ILC3 populations containing a significantly higher percentage
of HLA-DR* cells compared to ILC2 or RORyt ILC1 (164). Confirming the potential
for ILC expression of MHC class II, during the course of this study several reports
examining the function of MHC class II expression by murine ILCs were published
(145,146,164,165,391). Our data reveal novel features of human ILC biology relating

to HLA-DR and co-stimulatory ligand expression.

Compared to blood ILCs, HLA-DR expression was enriched in intestinal lamina
propria-resident ILCs. In line with this finding, a potential role for tissue
environment-dependent factors in the regulation of MHC class Il expression by
murine ILCs has been highlighted in recent reports (146,164). Approximately 80%
of ILC2 in the MLN and PP of naive C57Bl/6 mice express MHC class II, while only
approximately 60% of splenic and lung ILC2 and 30% of peritoneal ILC2 express
MHC class II, indicating that ILC2 have a relatively wide range of MHC class II
expression depending on their tissue residency (146). A similar tissue-dependence
of MHC class Il expression seems to apply to murine ILC3. While approximately 72%
of ILC3 in MLNs express MHC class II, only approximately 3-36% of ILC3 in spleen,
PP, SI, lung and thymus express MHC class II (164). It is unclear what drives these

differences in ILC MHC class II expression in different tissue sites. Our data indicate
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that cytokines can regulate HLA-DR expression by human ILCs (see below) and it is
conceivable that local differences in the cytokine environment may contribute to

tissue-dependent differences in MHC class Il expression by ILCs.

Our data indicate that HLA-DR expression amongst ILC1 is significantly increased in
the blood of both CD and UC patients compared to healthy controls. While there was
a trend towards increased expression of HLA-DR by ILC3 and ILC2 in IBD blood, this
did not reach statistical significance. In contrast to the blood compartment, no
significant differences in HLA-DR expression by intestinal ILCs were observed
between uninflamed controls and IBD patients. However, there was a possible trend
towards decreased HLA-DR expression in IBD. It is conceivable that the selective
upregulation of HLA-DR expression by ILC1 in IBD blood may result from a pro-
inflammatory cytokine environment in human blood that favours ILC1 activation.
For example, increased serum levels of IL-15 have been reported in both CD and UC
patients (392) and our data have demonstrated a direct effect of IL-15 in driving
HLA-DR upregulation by ILC1. In addition, we and others have shown that ILC1
accumulate in the inflamed intestinal lamina propria of CD patients (Chapter 3). An
increased redistribution of HLA-DR* ILC1 from tissue to blood through lymph under
inflammatory conditions may occur and could also contribute the observed increase

in HLA-DR expressing ILC1 in CD blood.

The decreased expression of HLA-DR by intestinal ILCs in an inflammatory setting
seems somewhat counterintuitive and would need to be confirmed by means of a
larger sample size. However, in line with our findings recently published data
showed lower HLA-DR expression by ILC3 in the inflamed colon of early-onset

paediatric IBD patients compared to uninflamed controls (165).
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Stimulation of in vitro expanded ILCs with IFNy did not induce upregulation of HLA-
DR or co-stimulatory ligand expression by in vitro cultured ILCs, suggesting that
HLA-DR expression in this cell type may be regulated in an [FNy-independent
manner. However, our results indicate that other cytokines can regulate HLA-DR
expression by ILC subsets. ILC3 upregulated HLA-DR expression following overnight
stimulation with IL-1, IL-6, IL-23 and TNFa, while ILC2 expressed higher levels of
HLA-DR following stimulation with IL-33 and TNFq, and ILC1 upregulated HLA-DR
expression following stimulation with IL-15. It is conceivable that differences in the
expression levels of these cytokines between tissue sites (blood, intestinal lamina
propria) and inflammation states (control, CD, UC) may account for the above-
discussed differences in HLA-DR expression between colonic and blood ILCs and

between ILCs from IBD patients compared to uninflamed controls.

In line with our observations, recently published evidence points towards an IFNy-
independent regulation of MHC class Il expression in colonic and MLN-resident ILC3
in the mouse (165). Expression of MHC class II, CD80 or CD86 by ILC3 was shown to
be unaffected following in vitro stimulation of whole LPMC suspensions with IFNy.
Furthermore, in mice deficient for IFNy, IFNyR1 or STAT1 in vivo MHC class II
expression by ILC3 is unchanged compared to wildtype mice. Moreover, a recent
study identified a role for IL-1f in the regulation of MHC class II and co-stimulatory
ligand expression in ex vivo and in vitro generated mouse ILC3 (391), similar to our
finding for human ILC3. However, it is unclear from this report whether IL-1f3
directly drives MHC class Il upregulation by ILC3, since IL-1f stimulation also elicits
production of other pro-inflammatory cytokines (TNFa, GM-CSF) by ILC3 (391),
which may affect MHC class II expression. Similarly, it is unclear whether the

observed cytokine-mediated enhancement of ILC HLA-DR expression observed in
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our experiments is a direct effect or potentially mediated indirectly via induction of
(an)other key cytokine(s) capable of modulating HLA-DR expression in an autocrine
manner. This highlights the need for further investigation into the mechanistic
details of how MHC class Il expression is regulated in ILCs. A requirement for class II
transactivator (CIITA), a master transcriptional regulator of MHC class Il expression,
in driving MHC class II expression by ILC3 has been demonstrated (165). However,
in contrast to MHC class II expression in professional APCs such as DCs and B cells,
which is dependent on the plIl promoter of the Ciita gene, ILC3 rely on the pIV
promoter of Ciita (165). Future work would aim to elucidate whether the cytokines
we identified as regulators of HLA-DR expression by human ILC3 exert their function
through pIV and CIITA, and whether similar mechanisms also apply to ILC2 and ILC1

populations.

Our findings indicated that, following in vitro expansion, a higher proportion of ILCs
appeared to express HLA-DR and co-stimulatory ligands CD80 and CD86 compared
to ex vivo ILCs. It is unclear from our experiments whether the observed increase in
HLA-DR expression by in vitro cultured ILCs is the result of a dynamic regulation of
HLA-DR expression, for example mediated by cytokines present in the cultures, or
whether it represents selective outgrowth of a population of HLA-DR* ILCs distinct
from HLA-DR-ILCs. Murine ILC2 have been shown to acquire MHC class II from
professional APCs by means of trogocytosis (146). However, it is unlikely that the
increase in HLA-DR expression we observed can be explained by trogocytosis-
mediated acquisition of HLA-DR from APCs present in the mix of feeder cells used for
the cultures. Experiments using CFSE-labelled irradiated feeders indicated that these
cells usually disappeared from the cultures by week 2 (data not shown). In view of

the high proliferation rates of [L-2/IL-7-fed ILCs in vitro, membrane turnover would

177



be too high to allow detection of significant increases in HLA-DR expression due to

trogocytosis at the later analysis time points of week 3-5 that we used in this study.

Investigating the functional effects of HLA-DR expression by human ILCs, our
experiments using DQ-OVA and phagocytosis assays showed that in vitro expanded
ILC populations could take up and process protein antigen, at levels equivalent to B
cells but significantly lower than professional APCs such as monocytes. These data
are in agreement with recent reports of uptake and processing of DQ-OVA and
phagocytosis beads by murine ILC2 and ILC3 (146,164,391). Furthermore, two
independent murine studies have investigated the capacity of ILC2 and ILC3 to
successfully load peptides from exogenous protein antigen onto MHC class II
(146,164). ILC2 and ILC3 pulsed with the GFP-labelled protein Ea were stained with
Y-Ae antibody, which is specific for the Ea-derived peptide Easz.6s bound to MHC
class II. A clear GFP/Y-Ae double positive population of cells was detectable using
flow cytometry (146,164). This supports the idea that ILC2 and ILC3 are indeed
capable of processing ingested protein antigens and load them onto MHC class II for
presentation to CD4+* T cells, although the efficiency at which ILCs were shown to do

this is much lower than that of professional APCs.

Testing the functional effects of ILC-mediated antigen presentation, we found that,
unlike monocytes, in vitro expanded ILC1, ILC2 and ILC3 pulsed with Salmonella
lysate were unable to effectively activate Salmonella-specific memory CD4* T cells as
assessed through examination of T cell proliferation and expression of surface
activation markers, cytokines and transcription factors. Our data indicate that this
effect occurred in spite of high expression of HLA-DR and co-stimulatory ligands by

the ILC subsets used in the assays. Our results contradict a recent report of
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activatory ILC2-mediated antigen presentation to CD4* T cells (146). Human ILC2
pulsed with the house dust mite-derived peptide DRB15 were shown to induce IL-4,
IL-13 and IFNy expression in house dust mite-specific CD4* T cell lines in vitro.
Potential effects of ILC2-mediated antigen presentation on CD4* T cell proliferation

were not discussed in this study (146).

Similarly opposing findings have been made regarding the capacity of murine ILCs to
drive MHC class II-dependent activation of antigen-specific CD4+* T cells
(summarized in Table 4.1). ILC3 from the mouse small intestine have been reported
to successfully take up and process OVA antigen, yet they fail to induce proliferation
of antigen-specific OTII-transgenic CD4* T cells in co-cultures in vitro (164). These
data are in direct contrast to a publication in which MHC class Il-dependent
presentation of OVA peptide by splenic RORyt* NKR- ILC3 resulted in OTII-
transgenic splenic CD4* T cell activation and proliferation in vitro (391).
Furthermore, murine ILC2 have been shown to present OVA-derived peptide to
OVA-specific CD4* T cells in vitro, resulting in T cell proliferation and induction of

Type 2 cytokine production (145,146).
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Table 4.1: Overview of murine in vitro and in vivo experiments testing the

capacity of ILCs to activate antigen-specific CD4* T cells

ILC ILC Type of Tissue Tissue CD4+T References
population origin antigen environment environment cell
from which during in vivo  activation

ILCs are experiments
derived for
in vitro
experiments
ILC3 SI Protein  Steady-state = -------- x (164)
ILC3 SI Peptide = -------- Steady-state x (164)
ILC3 Spleen  Peptide Steady-state  Inflammatory v (391)
(alum-
precipitated
OVA + CpG)
ILC3 Spleen  Protein Steady-state = -------- x (391)
ILC2 Lung Peptide Inflammatory Inflammatory v (145,146)
(IL-33 (N. brasiliensis
injected) infected or IL-
33 injected)
ILC2 Lung Protein Inflammatory  -------- x (145,146)
(IL-33
injected)

[t is unclear why such contradictory findings have been made regarding the outcome
of ILC-mediated antigen presentation to CD4* T cells. One possible explanation may
be a differential capacity of ILCs to present peptide versus protein antigens. While
mouse ILC2 can take up and process protein antigens, only ILC2 pulsed with OVA
peptide but not with whole OVA protein are capable of efficiently inducing
proliferation in OVA-specific CD4* T cells in vitro (145,146). It has been suggested
that antigen processing by ILC2Z may not occur at sufficiently high levels to
effectively induce T cell proliferation. Instead, in vivo ILC2 may mainly present
peptide antigens acquired through direct binding to MHC class II as well as through
trogocytosis from professional APCs (146). Similarly, in vitro splenic ILC3 have been

shown to induce proliferation and cytokine production in OTII-transgenic CD4* T
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cells efficiently when pulsed with OVA peptide but not OVA protein (391). Thus, the
discrepancy between our results and the above-mentioned report by Oliphant et al.
of human ILC2-mediated activation of antigen-specific CD4* T cells may be the
consequence of differences in the respective experimental set-ups. While the
Salmonella lysates we used in our assays consist mainly of whole protein antigens,
Oliphant et al. used house dust mite-derived peptide in their experiments. Future
work would aim to clarify the role of protein versus peptide antigen in our

experimental system.

However, this may be too simplistic an explanation as in vivo experiments using only
peptide-pulsed ILCs have reported discrepant outcomes regarding the ability of ILCs
to mediate CD4* T cell activation (164,165). Hepworth et al. have shown that MHC
class [I-mediated presentation of the commensal-derived CBirl peptide by intestinal
ILC3 suppresses the activation of CBirl-specific CD4* T cells in vivo (164,165). In
contrast to our finding of co-stimulatory ligand expression on human ILC3, no co-
stimulatory ligand expression was observed on small intestinal murine ILC3.
Antigen-presentation in the absence of co-stimulation may lead to the induction of
CD4+* T cell anergy. Indeed, MHC class II-mediated presentation of CBirl peptide to
CD4+* T cells by ILC3 in the MLN results in expression of the pro-apoptotic molecule
Bim in CD4* T cells and induction of apoptosis (165). Thus, these findings suggest a
tolerogenic role for intestinal ILC3 in the suppression of CD4* T cell responses to
commensal antigens. In line with this idea, ILC3-specific deletion of MHCII
expression in H2-Ab1/ x Rorcce mice results in immune hyperactivation under
steady-state conditions, characterised by an increased frequency of proliferating
CD4+* T cells and elevated levels of commensal bacteria-specific serum IgG (164). In

contrast, MHC class II-mediated presentation of OVA peptide by splenic ILC3 induces
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CD4+* T cell proliferation and cytokine secretion (391). Thus, at least in the case of
ILC3, a second possibility is that the observed experimental discrepancies are the
result of tissue-dependent differences in the capacity of ILCs to mediate CD4+ T cell
activation. While intestinal ILC3 may preferentially limit CD4* T cell responses to the
commensal microbiota, antigen presentation by peripheral ILC3 may induce CD4+ T
cell activation. In support of this hypothesis, peripheral ILC3 have been reported to
express higher levels of co-stimulatory ligands than intestinal ILC3 following

activation by IL-1 (391).

Future work would aim to systematically examine MHC class II and co-stimulatory
ligand expression by ILC populations in distinct tissue sites and to clarify whether
the proposed gut-specific tolerogenic function of ILC3 also applies to ILC2 and ILC1
populations. In contrast to ILC3, intestinal ILC2 have been shown to drive MHC class
[I-dependent activation of antigen-specific CD4+ T cells in vivo. Specific depletion of
ILC2 in N. brasiliensis infected mice results in a higher worm burden and delayed
worm clearance, which correlates with a decrease in IL-5 and IL-13-producing CD4+
T cells. Whilst adoptive transfer of wild-type ILC2 into recipient mice restores
efficient worm expulsion, transfer of MHC class II-deficient ILC2 does not (146). It is
thus conceivable that ILC2 may be differentially regulated than ILC3 and ILC1 in the
gut. While a role for ILC2 in promoting CD4* T cell activation may be beneficial in
response to intestinal helminth infections, an activatory function of ILC3 and ILC1 in
driving commensal-specific CD4* T cell responses could potentially lead to a

breakdown of host-commensal homeostasis and inflammatory pathology.
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Analysis of the published mouse studies indicates a third possibility to explain the
observed discrepancies in the outcomes of ILC-mediated antigen-presentation to
CD4+* T cells in vivo. In the case of ILC2, in vivo experiments were performed in the
context of N. brasiliensis infection, i.e. in an inflammatory setting characterised by
high expression of ILC2-activating cytokines such as IL-33 and IL-25 (146). Similarly,
the capacity of splenic ILC3 to activate antigen-specific CD4* T cells was tested in an
inflammatory context following adjuvant administration. In contrast, intestinal ILC3
antigen-presentation function was analysed under steady-state conditions
(164,165). It is conceivable that the capacity of ILCs to inhibit or activate CD4* T cells
through MHC class II-dependent presentation of peptide antigen may be modulated
by inflammatory signals, in particular in light of our observation that pro-
inflammatory cytokines can induce expression of HLA-DR by ILCs. It would be
interesting to investigate in the future whether in an inflammatory environment, as
is found in the intestine of IBD patients, the ability of ILCs to elicit antigen-specific

CD4+ T cell activation is altered.

In summary, our data suggest that, while ILCs express HLA-DR and co-stimulatory
ligands and are capable of taking up and proteolytically processing protein antigen,
they do not act as professional antigen presenting cells and fail to induce
proliferation, transcription factor expression or cytokine secretion in antigen-
specific memory CD4* T cells. Thus these data suggest that ILCs are unlikely to
contribute to the initiation of intestinal inflammation in IBD through direct

activation of pathogenic memory CD4* T cell responses.
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The seemingly contradictory findings in the literature regarding the capacity of MHC
class II-expressing ILCs to activate antigen-specific CD4* T cells may result from

(i) differences in how ILCs handle peptide versus protein antigens (in some settings,
ILCs can efficiently present peptide but not protein antigens)

(ii) tissue-dependent differences in the capacity of ILCs to elicit antigen-specific CD4+
T cell activation (splenic ILC3 promote CD4* T cell activation, while intestinal ILC3
do not)

(iii) inflammation-dependent differences in ILC functionality (‘inflammatory’ ILC2
drive antigen-specific CD4* T cell activation, while ‘steady-state’ ILC3 do not) and
(iv) potential inherent differences between ILC subsets (intestinal ILC2 elicit

antigen-specific CD4* T cell activation, while ILC3 promote CD4+* T cell tolerance).

Therefore further work is required to unravel the complexities of ILC and CD4* T cell

interactions in human IBD.
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Chapter 5: Reciprocal activation between ILCs and

monocytes

5.1 Introduction

ILCs are known to respond rapidly to myeloid- and epithelial-derived signals (147).
However, less is known about whether ILCs in turn can modulate activation and
effector functions of myeloid cells, with potential downstream effects also on

developing adaptive immune responses.

Early murine evidence suggested that direct bidirectional interactions between
intestinal ILC3 and DCs are required for clearance of C. rodentium infection in mice
(113). Protective immunity to C. rodentium infection is critically dependent on early
IL-22 production by intestinal ILC3 (100,115). ILC3-derived IL-22 is induced via IL-
23 secreted by CX3CR1* inflammatory macrophages and CD11b* DCs (110-112). In
vivo depletion of CX3CR1* macrophages leads to increased intestinal pathology and
increased mortality in response to C. rodentium infection, which is associated with
decreased IL-22 production by intestinal ILC3 and reduced downstream production
of the AMPs RegllIf3 and Regllly by IECs (110,111). Moreover, CXCL16 secreted by
intestinal CD11b* DCs has been implicated in the recruitment of IL-22 producing
CXCR6* ILC3 to the villus epithelium following C. rodentium infection. Ablation of
CXCL16-CXCR6 signalling in Rag1/- mice leads to selective loss of IL-22-producing
ILC3 in the villus lamina propria, associated with increased susceptibility to
C.rodentium infection (112). A positive feedback loop dependent on direct
interactions between LTa1f32* ILC3 and LTBR* DCs in intestinal lymphoid follicles is
thought to be required for optimal IL-23-driven IL-22 production by ILC3 following

C. rodentium infection. Blockade of LT-LTBR-signalling by means of LTBR-Ig fusion
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protein treatment or ILC3-specific ablation of LT expression in RORyt-Ltb7- mice is
associated with reduced expression of DC-derived IL-23 and ILC3-derived IL-22 and
increased susceptibility to C. rodentium infection (113). Thus, bidirectional
interactions between ILC3 and macrophages/DCs are critical for defence against C.

rodentium infection.

Furthermore, it has been shown that crosstalk between intestinal RORyt*ILC3 and
DCs/macrophages is important for the maintenance of intestinal Treg and tolerance
to food antigens in the mouse (166). In steady-state colon RORyt*ILC3 are the main
producers of GM-CSF in response to IL-1f secreted by lamina propria-resident
macrophages. ILC3-derived GM-CSF in turn acts on colonic DCs and macrophages to
promote expression of tolerogenic modules required for the induction and
maintenance of Treg. Accordingly, colonic DCs and macrophages from ILC-deficient
Rag2/-112rg”/- mice show reduced expression of IL-10, TGF-B and Aldh1, associated
with a reduced number of CD4*Foxp3* Treg in the colonic lamina propria and
impaired establishment of oral tolerance to OVA. This phenotype can be rescued

through adoptive transfer of RORyt* ILC3 from Cfs2*/* but not Cfs2”/-mice (166).

In the case of ILC2, interactions between ILC2 and DCs were shown to be required
for optimal induction of Th2 responses in a model of papain-induced allergic lung
inflammation. ILC2-derived IL-13 induces CD11c* DCs to upregulate CD40 and
migrate to the mediastinal lymph node in a CCR7-dependent manner for the effective
induction of antigen-specific Tu2 responses. Roras9/%9 ‘staggerer’ mice with selective
deficiency of ILC2 have decreased counts of Tu2 cells in the mediastinal LN and lung
and reduced production of Tu2-cytokines following papain challenge, a phenotype

which can be rescued through adoptive transfer of wild-type but not IL-13-deficient
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ILC2 (144). Furthermore, it has been reported that ILC2-derived IL-13 contribute to
the maintenance of AAM in the lung, which are required for protective immunity in a

mouse model of secondary infection with the helminth N. brasiliensis (393).

Like their murine counterparts, human ILCs are responsive to stimulation with
myeloid-derived cytokines such as IL-1(, IL-12, IL-23, IL-15, IL-18, IL-25 and IL-33
(16,183,185,188,189,196,219). However, only one publication has shown direct
functional interactions between human ILCs and myeloid cells. Using in vitro co-
cultures of NKp44+ ILC3 and TLR-activated monocytes, Cella et al. have
demonstrated a direct role for myeloid cell-derived factors in the regulation of IL-22
production by human RORyt* ILC3 (183). A reciprocal role for human ILCs in the

regulation of myeloid cells has not been identified.

One of the major functions of myeloid populations is activation of antigen-specific
naive and memory CD4+T cell responses via the presentation of peptide antigen in
the context of MHC class Il molecules and provision of co-stimulatory signals. Here,
we examined whether human ILCs play a role in the modulation of these functions.
Using in vitro co-culture of human ILC populations and CD14* blood monocytes in
absence or presence of lipopolysaccharide (LPS) stimulation, we modelled the early
interactions that may occur between lamina propria-resident ILCs and infiltrating
monocytes and examine potential effects on monocyte HLA-DR and co-stimulatory
ligand expression as well as direct bactericidal activity. In a second step, we
investigated the functional effects of such ILC-monocyte interactions on CD4* T cell
activation using a system of soluble anti-CD3-mediated polyclonal T cell activation in

the presence of monocytes and/or ILC populations.
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5.2 Results

5.2.1 ILCs act directly and in synergy with LPS to induce monocyte
activation

In order to assess whether ILCs exerted an effect on antigen-presentation function
by monocytes, CD14* monocytes were co-cultured with in vitro expanded ILC1, ILC2
and ILC3 at a 1:1 ratio for 48h in the presence of exogenous IL-2 (100 U/ml) to
promote ILC survival. LPS (1pg/ml) was added as a comparative activator of
monocytes. LPS is a major cell wall constituent of gram-negative bacteria and, via
ligation of the TLR4-MD2 complex, induces NF-kB-dependent pro-inflammatory
modules in monocytes, including secretion of cytokines of the IL-1 and IL-12
families, IL-6, IL-15, GM-CSF and TNFa, and upregulation of the antigen-presentation
machinery (394). ILCs lack expression of CD14 and thus were unresponsive to direct

stimulation with LPS.

Flow cytometric analysis was used to examine expression of HLA-DR and co-
stimulatory ligands on monocytes following co-culture with ILCs (Figure 5.1A-C). No
significant change in the percentage of HLA-DR-expressing monocytes was detected
when monocytes were co-cultured with ILC3 alone. Monocyte-activation with LPS
induced a slight reduction in the proportion of HLA-DR-expressing monocytes,
which was not observed when ILC3 were also present (Figure 5.1D). Assessment of
HLA-DR mean fluorescence intensity (MFI) revealed that co-culture with ILC3
induced significant upregulation of HLA-DR expression on the monocytes. As
observed at the population level, LPS stimulation resulted in a downregulation of
HLA-DR. However, this was not seen in the presence of ILC3. Downregulation of

HLA-DR expression following LPS priming may seem surprising; however, published
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analysis of the kinetics of HLA-DR expression by human monocytes that were
primed in vitro with LPS for 24h showed that an initial upregulation of HLA-DR
expression within the first 12h post-priming was followed by prolonged

downregulation of HLA-DR expression (395).

Co-culture with ILC3 alone induced robust downregulation of CD14 expression on
the monocytes (Figure 5.1E). Stimulation with LPS alone induced upregulation of
monocyte CD14 expression to levels significantly higher than the baseline as has
been reported previously (396,397). This LPS-induced upregulation of CD14 was

observed also in the presence of ILC3.

Examination of monocyte proliferation using Ki67 staining indicated that co-culture
with ILC3 resulted in an increase in the percentage of Ki67-expressing cells. While
LPS stimulation alone did not significantly change monocyte proliferation compared
to baseline levels, stimulation with LPS in the presence of ILC3 led to significant

upregulation of Ki67 expression (Figure 5.1F).

Next, we assessed monocyte expression of the co-stimulatory ligands CD80, CD86,
0X40L and CD70 (Figure 5.1G-]). Co-culture with ILC3 significantly increased the
percentage of CD80-expressing monocytes and CD80 MFI (Figure 5.1G). In LPS-
treated monocytes there was a trend towards increased CD80 expression, although
this did not reach significance. However, a robust increase of CD80 expression by
monocytes was observed upon stimulation with LPS in the presence of ILC3, with a
trend towards a greater increase in expression compared to co-culture with ILC3
alone. This suggests that there may be a synergistic effect of IL.C3-derived factors

and LPS in the induction of CD80 expression on monocytes. While no change in the
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percentage of CD86-expressing monocytes was detected across the different culture
conditions, comparison of CD86 MFI showed significant upregulation of CD86
expression by monocytes following co-culture with ILC3 (Figure 5.1H). No change in
CD86 expression was detected following stimulation with LPS. LPS stimulation in the
presence of ILC3 did not result in further upregulation of CD86 expression, contrary
to the synergistic effect observed for regulation of CD80 expression. 0X40L
expression by monocytes showed no significant change following co-culture with
ILC3 alone (Figure 5.1I). However, OX40L expression was increased by LPS
stimulation and upregulated even more robustly when ILC3 were additionally
present, again suggesting a synergistic role for ILC3-derived factors and LPS in the
regulation of 0X40L expression by monocytes. CD70 expression by monocytes was
increased following co-culture with ILC3 on population level as well as on individual
cell basis (Figure 5.1]). LPS stimulation alone did not affect CD70 expression and did

not further increase ILC3-mediated upregulation of CD70 expression.

We obtained similar findings when monocytes were co-cultured with in vitro
expanded ILC2 and ILC1 (Figures 5.2 and 5.3). However, a direct comparison
indicated that the different ILC subsets exerted distinct effects on the monocytes
(Figure 5.4A-G). Under co-culture conditions in the presence of LPS, ILC3 were the
most potent drivers of monocyte proliferation and 0X40L and CD80 expression,
while ILC2 seemed to preferentially induce upregulation of CD86 and CD70
expression and downregulation of CD14 expression. ILC1-driven monocyte
activation was generally lower compared to the effects observed for ILC3 and ILC2,
however, ILC1 alone in the absence of LPS stimulation induced significantly higher

HLA-DR upregulation compared to the other ILC subsets.
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Figure 5.1: Co-culture with ILC3 drives monocyte activation. MACS purified monocytes and in
vitro expanded FACS purified ILC3 were co-cultured for 2 days in absence or presence of LPS
(1ug/ml) followed by flow cytometry analysis. (A - C). Representative FACS plots depicting monocyte
expression of CD80 and CD80 (A), OX40L and CD70 (B) and HLA-DR (C). (D) Quantification of
percentage (left) and MFI (right) of HLA-DR expression by monocytes. (E) Quantified MFI of CD14
expression by monocytes. (F) Quantification of percentage of Ki67 expressing monocytes. (G-J)
Quantification of percentage (left) and MFI (right) of CD80 (G), CD86 (H), OX40 (I) and CD70 (J)
expressing monocytes. Monocytes from n = 7 donors and ILCs from n = 7 donors were incubated
in an autologous or allogeneic system. No significant differences were observed between
autologous or allogeneic co-cultures. Data are pooled from two separate experiments. Statistical
significance was determined by means of Mann-Whitney U tests. Bars represent mean + SEM. *p <
0.05. **p < 0.01. ***p < 0.001. ***p=0.0001.
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Figure 5.2: Co-culture with ILC2 drives monocyte activation. MACS purified monocytes and in
vifro expanded FACS purified ILC2 were co-cultured as described before. (A) Quantification of
percentage (left) and MFI (right) of HLA-DR expression by monocytes. (B) Quantification of MFI of
monocyte CD14 expression. (C) Quantification of percentage of Ki67 expressing monocytes. (D)
Quantification of percentage (left) and MFI (right) of CD80 expressing monocytes. (E) Quantification
of percentage (left) and MFI (right) of CD86 expressing monocytes. (F) Quantification of
percentage (left) and MFI (right) of OX40L expressing monocytes. (G) Quantification of percentage
(left) and MFI (right) of CD70 expressing monocytes. Monocytes from n = 7 donors and ILCs from
n = 7 donors were incubated in an autologous or allogeneic system. No significant differences were
observed between autologous or allogeneic co-cultures. Data are pooled from two separate
experiments. Statistical significance was determined by means of Mann-Whitney U tests. Bars
represent mean + SEM. *p < 0.05. **p < 0.01. **p < 0.001.
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Figure 5.3: Co-culture with ILC1 drives monocyte activation. MACS purified monocytes and in
vitro expanded FACS purified ILCs were co-cultured as described before. (A) Quantification of HLA-
DR geoMean on monocytes. (B) Quantification of CD14 geoMean on monocytes. (C) Percentage
of Ki67 expressing monocytes. (D) Percentage (left) and MFI (right) of CD80 expressing
monocytes. (E) Percentage (left) and MFI (right) of CD86 expressing monocytes. (F) Percentage
(left) and MFI (right) of CD70 expressing monocytes. (G) Percentage (left) and MFI (right) of
OX40L expressing monocytes. Monocytes from n = 3 donors and ILCs from n = 3 donors were
incubated in an autologous or allogeneic system. No significant differences were observed between
autologous or allogeneic co-cultures. Statistical significance was determined by means of Mann-
Whitney U tests. Bars represent mean + SEM. *p < 0.05. **p < 0.01. ***p =< 0.001. ***p=< 0.0001.
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Figure 5.4: Different ILC subsets have distinct effects on monocyte activation. MACS purified
monocytes and in vitro expanded FACS purified ILCs were co-cultured in the presence of LPS as
described before. Comparison of (A) monocyte HLA-DR (MFI) (B) percentage of Ki67-expressing
monocytes (C) percentage (left) and MFI (right) of monocyte CD80 expression (D) percentage (left)
and MFI (right) of monocyte CD86 expresssion (E) percentage (left) and MFI (right) of monocyte
OX40L expression (F) percentage (left) and MFI (right) of monocyte CD70 expression following co-
culture with ILC3, ILC2 or ILC1 in presence of LPS (1ug/ml). Monocytes from n = 3 donors and ILCs
from n = 3 donors were incubated in an autologous or allogeneic system. No significant differences were
observed between autologous or allogeneic co-cultures. Statistical significance was determined by
means of Mann-Whitney U tests. Bars represent mean + SEM. *p < 0.05. **p < 0.01.
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In summary, these observations suggest that ILCs, in synergy with LPS, can promote
the proliferation and maturation of CD14* monocytes into CD14!°v¥ antigen-
presenting cells characterised by high expression of HLA-DR and co-stimulatory
molecules CD80, CD86, 0X40L and CD70. The different ILC subsets vary in their
capacity to induce monocyte proliferation and expression of individual co-

stimulatory ligands (Table 5.1).

Table 5.1: Different ILC subsets have distinct effects on monocyte activation

-LPS + LPS

Monocyte +ILC3 +ILC2 +ILC1 +ILC3 +ILC2 +ILC1
expression of

HLA-DR () () M M () M
CD14 v £ 47 v Y A Y
Proliferation M _ () M () ()
CDh80 () () () M t ()
CDh86 () M () () M ()
0X40L A — — M () ()
CD70 () () M () () M
YA 4 indicates statistically significant difference

A /VYW¥  indicates relatively increased upregulation
indicates no change compared to baseline expression level
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5.2.2 ILC-induced monocyte activation can be partially reduced by blockade
of pro-inflammatory cytokines

We next wished to elucidate the mechanism(s) by which ILCs can induce monocyte
activation and maturation. Signalling by the pro-inflammatory mediators IL-1(,
TNFa, IL-6 and GM-CSF was abrogated by high-dose treatment (10 pg/ml) with
blocking antibodies. Clinically utilized antibodies, anti-TNFa (Infliximab) and anti-
IL-6R (Tocilizumab) as well as commercially available purified anti-human IL-18 and
anti-human GM-CSF antibodies, were used in these experiments. Very similar results
were obtained in monocyte-ILC3 and monocyte-ILC2 co-cultures. Due to low cell
numbers, we were not able to perform these experiments with ILC1. Therefore, only
monocyte-ILC3 co-cultures will be discussed below.

In the absence of additional LPS stimulation, monocyte expression of HLA-DR was
significantly reduced by blockade of TNFa and GM-CSF signalling to levels similar to
the baseline expression level by untreated monocytes. In contrast, addition of anti-
IL-1B and anti-IL-6R antibodies showed no effect (Figure 5.5A). Treatment with
infliximab reversed the downregulation of CD14 induced by co-culture with ILC3,
resulting in CD14 expression that was even higher than baseline (Figure 5.5B).
Neutralization of all four cytokines led to reduced monocyte proliferation as
indicated by lower Ki67 expression, however, the strongest effects were observed
when IL-1f and GM-CSF signalling were blocked (Figure 5.5C). CD80 expression was
unaffected by addition of anti-IL-1B and anti-IL-6R antibodies. While a trend
towards upregulation of CD80 expression was seen following neutralization of GM-
CSF, this did not reach statistical significance. However, treatment with infliximab
led to a significant increase in CD80 expression (Figure 5.5D). Blockade of TNFa and
GM-CSF signalling lowered CD86 expression to levels similar to baseline expression

by untreated monocytes. No effect was seen following neutralization of IL-1f3 or IL-
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6R (Figure 5.5E). Similar to CD80, 0X40L expression was increased in the presence
of anti-TNFa and anti-GM-CSF antibodies, while blockade of IL-1f or IL-6 again had
no effect (Figure 5.5F). Finally, CD70 expression was reduced when infliximab was
present in the cultures, and increased following neutralization of IL-1f, whereas

anti-GM-CSF and anti-IL-6R treatment did not induce any changes (Figure 5.5G).

Very similar effects were observed when IL-1f3, TNFa, IL-6R and GM-CSF signalling
were blocked in co-cultures in which LPS was additionally present. Monocyte HLA-
DR expression was significantly lowered following administration of infliximab
(Figure 5.5H) and monocyte proliferation was reduced following neutralization of
TNFa, IL-1f and IL-6R (Figure 5.5]). Furthermore, expression of the co-stimulatory
ligands CD86 and CD70 was reduced in the presence of anti-TNFa and anti-GM-CSF
antibodies (Figure 5.5L and N). However, in contrast to co-culture conditions
without LPS, cytokine blockade generally only resulted in partial reduction of
surface marker expression that did not return to baseline expression levels, except
in the case of HLA-DR and Ki67 expression following TNFa blockade (Figure 5.5H).
Furthermore, in the presence of LPS, blockade of TNFa and GM-CSF signalling
appeared to have the opposite effect on expression of CD80 and 0X40L compared to
co-cultures in which LPS was not present, with a reduction seen in both CD80 and

0X40L expression (Figure 5.5K and M).

Thus, blocking experiments indicate that the augmentation of monocyte activation

observed in co-cultures with ILCs can be partially reversed through inhibition of

pro-inflammatory cytokine signalling.
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Figure 5.5: ILC-mediated augmentation of monocyte activation is reduced by blockade of
cytokine signaling. CD14* monocytes were co-cultured with In vitro expanded ILC3 (A - G) or
ILC3 + LPS (H - N) as described previously. Blocking antibodies directed against IL-1p, TNFa,
IL-6R and GM-CSF or an isotype control were added at the beginning of the culture. After 2 days
of culture, flow cytometry analysis was used to determine monocyte expression of HLA-DR,
CD80, CD86, OX40L, CD70, CD14 and Ki67. Isotype-treated controls were defined as 100%
activation and the blocking antibody-treated conditions were expressed as a percentage of this.
The dotted lines represent mean expression by untreated monocytes cultured without ILCs,
shown also as a percentage of the isotype treated controls. Monocytes from n = 4 donors and
ILCs from n = 4 donors were incubated in an autologous system. Statistical significance was
determined by means of Wilcoxon matched-pairs signed rank tests. Bars represent mean + SEM.
*p < 0.05.
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5.2.3 ILC3 enhance macrophage-mediated bacterial killing

In order to examine the functional implications of ILC-mediated monocyte
maturation, we assessed the microbicidal effector functions of monocyte-derived
macrophages (MDM) in an in vitro model of Salmonella typhimurium (S.
typhimurium) infection following stimulation with ILC-derived supernatants. S.
typhimurium is a gram-negative bacterium that causes a self-limiting gastroenteritis
in humans and depends on intracellular colonisation of macrophages, dendritic cells,
epithelial cells and fibroblasts for its replication and survival. Macrophages respond
to S. typhimurium infection by increasing their production of reactive oxygen and
nitrogen species, which leads to enhanced bacterial killing and eventually clearance

of the infection (398,399).

MDM were cultured overnight with supernatants derived from unstimulated ILC3 or
[L-23-stimulated ILC3, as well as unstimulated ILC2 or ILC1. Fibroblast and B cell
supernatants were included in comparison. This was followed by infection with S.
typhimurium at a multiplicity of infection (MOI) of 10. After 1h, extracellular bacteria
were killed by gentamicin treatment, MDM lysed and plated onto agar plates. The
number of colony forming units (CFU) recovered from the lysates was determined

the next day.

Pre-treatment with ILC3-derived supernatants increased the ability of MDM to
control S. typhimurium, as indicated by a decrease in the number of CFU recovered
per well. No further increase in Kkilling capacity was observed following MDM
treatment with the [L-23-stimulated ILC3 supernatants. A similar augmentation of
macrophage bactericidal capacity was observed following overnight stimulation

with ILC1 supernatants and fibroblast supernatants. In contrast, ILC2 supernatants
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did not enhance macrophage-dependent bacterial killing, which was equivalent to B

cells (Figure 5.6A and B).

Thus, soluble factors secreted by ILC3 and ILC1 are able to enhance the capacity of
macrophages to kill ingested bacteria, which may play a role in limiting bacterial

infections.
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Figure 5.6: ILC3 enhance macrophage-mediated bacterial killing. (A) Representative image of
bacterial colonies retrieved from Triton-X lysed macrophages. (B) Quantification of recovered bacterial
colonies/well. ILC3 supernatants were derived from n =7 donors, EBV B cell supernatant from n =1 donor
and all other supernatants from n = 3 donors. Data are pooled from two separate experiments. Statistical
significance was determined by means of Mann-Whitney U tests. Bars represent mean + SEM. *p < 0.05.
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5.2.4 Reciprocal activation of ILCs by monocytes

As discussed in Chapter 4, ex vivo ILCs from the blood and colon and in vitro
expanded blood ILCs can express co-stimulatory molecules such as CD80, CD86 and
0X40, whose expression on ILCs was regulated by cytokines such as IL-1, IL-15, IL-
23 and TNFa. Since activated monocytes are major producers of these cytokines, we
wanted to examine whether co-culture of monocytes and ILCs can influence ILC co-

stimulatory ligand expression.

In vitro expanded blood ILC1, ILC2 and ILC3 were labelled with CellTrace Violet and
co-cultured at a 1:1 ratio with MACS purified CD14* monocytes (* LPS) in the
presence of exogenous IL-2 (100 U/ml) to promote ILC survival. This was followed

by flow cytometry analysis after two days of culture (Figure 5.7A).

Co-culture of ILC3 and monocytes led to an increase in the percentage of ILC3
expressing CD80 and CD86, which were further increased by addition of LPS (Figure
5.7B and C). ILC3 alone were unresponsive to LPS stimulation, suggesting that the
LPS-mediated enhancement of ILC activation is an indirect effect that occurs via LPS-
induced activation of monocytes. ILC3 expression of both 0X40L and CD70 showed a
trend towards increase in co-cultures with monocytes, but neither difference was
statistically significant (Figure 5.7D and E). However, addition of LPS to the co-
cultures induced significant upregulation of 0X40L on ILC3. ILC3 CD70 expression
was similarly increased, but still did not reach statistical significance. Interestingly,
LPS-activated monocytes also promoted enhanced expression of CD25, the high-
affinity IL-2 receptor a chain, by ILC3, potentially rendering them more susceptible
to stimulation with IL-2, which is a potent proliferative factor for ILCs (Figure 5.7F).

Indeed, examination of ILC3 proliferation by means of CellTrace Violet dilution
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showed that ILC3 proliferated more vigorously in the presence of monocytes, which
was increased further following activation of the monocytes with LPS (Figure 5.7G).
This was reflected by increased absolute numbers of ILC3 (Figure 5.7H). In addition,
co-culture with both untreated and LPS-activated monocytes significantly reduced

the proportion of CD117-expressing ILC3 (Figure 5.71).

Co-culture of ILC2 and monocytes under conditions of LPS stimulation resulted in a
significant increase in the proportion of ILC2 that expressed CD86, CD70 and CD25
(Figure 5.8A-C, E and F), as well as a trend towards increased 0X40L expression and
ILC2 proliferation and absolute numbers (Figure 5.8D, G and H). No changes in ILC2
CD117 expression were detected (Figure 5.81). Similarly, co-culture of ILC1 with
monocytes under conditions of LPS stimulation induced an increase in the
proportion of ILC1 expressing CD86, 0X40L and CD25, but not CD80 or CD70 (Figure

5.9).
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Figure 5.7: Co-culture of monocytes and ILC3 increases ILC3 activation and proliferation. /n vitro
expanded CellTrace violet-labelled ILC3 and MACS purified CD14" monocytes were co-cultured in
absence or presence of LPS (1ug/ml) for 2 days, folowed by flow cytometry analysis. (A)
Representative FACS plots of ILC3 surface marker expression and CellTrace Violet dilution. (B - 1)
Quantification of ILC3 expressing CD80 (B), CD86 (C), OX40L (D), CD70 (E), CD25 (F), CellTrace Violet
(G), absolute counts (H) and CD117 (l). In (B-E), (F) and (l) ILCs from n = 7 donors and monocytes from
n = 7 donors were incubated in an autologous or allogeneic manner. No significant differences were
observed between autologous or allogeneic co-cultures. Data are pooled from two separate
experiments. In (G), ILCs from n = 4 donors and monocytes from n = 4 donors were incubated in an
allogeneic system. In (H), ILCs from n = 3 donors and monocytes from n =3 donors were incubated in
an autologous or allogeneic manner. Statistical significance was determined by means of Mann-
Whitney U tests. Bars represent mean £ SEM. *p <0.05. **p < 0.01. ***p < 0.001.
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Figure 5.8: Co-culture of monocytes and ILC2 increases ILC2 activation. /n vitro expanded CellTrace

violet-labelled ILC2 and MACS purified CD14" monocytes were co-cultured in absence or presence of LPS for
2 days, followed by flow cytometry analysis. (A) Representative FACS plots of surface marker expression and
CellTrace Violet dilution. (B - I) Quantification of ILC3 expressing CD80 (B), CD86 (C), OX40L (D), CD70 (E),
CD25 (F), CellTrace violet (G), absolute ILC2 count (H) and CD117 (l). In (B-E), (F) and (I) ILCs fromn =7
donors and monocytes from n = 7 donors were incubated in an autologous or allogeneic manner. No
significant differences were observed between autologous or allogeneic co-cultures. Data are pooled from two
separate experiments. In (G), ILCs from n = 4 donors and monocytes from n = 4 donors were incubated in an
allogeneic system. In (H), ILCs from n = 3 donors and monocytes from n =3 donors were incubated in an
autologous or allogeneic manner. Statistical significance was determined by means of Mann-Whitney U tests.
Bars represent mean + SEM. *p < 0.05. **p < 0.01.
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Figure 5.9: Co-culture of monocytes and ILC1 induces ILC1
activation. /In vitro expanded ILC1 and MACS purified CD14+ monocytes
were co-cultured in absence or presence of LPS for 2 days, followed by
flow cytometry analysis. Quantification of percentage of ILC1 expressing
CD80 (A), CD86 (B), OX40L (C), CD70 (D) and CD25 (E). ILCs from n =
3 donors and monocytes from n = 3 donors were incubated in an
autologous or allogeneic manner. No significant differences were
observed between autologous or allogeneic co-cultures. Statistical
significance was determined by means of Mann-Whithey U tests. Bars
represent mean + SEM. *p < 0.05.
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Thus, as summarized in Table 5.2, our findings indicate that monocytes, and in
particular LPS-stimulated monocytes, can induce a state of enhanced co-stimulatory
ligand expression on the different ILC subsets, increase their expression of CD25 and

augment their proliferative behaviour.

Table 5.2: (LPS-activated) monocytes drive ILC activation

+ Mono + Mono

-LPS + LPS
ILC expression ILC3 | ILC2 ILC1 +ILC3 +ILC2 +ILC1
of
CD25 A — — M M ()
Proliferation A _ NT M A NT
CDh80 M — — M — —
CDh86 A () () M M M
0X40L _ — — M () M
CD70 — () — () M ()
N indicates trend towards upregulation

A indicates statistically significant upregulation
indicates no change compared to baseline expression level
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5.2.5 Monocyte-dependent activation of ILCs is partially mediated by TNFq,
IL-1 and IL-6R signalling

In order to examine a potential mechanism by which monocytes induced ILC
activation, blocking antibodies directed against TNFa, IL-18, IL-6R and GM-CSF were
added to co-cultures of monocytes and CellTrace Violet-labelled ILC2 or ILC3 in the

presence of LPS.

As with monocytes (Figure 5.5), neutralization of TNFa strongly decreased
expression of CD80, 0X40L, CD70 and CD25 by ILC3, while treatment with anti-IL-1f3
antibody reduced ILC3 expression of CD80, 0X40L and CD70 and blockade of IL6R
decreased expression of 0X40L and CD25 (Figure 5.10A-D). Furthermore, ILC3
proliferation was partially inhibited by treatment with any of the four blocking
antibodies (Figure 5.10E). However, these effects were relatively mild and ILC3
activation remained considerably above baseline following antibody treatment. In
contrast, addition of blocking antibodies in co-cultures of ILC2 with monocytes had
much clearer effects. Blockade of TNFa and IL-6R significantly reduced ILC2
expression of 0X40L to levels comparable to baseline, and similar trends were
observed for CD80 and CD70 (Figure 5.10F-H). Furthermore, anti-TNFa and anti-IL-
6R treatment both decreased CD25 expression and proliferation by ILC2 (Figure
5.10I and ]). In contrast to ILC3, ILC2 were completely unaffected by treatment with
anti-IL1B antibody, which is consistent with their lower expression of IL1RI

transcript (see Chapter 4).
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Thus, our findings indicate that monocyte-dependent activation of ILCs appears to
be at least partially driven by the pro-inflammatory cytokines TNFq, IL-1f and IL-6,
as blockade of these signalling pathways reduced expression of co-stimulatory

ligands and CD25 as well as proliferation by ILCs.
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Figure 5.10: Monocyte-mediated activation of ILC2 and ILC3 is reduced by blockade of TNFa,
IL-1p and IL-6R signalling. /In vitro expanded ILC3 (A-E) and ILC2 (F-J) were co-cultured with
monocytes and LPS for two days as described previously. Blocking antibodies directed against
IL-1B, TNFa, IL-6R and GM-CSF and isotype control were added at the beginning of the culture.
Flow cytometry analysis was used to determine ILC expression of CD80, OX40L and CD70. The
data shown depict the conditions of maximum ILC activation (ILCs + Monocytes + LPS). Isotype-
treated controls were defined as 100% activation and the blocking antibody-treated conditions were
expressed as a percentage of this. The dotted lines represent mean expression by untreated ILCs in
culture without monocytes, shown also as a percentage of the isotype treated controls. ILCs from n
= 4 donors and monocytes from n = 4 donors were co-cultured in an autologous manner. Statistical
significance was determined by means of Wilcoxon matched-paris signed rank tests. Bars represent
mean + SEM. *p <0.05.
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5.2.6 Exvivo total Lin- CD127+ ILCs enhance CD4+ T cell proliferation and
activation following stimulation with soluble anti-CD3 antibody and
monocytes

The paradigm of T cell activation posits that two signals are required for full
induction of a T cell response. The first signal is delivered when complexes of MHC
and cognate antigen peptide bind to the TCR, providing specificity to the response.
However, TCR ligation alone is insufficient for full T cell activation and a second
signal is required, provided by the binding of co-stimulatory molecules expressed by
activated APCs to receptors on the T cell surface. TCR ligation in the absence of co-
stimulatory signals induces a state of T cell anergy (400). We hypothesized that the
increased co-stimulatory molecule expression resulting from the bi-directional
activation loop between ILCs and monocytes may lead to an augmentation of CD4+ T
cell activation when CD4+ T cells are stimulated in the presence of both cell types.
We decided to use a system of polyclonal CD4+* T cell activation with soluble anti-CD3
antibody and monocytes. Effective CD4* T cell activation in this system is dependent
on the additional provision of co-stimulatory signals, rendering it a useful tool to test

the functional effects of enhanced co-stimulatory ligand expression.

As schematically represented in Figure 5.11A, our pilot experiment involved
activation of CD4* CD45R0* memory T cells with soluble anti-CD3 antibody and
autologous CD14* monocytes in the absence or presence of bulk autologous Lin
CD127+ ILCs. All cells were used directly ex vivo following FACS (ILCs, T cells) or
MACS (monocytes) purification. The co-cultures were terminated after five days and
the cells harvested for flow cytometric analysis. The read-outs for T cell activation

included T cell proliferation and activation as assessed by expression of the
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proliferation-associated marker Ki67, and expression of cell surface activation

markers CD25, ICOS and 0X40.

As expected, co-culture with monocytes and soluble anti-CD3 antibody elicited
robust proliferation of CD4* T cells as indicated by increased expression of Ki67
(Figure 5.11B and C). This was accompanied by upregulation of the T cell activation
markers CD25, ICOS and 0X40 on a per cell and population level (Figure 5.11D-F). In
contrast to monocytes, ILCs do not express Fc receptors, and accordingly did not
promote anti-CD3-mediated activation of CD4+T cells on their own. No increase in
CD4+* T cell proliferation was observed following addition of anti-CD3 antibody to
ILC-T cell co-cultures in the absence of monocytes (Figure 5.11B and C). Similarly, no
change in the expression of the surface markers ICOS, CD25 and 0X40 was detected

following activation of T cells in the presence of [LCs alone (Figure 5.11D-F).

However, when CD4* T cells were activated with anti-CD3 antibody in the presence
of both ILCs and monocytes, ILCs seemed to enhance the ability of monocytes to
induce anti-CD3-mediated T cell proliferation. While approximately 13.6% of CD4* T
cells expressed Ki67 following anti-CD3 mediated activation in the presence of
monocytes, this was further increased to approximately 26.3% when ILCs were
additionally present (Figure 5.11C). This increase in CD4* T cell proliferation was
associated with increased expression of the activation markers ICOS, CD25 and 0X40

(Figure 5.11D-F).
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5.2.7 ILC2 and ILC3 enhance monocyte- and anti-CD3-mediated activation
of CD4+ T cells

Repeat experiments aimed to further subdivide total Lin- CD127* ILCs into CRTH2*
ILC2 and CD117* CRTH2- ILC3 subsets in order to examine whether ILC3 and ILC2
populations were similar in their ability to enhance CD4* T cell activation and
proliferation in this system. Due to technical issues during in vitro expansion, ILC1
could not be included in this analysis. In order to obtain sufficient numbers of ILC2
and ILC3 autologous to the CD4* T cells and monocytes, the two ILC subsets were
FACS sorted from 30ml of human peripheral blood and expanded in vitro using the
culture system described in Chapter 3. After 2-3 weeks of expansion, the same
donors provided another 20ml of blood, which was then used to purify CD14+
monocytes by MACS and CD4*CD45R0O* memory T cells by FACS. The CD4* T cells
were labelled with CFSE and plated at a density of 4 x 10* cells/well together with 2
x 10* monocytes and/or 2 x 10% ILC2 or ILC3. As before, no exogenous cytokines

were added to the cultures and anti-CD3 antibody was used at a concentration of 10

pg/ml.

Similar to the observations described above for co-cultures with bulk ILCs, CD4* T
cells proliferated more vigorously when activated in the presence of both monocytes
and ILC2 or ILC3 compared to stimulation in presence of monocytes alone, resulting
in recovery of increased numbers of T cells (Figure 5.12A-C). Furthermore, the CD4+*
T cells stimulated in the presence of ILCs displayed a more highly activated
phenotype with significantly increased expression of the cell surface activation

markers CD25, 0X40 and ICOS (Figure 5.13A-D).
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In the absence of the activatory stimulus provided by the anti-CD3 signal, the
additional presence of ILC2 or ILC3 in monocyte-T cell cultures did not affect the
inherent baseline activation state of CD4* T cells. No significant differences in CD4*T
cell activation or proliferation were observed between T cell-monocyte and T cell-
monocyte-ILC co-cultures in the absence of soluble anti-CD3 antibody (Figures 5.12

and 5.13).

Thus, our results indicate that in the context of polyclonal CD4+* T cell activation

mediated by monocytes and soluble anti-CD3 antibody, the additional presence of

ILCs can augment CD4+* T cell activation.
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Figure 5.11: ILCs do not support soluble anti-CD3 mediated T cell expansion, but enhance T cell
proliferation following stimulation with soluble anti-CD3 in presence of monocytes. (A) Schematic

depicting experimental set-up. FACS sorted CD4*CD45RO" memory T cells were co-cultured with autologous
MACS sorted CD14* monocytes in absence or presence of autologous FACS sorted ex vivo bulk ILCs (Lin”

CD127°CD117%) ILCs. Soluble anti-CD3 antibody was added to polyclonally activate the T cells. T cell
proliferation and expression of surface activation markers were assessed using flow cytometric analysis after 7
days of culture. (B) Representative FACS plots of T cell Ki67 expression. Cells were pre-gated as Live

CD3"CD4"CD14CD117" cells. (C) Quantification of T cell proliferation as assessed by Ki67 staining and flow
cytometry analysis. (D) Percentage (left) and MFI (right) of ICOS expression by CD4* T cells. (E) Percentage
(left) and MFI (right) of CD25 expression by CD4* T cells. (F) Percentage (left) and MFI (right) of OX40

expression by CD4* T cells. Autologous T cells, ILCs and monocytes were obtained from n = 3 donors.
Statistical significance was determined by means of Wilcoxon matched-pairs signed rank tests. Bars represent
mean * SEM.
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Figure 5.12: ILC3 enhance T cell proliferation following stimulation with soluble anti-CD3 in
presence of monocytes. FACS sorted CD4*CD45RO* memory T cells were co-cultured for 7 days
with autologous MACS purified monocytes in absence or presence of autologous in vifro expanded
ILC2 or ILC3. T cells were labelled with CFSE and were polyclonally activated with soluble anti-CD3
antibody. T cell proliferation was assessed via CFSE dilution as determined by flow cytometry
analysis. Absolute cell counts were obtained using CountBright beads for flow cytometry. (A)
Representative FACS plots gated on CD3"CD4" cells showing CFSE dilution across different culture
conditions. (B) Quantification of total CFSE"®921e T cells. (C) Quantification of absolute numbers of T
cells recovered from each condition. Autologous T cells, ILCs and monocytes were obtained from n =
12 donors in (B) and n = 8 donors in (C). Data were pooled from three separate experiments in (B) or
two separate experiments in (C). Statistical significance was determined by means of Wicoxon
matched-pairs signed rank tests. Bars represent mean + SEM. *p < 0.05. **p < 0.01.
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Figure 5.13: Expression of surface activation markers on memory CD4* T cells following
soluble anti-CD3-mediated activation in absence or presence of ILC2 or ILC3. (A) Representative
FACS plots depicting expression of CD25, ICOS and OX40 on CD4* T cells across the different culture
conditions. (B) Percentage (right) and MFI (left) of CD25 expression. (C) Percentage (right) and MFI
(left) of ICOS expression. (D) Percentage (right) and MF1 (left) of OX40 expression. Autologous T cells,
ILCs and monocytes were obtained from n = 8 donors. Data were pooled from two separate
experiments. Statistical significance was determined by means of Wilcoxon matched-pairs signed rank
tests. Bars represent mean + SEM. *p < 0.05.
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5.2.8 ILC-mediated effects on CD4* T cell proliferation and activation are
partially dependent on direct cell-cell contact between ILCs and monocytes
and/or T cells

Next we wanted to examine whether direct cellular interactions between ILCs and
CD4+T cells and/or monocytes were required to achieve the observed enhancement
in T cell proliferation and activation. CD4* T cell activation cultures in which ILCs
were separated from the monocytes and T cells via 0.4pum polycarbonate transwell
inserts prior to addition of soluble anti-CD3 antibody were set up in parallel to

cultures without inserts (Figure 5.14A).

In order to exclude technical variability between the different experiments, all values
in our analysis were expressed relative to T cells activated by monocytes and soluble
anti-CD3. Separation of ILCs from monocytes and CD4* T cells reduced the ILC-
mediated boost of T cell expansion observed in cultures without a transwell insert
(Figure 5.14B and C). Furthermore, reduced CD4* T cell expansion in the transwell
system was accompanied by lower expression of cell surface activation markers
ICOS and 0X40, although CD25 expression was unchanged (Figure 5.14D-F).
Nonetheless, in the transwell cultures, stimulation in the presence of ILCs still
resulted in increased proliferation and absolute numbers of CD4+T cells compared
to stimulation with monocytes alone (Figure 5.14B and C). This suggests that ILCs
exert their effect on CD4* T cell proliferation through a mixture of contact-

dependent signals and soluble factors such as cytokines.

Thus, the enhanced CD4* T cell activation observed in the presence of ILCs partially
depends on direct cell-cell contact between ILCs and CD4* T cells or ILCs and

monocytes. In addition, soluble factors likely play a role.
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Figure 5.14: Comparison of ILC-mediated effects on CD4* memory T cell
expansion in a non-transwell vs transwell setting. (A) Schematic representation
of experimental set-up. (B) Comparison of CFSE"92%™¢ CD4* memory T cells
between non-transwell and transwell settings. (C) Comparison of absolute numbers of
CD4* memory T cells between non-transwell and transwell settings. (D) Comparison
of percentage (left) and MFI (right) of CD25 expression by CD4* memory T cells in
non-transwell vs transwell settings. (E) Comparison of percentage (left) and MFI
(right) of ICOS expression by CD4* memory T cells in non-transwell vs transwell
settings. (F) Comparison of percentage (left) and MFI (right) of OX40 expression by
CD4* memory T cells in non-transwell vs transwell settings. Data were normalized to
T cells in cultures with monocytes and soluble aCD3-activated T cells. Autologous T
cells, ILCs and monocytes were obtained from n = 6 donors. Data were pooled from
two separate experiments. Statistical significance was determined by means of
Wilcoxon matched-pairs signed rank testss. Bars represent mean + SEM. *p < 0.05.
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5.2.9 Altered spatial interactions between monocytes and CD4+* T cells do
not account for the enhanced T cell activation observed in the presence of
ILCs

The additional presence of ILCs in our culture system could modify spatial
interactions between monocytes and CD4+ T cells, leading to changes in accessibility
of T cells to anti-CD3 and/or co-stimulatory signals provided by monocytes and
ultimately lead to changes in the levels of T cell proliferation/activation. In order to
distinguish such a generic effect from a specific ILC-dependent effect on CD4+ T cell
activation, we performed a repeat experiment in which ILCs were substituted with

inert, lymphocyte-sized polystyrene beads (10pm bead diameter).

The additional presence of beads did not change the levels of CD4+* T cell
proliferation induced by stimulation with soluble anti-CD3 and monocytes compared
to cultures in which only CD4* T cells and monocytes were present (Figure 5.15A
and B). This suggests that the enhanced CD4* T cell activation observed in the
presence of ILCs and its partial reversal in the transwell system is not the result of
altered spatial interactions between CD4* T cells and monocytes. Instead, ILCs
actively boost T cell proliferation through expression of immunologically active

surface-bound and soluble mediators.
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Figure 5.15: T cell activation by monocytes + soluble anti-CD3 is
not changed in the presence of inert lymphocyte-sized filler beads.
(A) Quantification of CFSE'®Y CD4* memory T cells. (B) Quantification of
CFSENe9atve CD4* memory T cells. (C) Absolute numbers of CD4*
memory T cells recovered. Autologous T cells, ILCs and monocytes
were obtained from n = 3 donors. Statistical significance was determined
by means of Wilcoxon matched-paris signed rank tests. Bars represent
mean + SEM.
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5.2.10 ILCs upregulate CD25 expression following co-culture with activated
CD4+ T cells and monocytes

In addition to ILC-mediated effects on CD4* T cells, CD4* T cell-dependent activation
of ILCs has been described in the murine system (146,401). In particular, the T cell-
derived cytokine IL-2 has been shown to promote in vivo ILC survival and
proliferation as well as cytokine production (146,402). We hypothesised that human
ILCs may be similarly regulated by CD4* T cells and examined ILC expression of the
high-affinity IL-2 receptor a chain (CD25) and proliferation in our co-culture system

(Figure 5.16A).

Co-culture of ILC3 with unstimulated CD4* memory T cells led to an increase in the
percentage of CD25-expressing ILC3 and an increase in CD25 MFI (Figure 5.16B). No
further increase was observed when ILC3 were co-cultured with monocytes in
addition to CD4* T cells. However, when anti-CD3 antibody was added in order to
activate the CD4+ T cells, CD25 expression by the ILC3 was further increased
compared to co-culture with unstimulated CD4+ T cells alone or in combination with

monocytes.

Higher expression of CD25 may render ILC3 more susceptible to autologous or T
cell-derived IL-2, which, in conjunction with IL-7, is an important proliferative
and/or survival factor for ILC3 (see Chapter 3). Indeed, ILC3 displayed an increase in
proliferative behaviour when co-cultured with unactivated CD4+ T cells alone or
with CD4* T cells and monocytes, which was boosted further following activation of
CD4+* T cells by addition of soluble anti-CD3 antibody (Figure 5.16C). This induction
of ILC3 proliferation was reflected in an increased ILC3 count following co-culture

with unstimulated CD4+ T cells alone (2.8-fold expansion) and in particular with
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anti-CD3-activated CD4* T cells (5.0-fold expansion) (Figure 5.16D). Based on a
FACS-based purity check at the start of the experiment, the ILC2 and ILC3 used
showed no expression of T cell-associated markers CD3, CD4, CD8, TCRaf3 and
TCRyS, and furthermore expressed high levels of CD117 (data not shown).
Therefore, a potential contamination of the ILC populations with T cells is highly

unlikely.

Co-cultures of ILC2 with CD4* T cells and monocytes yielded very similar results.
CD25 expression by ILC2 was increased following co-culture with CD4+ T cells, with
no further changes induced when monocytes were also present (Figure 5.16E).
However, CD25 expression was further enhanced following anti-CD3-mediated
activation of CD4* T cells. As for ILC3, this upregulation of CD25 expression was
accompanied by increased proliferation and increased numbers of ILC2 (Figure

5.16F and G).

Thus, it appears that CD4* T cells, perhaps in conjunction with monocytes, can

influence CD25 expression levels and increase the proliferative behaviour of both

ILC2 and ILC3, potentially through increasing ILC responsiveness to IL-2.
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Figure 5.16: Co-culture with CD4* memory T cells increases the proportion of CD25 expressing ILC2 and
ILC3. In vitro expanded ILC2 and ILC3 were labelled with CellTrace Violet and were co-cultured with
autologous CD4* memory T cells in absence or presence of autologous monocytes and in absence or
presence of polyclonal T cell activation using soluble anti-CD3 administration. Flow cytometry analysis was
performed at day 7 of culture. (A) Representative FACS plots showing CD25 expression and CellTrace Violet
dilution by ILC3. (B) Percentage (left) and MFI (right) of CD25 expressing ILC3. (C) Proliferation of ILC3 as
measured by CellTrace Violet dilution using flow cytometry. (D) Absolute numbers of ILC3 as determined using
CountBright beads and flow cytometry analysis. (E) Percentage (left) and MFI (right) of CD25 expressing ILC2.
(F) Proliferation of ILC2 as measured by CellTrace Violet dilution using flow cytometry. (G) Absolute numbers of
ILC2 as detemmined using CountBright beads and flow cytometry analysis. Autologous T cells, ILCs and
monocytes were obtained from n = 8 donors. Data were pooled from two separate experiments. Statistical
significance was determined by means of Mann-Whitney U tests. Bars represent mean + SEM. *p < 0.05. **p =

0.01. ***p < 0.001.
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5.3 Discussion

Here, we describe a novel reciprocal relationship, mediated at least partially by
inflammatory cytokines, between human ILCs and monocytes that modulates their
activation. We have shown here for the first time that human ILCs act directly on
monocytes to enhance their antigen-presentation and co-stimulation capacity.
Following short-term co-culture for two days, ILCs alone and in synergy with LPS
promoted monocyte proliferation, increased expression of HLA-DR and co-
stimulatory ligands CD80, CD86, 0X40L and CD70. Co-culture with ILCs, and in
particular ILC2, furthermore induced robust downregulation of CD14 expression in
the monocytes. Downregulation of CD14 in conjunction with upregulation of MHC
class II molecules and co-stimulatory ligands are suggestive of monocyte
differentiation into immature DCs, indicating that [L.Cs may promote a maturation of
monocytes into monocyte-derived DCs (403,404). In contrast, stimulation of
monocytes with LPS resulted in upregulation of CD14 expression compared to the
baseline, in line with previous reports (396,397). This LPS-induced upregulation of
CD14 was observed also in the presence of ILCs, perhaps in line with the idea that
the ILC3-induced immature DCs become activated through the TLR4 stimulus and

further differentiate into mature DCs.

Comparison of monocytes co-cultured with ILC3, ILC2 and ILC1 revealed that the
different ILC subsets seem to induce distinct patterns of co-stimulatory ligand
expression by monocytes. While ILC3 preferentially induced monocyte proliferation
and expression of CD80 and 0X40L, ILC2 promoted expression of CD86. ILC1 were
generally weaker than ILC3 or ILC2 in inducing upregulation of HLA-DR and co-
stimulatory ligand expression in monocytes, but in comparison preferentially

induced CD70 expression. The induction of differential co-stimulatory molecule
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expression by different ILC subsets is interesting, as it has been suggested that the
composition of co-stimulatory molecules can influence the quality of subsequent
CD4+* T cell responses (405). For example, delivery of CD70-CD27 dependent co-
stimulatory signals has been reported to preferentially promote Tu1 differentiation
in both human and mouse CD4* T cells (406-409). Since our data indicate that ILC1
preferentially induced CD70 expression in monocytes, this suggests a potential
mechanism through which innate ILC subsets could promote the differentiation of
CD4+ T cells into functionally equivalent adaptive T helper subsets, i.e. ILC1 promote
Tul differentiation, ILC2 promote Tu2 responses etc. In line with this hypothesis,
CD86 co-stimulatory signals were reported to be essential for the differentiation of
mouse Tu2 but not Tul cells in vitro and in vivo (410,411) and we observed
preferential induction of CD86 expression in monocytes by ILC2. Furthermore, we
detected highest levels of 0X40L expression in monocytes co-cultured with ILC3.
0X40 signalling in CD4* T cells has been shown to enhance IL-17A production and
promote Tul7 responses under conditions of aberrant immune activation in mouse
models of uveitis and arthritis (412,413) However, 0X40L-0X40 signalling can also
induce Tu2 and Tu9 differentiation (414-417), indicating that the regulation of T
helper differentiation by co-stimulatory ligands is complex and requires further
investigation, including examination of potential contributions by co-stimulatory

ligand expressing ILCs .

Our results indicate that ILC-induced upregulation of monocyte HLA-DR and co-
stimulatory ligand expression seems to be at least partially dependent on the soluble
mediators TNFa and GM-CSF as revealed by experiments in which these cytokines
were neutralized using blocking antibodies. Interestingly, blockade of TNFa and GM-

CSF had different effects on monocyte CD80 and 0X40L expression depending on
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whether LPS was present in the system or not. These differences could be due to a
concentration-dependent effect of TNFa and GM-CSF. Perhaps a low concentration of
these pro-inflammatory cytokines is representative of the low-grade inflammation
found in a homeostatic gut environment in response to commensal antigens. A more
tolerogenic monocyte phenotype with lower expression of the co-stimulatory
ligands CD80 and 0X40L would be desirable in this case. However, following breach
of the intestinal barrier by a pathogenic organism as mimicked by LPS-mediated
activation of the monocytes, increased levels of TNFa, GM-CSF and other pro-
inflammatory cytokines would signal the need for an effective antigen-specific
immune response, in which increased expression of co-stimulatory molecules would
be desirable for the effective activation and sustenance of CD4+* T cell responses.
Alternatively, maturation stage-dependent differences in monocyte responsiveness
to TNFa and GM-CSF could explain the differential outcomes of cytokine

neutralization under conditions of additional LPS stimulation.

From our experiments it is not clear whether TNFa and GM-CSF in this system are
ILC or monocyte-derived. Both ILC2 and ILC3 populations can produce TNFa and
GM-CSF (see Chapter 3). However, monocytes, especially after stimulation with LPS,
are potent producers of these cytokines as well (418,419). Intracellular cytokine
staining and flow cytometry analysis would be required to examine which
population is the main producer in the different co-culture conditions. Furthermore,
since monocyte activation was only partially abrogated following neutralization of
TNFa and GM-CSF in this co-culture system, it would be interesting to examine
whether additional ILC-derived cytokines (IL-17A, IFNy, IL-5, IL-13) as well as cell
contact-dependent interactions play a role in driving monocyte activation in this

context.
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Our experiments showed that soluble factors secreted by ILC3 and ILC1 potently
increased the capacity of monocyte-derived macrophages to kill the pathogenic
bacterium S. typhimurium. In contrast, incubation with ILC2 supernatants had only a
mild effect comparable to B cell supernatants. Classical macrophage activation in the
context of bacterial infection is thought to depend on two signals, namely the sensing
of microbial PAMPs through TLRs (signal 1) in the presence of TNFa and IFNy
(signal 2) (398,420,421). IFNy is a potent activator of macrophages and has been
shown to directly regulate macrophage bactericidal activity as well as antigen-
presentation function (420). IFNy acts synergistically with autocrine or paracrine
TNFa in the activation of macrophages. TNFa-induced NFkB activation is enhanced
in the presence of IFNy via a STAT1-dependent mechanism (422). In turn, TNFa
signalling leads to upregulation of IFNyYR and enhances IFNy-induced effects on
antigen-presentation machinery (423). All three ILC subsets can produce TNFa and
thus may contribute to TNFa-mediated macrophage activation. IFNy has been
suggested to be produced mainly by NK cells, NKT cells and potentially macrophages
themselves early during infection, and by Tu1 cells during the adaptive phase of an
immune response (420,421,424-426). Our own and published data show that human
ILC3 and ILC1 are producers of IFNy, identifying them as another potential source of
early IFNy (see Chapter 3) (185,189,196). In contrast, ILC2 do not express IFNy (see
Chapter 3) (16). This difference in IFNy expression may contribute to the differential
capacity of ILC3/ILC1 and ILC2 to enhance macrophage-mediated bacterial killing.
Neutralization experiments could provide more conclusive evidence for a role of
these cytokines in mediating the observed ILC-driven increase in macrophage

bactericidal activity.
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In addition to ILC-dependent effects on monocyte activation, our data suggest a
reciprocal regulation of ILC activation by monocytes. We found that co-culture with
monocytes in the presence of LPS induced ILCs to upregulate expression of the co-
stimulatory molecules CD80, CD86 and 0X40L. Furthermore, ILCs increased their
expression of CD25 and showed increased levels of proliferation. Future
experiments would examine in detail the role of IL-2 signalling in driving ILC
proliferation in this system, in particular whether ILCs co-cultured with LPS-
activated monocytes are rendered more sensitive to IL-2 (e.g. express increased
levels of phosphorylated STAT5) and whether addition of anti-CD25 blocking
antibodies could abrogate the induction of ILC proliferation. Blockade of TNFa and
IL-6R signalling in particular significantly reduced co-stimulatory ligand expression,
proliferation and CD25 expression by ILC3 and ILC2. Repeat experiments would also
test the effects of combined blockade of the previously assessed pro-inflammatory
cytokines as well as that of IL-23, a key activator of ILC3. Another interesting
candidate here is the TNFSF member TL1A, which, in conjunction with IL-1f and IL-
23, has been shown to induce upregulation of CD25 in human RORyt* ILC3

differentiated in vitro from HSCs (427).

Furthermore, our data indicated that co-culture with monocytes reduced the
expression of CD117 by ILC3, which was further reduced following addition of LPS.
High CD117 expression is a hallmark of ILC3 that differentiates them from both ILC2,
which show heterogeneous expression of CD117, and ILC1, which do not express
CD117. Similar to findings in the murine system, considerable plasticity exists
between human ILC3 and ILC1 populations. In vitro culture of CD117high NKp44+
RORyt* foetal gut ILC3 with IL-2 and IL-12 leads to acquisition of an ILC1-like

phenotype, including downregulation of CD117, NKp44 and RORyt expression and
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acquisition of T-bet and IFNy expression. CD117°“NKp44- ILC1 accumulate in the
intestinal lamina propria of CD patients and can drive intestinal inflammation in a
DSS colitis model in humanized mice through production of [FNy (189). However, it
is unclear whether these pathogenic ILC1 are bona fide ILC1 or ‘ex-ILC3’ that have
downregulated expression of CD117, NKp44 and RORyt. Our data suggest that (LPS-
activated) monocytes may drive ILC3 to adopt a more ILC1-like phenotype.
However, this would need to be tested functionally by examining transcription factor

and cytokine profiles in CD117'°w [LC3 that have been co-cultured with monocytes.

Testing the functional effects of the bi-directional activation loop between ILCs and
monocytes, we observed a significant increase in memory CD4* T cell proliferation
and absolute counts when CD4+ T cell were activated with monocytes and soluble
anti-CD3 antibody in the presence of ILC3 or ILC2. The CD4* T cells furthermore
displayed a more highly activated phenotype based on expression of cell surface
activation markers 0X40 and ICOS. When ILCs were separated from monocytes and
CD4+* T cells using a transwell insert, CD4* T cell activation and cell counts were
reduced, but did not return fully to the levels observed when CD4* T cells were
stimulated with monocytes alone in the absence of ILCs, indicating a role for both
soluble and cell contact-dependent mediators. We have shown that ILC-mediated
activation of monocytes is at least partially dependent on the soluble mediators
TNFa and GM-CSF, a mechanism that would remain intact in a transwell system and
could potentially account for the remnant augmentation of CD4* T cell activation.
Pre-activation of monocytes with ILC-derived supernatants in absence or presence
of blocking antibodies followed by assessment of their capacity to drive enhanced
CD4* T cell activation would provide evidence regarding a functional role for

cytokine-mediated activation of monocytes by ILCs in this system.
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While direct cell-cell contact is clearly important in driving enhanced CD4* T cell
activation based on data from the transwell experiments, it is unclear whether this
needs to occur between ILC3 and monocytes or ILC3 and CD4* T cells. ILC3 express
the co-stimulatory molecules CD80, CD86, 0X40L and CD70, which furthermore may
be subject to TNFa- and IL-6-dependent upregulation following co-culture with
activated monocytes. The reduced CD4* T cell activation observed in the transwell
system may result from an abrogation of the co-stimulation provided to CD4* T cells
directly by ILCs. Indeed, provision of co-stimulatory OX40L and CD30L signals by
RORyt* LTi-like ILC3 cells has been suggested to be important in supporting memory
CD4+* T cell differentiation and survival in the mouse spleen (356-358). However, a
direct functional role for this in enhancing CD4+ T cell activation remains to be
proven. Co-culture experiments in which co-stimulatory molecule expression is
knocked down using small interfering RNA (siRNA) in ILCs but not monocytes would
help to elucidate whether direct co-stimulatory signals provided to CD4+ T cells by

ILCs play a role in our system.

Alternatively, abrogation of cell contact-dependent activatory interactions between
ILC3 and monocytes may also account for the reduced CD4* T cell activation in the
transwell system. TL1A is a member of the TNFSF expressed in membrane-bound or
soluble form by activated cells of the myeloid lineage (428). Single-nucleotide
polymorphisms in the TL1A gene have been associated with an increased risk for
IBD (429). Recent publications suggest that DR3 is highly expressed by mouse and
human ILC2 and ILC3, and stimulation with TL1A enhances IL-23- and IL-1$3-induced
production of IL-22 and GM-CSF by human and mouse ILC3 (110,337,427). It is
conceivable that in the transwell system abrogation of signalling between

membrane-bound TL1A on monocytes and death receptor 3 (DR3) on ILC3 could
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lead to reduced GM-CSF production by ILC3, resulting in reduced monocyte

activation and ultimately in reduced CD4+* activation.

Another open question relates to the qualitative functional implications of the
described ILC-mediated effects on CD4* T cell activation, in particular whether ILCs
can influence the functional polarisation of T helper responses, either via direct
effects on CD4* T cells or indirect effects on myeloid cells. In the mouse, ILC2-
derived IL-13 can induce upregulation of the co-stimulatory molecule CD40 on lung
CD11c* DCs. Following CCR7-dependent migration to the mediastinal lymph nodes,
these CD40hgh DCs induce the clonal expansion and differentiation of antigen-
specific Tu2 cells (144). IFNy produced by cNK cells has been reported to promote
Tul differentiation and inhibit the development of Tu2 and Tu17 responses following
DC-mediated priming of CD4+ T cells in secondary lymphoid tissues (430,431).
Similarly, early production of IL-17A by y6* T cells has been reported to amplify
Tul7 responses in several murine models (432-434). Furthermore, our own data
indicate that the different ILC subsets drive different patterns of co-stimulatory
ligand expression on monocytes, although the potential functional effects of this on
the polarization of CD4* T cell responses remain to be tested. Further work would
aim to elucidate the role of ILC subset specific cytokines (IL-174, IL22, IL-5, IL-13,
IFNy) and surface markers in influencing the quality of CD4* T helper responses

either directly or indirectly via myeloid cells.

Finally, our observation of increased CD25 expression and proliferation by ILCs co-
cultured with LPS-activated monocytes or anti-CD3 activated CD4* T cells may
represent an interesting mechanism through which CD4+* T cells can shape the size of

ILC responses. Activated CD4* T cells may provide a local source of IL.-2, which could
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drive CD25* ILCs to proliferate. Our findings are in line with several recent
publications that have highlighted a role for CD4* T cell-derived IL-2 in the
regulation of ILC function in the mouse. Murine ILC2 have been shown to proliferate
and secrete Type 2 cytokines following in vitro co-culture with activated CD4+* T cells
(145). In vivo IL-9 expression by murine ILC2 was reported to depend on IL-2
signals from adaptive immune cells in a model of papain-induced airway
inflammation (14). Furthermore, in a mouse model of N. brasiliensis infection ILC2
and CD4* T cells were shown to engage in an MHC class [I-dependent crosstalk,
whereby MHC class Il-expressing ILC2 activated antigen-specific CD4* T cells to
proliferate and upregulate expression of IL-5, IL-13 and IL-2. CD4* T cell-derived IL-
2 then fed back on ILC2 to induce proliferation and Type 2 cytokine induction. This
reciprocal amplification loop is required for successful parasite expulsion, since both
ILC2-deficient mice and Rag2/- mice lacking T cells show reduced worm clearance,
which can be rescued by adoptive transfer of MHC class Il-sufficient ILC2 or

administration of IL-2, respectively (146).

As summarized in Figure 5.17, our data show that human ILCs and monocytes
engage in a bi-directional activation loop resulting in proliferation and increased
expression of co-stimulatory ligands by both ILCs and monocytes, enhanced
bactericidal activity in monocyte-derived macrophages and increased sensitivity to
IL-2 derived signals in ILCs. Furthermore, we highlight a role for ILC3 in the
augmentation of memory CD4+T cell activation by monocytes and soluble anti-CD3
in vitro. Several open questions remain regarding mechanisms of interactions
between ILCs and monocytes or ILCs and CD4* T cells, in particular with respect to
the role of different ILC subsets in driving CD4* T cell polarization. We propose that

this amplification loop between ILCs and monocytes occurs early during an immune
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response and may contribute to the potentiation of CD4* T cell responses. In turn,
activated CD4+ T cells can feed back into this activation loop by driving further ILC
activation through IL-2-dependent signals. ILC1, ILC2 and ILC3 populations have
been shown to reside in close proximity to CD11c* myeloid cells and CD4* T cells in
the intestinal lamina propria and mesenteric lymph nodes, indicating that
interactions between all three of cell types are indeed likely to occur in vivo
(113,357,371). Under conditions of aberrant immune activation as is the case in IBD,
such activatory interactions between ILCs and monocytes may contribute to the
potentiation and perhaps polarization of pathogenic CD4* T cell responses, which

could further perpetuate this activation loop through IL-2-mediated effects on ILCs.
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Figure 17: Monocyte and soluble anti-CD3-mediated expansion of CD4+ memory T cells is enhanced
in the presence of ILCs. Bidirectional interactions between ILCs and monocytes and also between ILCs

and CD4" T cells may contribute to this effect. Pathways of interest for future investigation are
highlighted in blue.
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Chapter 6: Conclusion

6.1 Summary and discussion

Despite a wealth of knowledge regarding ILC biology obtained from the study of
murine models, data on human ILC biology remains more limited, particularly with
respect to functional pathways and mechanisms. This thesis aimed to investigate
potential mechanisms by which human ILCs can contribute to intestinal

inflammation in IBD.

Confirming previous data from our laboratory (185), we detected an increased
frequency of Lin"CD127* ILCs in the inflamed intestinal lamina propria of IBD
patients compared to uninflamed controls. We extended these findings by describing
possible mechanisms of ILC accumulation in the inflamed intestine. Our data indicate
that the frequency of ILCs in the blood of IBD patients was decreased compared to
healthy controls, suggesting that recruitment of ILCs from blood to the intestinal
lamina propria may contribute to their accumulation. ILCs expressed high levels of
CCR6 and it is conceivable that the high levels of the CCR6 ligand CCL20 produced by
activated epithelial and stromal cells in IBD lesions may mediate their recruitment

(367-369).

We found for the first time that intestinal ILCs in IBD patients showed greater
expression of Ki67, suggesting that increased in situ proliferation in an inflammatory
environment may contribute to their accumulation. ILCs express high levels of CD25
and stimulation of whole LPMCs with IL-2 induced potent ILC proliferation in vitro,
indicating that IL-2 may drive the increased ILC proliferation observed in the

inflamed intestinal lamina propria. Likely local sources of IL-2 include ILCs
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themselves and activated CD4* T cells (359-361). In support of the latter, we showed
that co-culture of ILCs with polyclonally activated memory CD4* T cells stimulates
ILC proliferation. In addition, we found that co-culture of ILCs with LPS-activated
monocytes also drives ILC proliferation. This was abrogated partially through
blockade of TNFq, IL-1B and IL-6 signalling, indicating that these pro-inflammatory
cytokines may also contribute to the proliferation and accumulation of ILCs in the
inflamed intestinal lamina propria. Thus, our results suggest that the increased
frequency of ILCs observed in the intestinal lamina propria of IBD patients may
result from increased recruitment of blood ILCs to the intestine as well as from

increased in situ proliferation of intestinal ILCs.

Functionally, ILCs in the peripheral blood of IBD patients were characterised by
increased production of IL-17A, IFNy, GM-CSF, TNFa, IL-2 and IL-13. ILC populations
producing IL-17A and IFNYy selectively accumulated in the intestinal lamina propria
of IBD patients. This suggests that pro-inflammatory cytokine production by ILCs
may contribute to inflammation in IBD. Furthermore, our data indicate that ILCs may
contribute to IBD pathogenesis through the ability to activate adhesion molecule
expression by intestinal stromal cells. In vitro expanded ILC3 and ILC2, but not ILC1,
induced upregulation of ICAM-1 expression on colonic stromal cells, equivalent to
the levels induced by treatment with recombinant lymphotoxin. In the context of
IBD, increased stromal cell adhesion molecule expression may engender the
formation of TLOs in the inflamed colon, which may contribute to the chronicity of
inflammatory processes by facilitating the efficient induction of pathogenic adaptive

immune responses.
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Using immunofluorescence, we examined the localisation characteristics of CD3-
RORy* ILCs in colonic and ileal tissue sections obtained from uninflamed controls
and IBD patients. ILCs were not distributed homogeneously throughout the tissue,
but seemed to occur focally, in cluster-like aggregates that co-localized with T cell
aggregates. The spatial association of ILCs and T cells in human colonic tissue raises
questions about their potential interactions that may have relevance for IBD
pathophysiology. Early studies on LTi cells in mice revealed that the majority of
these cells in the foetal and adult intestine express MHC class II (56,64). On the basis
of these observations, we investigated the capacity of human ILCs to present antigen

to CD4+ T cells.

Human ILC populations expressed HLA-DR and co-stimulatory ligands, although at
lower levels compared to monocytes, and showed a comparatively reduced capacity
to take up and process the model antigen DQ-OVA. Furthermore, in contrast to
monocytes, ILCs pulsed with whole protein antigen failed to activate antigen-specific
CD4* memory T cells in an in vitro T cell stimulation assay. While there are open
questions regarding the differential capacity of ILCs to present protein versus
peptide antigens, based on our experiments we can conclude that, in spite of their
expression of HLA-DR and co-stimulatory ligands, in vitro expanded human ILCs do

not act as professional APCs.

In light of our finding that HLA-DR and co-stimulatory ligand expression by ILCs may
be subject to modulation by pro-inflammatory cytokines and LPS-activated
monocytes, future work would examine whether the in vitro antigen-presentation
capacity of human ILCs may be altered by their prior activation through these

stimuli. Perhaps in an inflammatory microenvironment, as is found in the inflamed
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intestinal lamina propria of IBD patients, ILCs could successfully promote the
expansion of pathogenic CD4* T cell responses through MHC class [I-mediated
presentation of commensal antigens. Yet, in an inflammatory context with
concomitant accumulation of professional APCs such as monocytes and DCs in the
intestinal lamina propria (435-438), it is an open question whether ILC-mediated
direct antigen presentation to CD4* T cells would significantly contribute to the
induction of pathogenic T cell responses. A report by Oliphant et al. has shown that
in a mouse model of N. brasiliensis infection the deletion specifically of ILC2 leads to
impaired Tu2 responses, associated with higher worm burden at day 5 post-infection
and delayed worm clearance. Effective worm clearance can be re-established by
transfer of MHC class II sufficient but not MHC class Il deficient ILC2 (146). While
these findings may indeed point towards a contribution of direct ILC2-mediated
antigen presentation to the induction of CD4* T cell responses, there may be another

possibility.

The study by Oliphant et al. has highlighted a role for CD4+* T cell-derived IL-2 in
driving the optimal activation of ILC2, including their proliferation and secretion of
Type 2 cytokines (146). Analysis of the serum half-life of IL-2 following in vivo
administration has shown that it is an extremely short-lived cytokine, with a half-life
of approximately 3.7 mins (439). Therefore, close proximity between effector CD4* T
cells and ILC2 may be beneficial to ensure effective IL-2 signalling between these
cells. Perhaps MHC class II-TCR interactions function as a tether to bring into close
contact activated antigen-specific CD4* T cells and ILC2. Following disruption of this
interaction through ILC2-specific deletion of MHC class II, ILC2 proliferate less and
show reduced secretion of IL-13. In turn, ILC2-derived IL-13 has been shown to

drive differentiation of Tu2 responses through indirect effects of DCs (144). Thus,
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according to this model, the function of MHC class Il expression by ILC2 would not
lie in the primary activation of antigen-specific naive CD4* T cells, i.e. a function that
is fulfilled effectively by professional APCs. Instead, MHC class II expression by ILC2
would promote the close spatial interactions between ILC2 and IL-2-producing
activated effector CD4+ T cells that are in turn required for optimal activation of ILC2
and the subsequent potentiation of Tu2 responses via IL-13-conditioned DCs. It is
conceivable that intestinal ILC3 or ILC1 could contribute to the augmentation of

effector CD4+* T cell responses in a similar manner in the pathogenic context of IBD.

Hepworth et al. have shown in the mouse that under steady-state conditions MHC
class II-dependent interactions between intestinal ILC3 and effector CD4* T cells can
also inhibit CD4* T cell responses, partly mediated through withdrawal of local IL-2
from CD4* T cells by CD25* ILC3 (164,165). However, in IBD an increase in the
availability of IL-2 (344,359-361) due to widespread immune activation could mean
that IL-2 consumption by ILC3 may no longer be a limiting factor for effector CD4+ T
cells. In this context, activated T cell-derived IL-2 in conjunction with other pro-
inflammatory cytokines (IL-1f, IL-6, IL-12, IL-23) could further drive inflammatory
ILC3 activation, in a manner similar to CD4* T cell-mediated ILC2 activation in
infection-induced inflammation. ILC3-derived effector cytokines (IL-17A, IFNy,
TNFa, GM-CSF) could then feed back to potentiate pathogenic effector CD4* T cell

responses, either directly or indirectly via APCs.

In the mouse, intestinal 0X40L/CD30L-expressing LTi-like cells have also been
proposed to deliver a secondary co-stimulatory impulse to CD4* T cells following
their priming by DCs, which may play a role in the optimal activation of effector CD4+

T cell responses and their differentiation into memory CD4* T cells (357,382,385).
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The increased co-stimulatory ligand expression by ILCs we have observed following
their stimulation with pro-inflammatory cytokines and LPS-activated monocytes
suggests the possibility that ILCs may also potentiate pathogenic CD4* T cell

activation through this additional mechanism in IBD.

Thus, we conclude that ILCs do not act as professional APCs and in vivo most likely
do not drive primary CD4+* T cell activation through direct MHC class [I-mediated
antigen presentation. However, the above discussion highlights that MHCII-TCR-
dependent interactions between ILCs and activated effector CD4* T cells may
nonetheless regulate both CD4* T cell and ILC function. We hypothesize that these
interactions may allow close co-localization of both cell types, leading to reciprocal
activation of both ILCs and CD4* T cells. In an inflammatory context, this activation

loop may contribute to the augmentation of pathogenic immune effector responses.

While ILCs may not effectively function as professional APCs, we wanted to examine
whether ILCs could modulate bona fide professional APCs, whose key functions lie in
the uptake and processing of antigen and the subsequent activation of antigen-
specific T cell responses. ILCs induced increased expression of HLA-DR and co-
stimulatory ligands in monocytes in co-cultures in vitro. This was at least partially
dependent on the pro-inflammatory cytokines TNFa, IL-1f, IL-6 and GM-CSF as
indicated by blocking experiments. Furthermore, soluble factors secreted by ILC3
and ILC1, but not by ILC2, enhanced the ability of monocyte-derived macrophages to
kill engulfed bacteria. In reverse, monocytes, and in particular LPS-stimulated
monocytes, promoted proliferation and increased co-stimulatory ligand expression
by ILCs through a mechanism partially dependent on the pro-inflammatory

cytokines TNFq, IL-1f and IL-6.
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These novel findings indicate that human ILCs and monocytes may engage in a
bidirectional activation loop that enhances innate bactericidal activity and drives
increased expression of functional markers intimately linked to CD4* T cell
activation. We speculated that this innate activation loop could in turn potentiate the
activation of CD4* T cells. When memory CD4* T cells were polyclonally activated in
vitro using monocytes and soluble anti-CD3 antibody, the additional presence of ILCs
in the co-cultures augmented CD4* T cell proliferation, expression of surface
activation markers and higher absolute numbers of CD4* T cells could be recovered.
This effect was partially abrogated when ILCs were separated from monocytes and
CD4+* T cells through a transwell insert, indicating that both direct cell contact-
dependent interactions between the different cell types and soluble factors may play
a role in driving the observed augmentation of CD4* T cell activation. However,
whether direct interactions are required mainly between monocytes and ILCs or

CD4+ T cells and ILCs remains to be elucidated.

Thus, our data suggest that activatory interactions between ILCs and professional
APCs may drive enhanced activation of CD4* T cell responses. In the context of a
protective immune response, this would mean that ILCs may contribute to the
optimal activation of myeloid cell function (bacterial killing, antigen presentation
function) and induction of CD4* T cell responses. However, we speculate that
through increased net provision of co-stimulatory signals this innate activation loop
could also contribute to the dysregulation of pathogenic CD4* T cell responses in the
chronic inflammatory context of IBD. Future work would aim to characterise more
closely the functional pathways mediating the reciprocal activation loop between
ILCs and monocytes and to examine the potential qualitative effects of these ILC-

monocyte interactions on CD4+* T cell responses. Halim et al. have shown that ILC2-
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derived IL-13 promotes the induction of DCs that preferentially polarize CD4+* T cells
towards a Tu2 phenotype. It would be interesting to investigate whether ILC3 and
ILC1 may have similar effects on the induction of Tul7 and Tul responses,
respectively. Furthermore, we would need to test the validity of our observations in
a more physiologically relevant, antigen-specific setting of CD4+* T cell activation, for

example using our system of Salmonella-specific CD4* T cells.

Our findings place human ILC function in the context of other immune effector cells,
namely CD4* T cells and professional APCs, and provide novel insights into how
human ILCs as a rare immune cell subset could functionally contribute to the
pathogenesis of IBD. ILCs lack expression of antigen-specific T and B cell receptors
and are not reliant on clonal expansion following their activation. We hypothesize
that ILCs are therefore equipped to act early in a developing immune response and
through their production of cytokines and interactions with professional APCs and
CD4* T cells could contribute to the shaping of later, quantitatively much larger
adaptive responses. Accordingly, rare ILCs could have immunological effects that go
beyond what would be expected on the basis of their population size alone. In the
context of IBD, aberrant reciprocal activation of ILCs and professional APCs (caused
for example by dysregulated CD25, IL-23R, STAT3 or CCR6 signalling in ILCs or
NOD2 or ATG16L1 signalling in APCs as a result of genetic risk variants (234)), could
contribute to disease flare-ups and the subsequent potentiation and shaping of
pathogenic CD4+* T cell responses. Activated CD4* T cells may then feed into this
amplification loop through production of IL-2 (additional risk variants in IL2 have

been identified (234)), resulting in the further activation of ILCs.
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6.2 Functional analysis of human ILCs

The functional investigation of ex vivo human ILCs in vitro is challenging, as ILCs are
an exceedingly rare subset of immune effector cells and the availability of enough
tissue for the isolation of sufficient numbers of ILCs is limited. Circumventing these
issues, we have demonstrated that ILCs purified from human peripheral blood can
be expanded in vitro using feeder cells of mixed, irradiated PBMCs from three
allogeneic donors and exogenous IL-2 and IL-7. The ILC populations expanded using
this method maintained stable expression of subset-specific surface markers and
functional markers such as cytokines and transcription factors even after 6 weeks of
culture. The robust expansion of ILCs in this manner allowed us to obtain high
enough cell numbers to perform in vitro analyses of human ILC function as outlined

in Chapters 3-5.

However, more physiologically relevant experimental systems would be desirable in
order to more closely approximate the in vivo functions of human ILCs and their
interactions with other immune cells. Exciting future possibilities for this are
emerging. Elaborate three-dimensional (3D) organotypic in vitro cultures replicating
the tissue-specific morphology and function of the parental tissue from which they
are derived, can be successfully established from a variety of tissues, including the
gut. There are a variety of methods to establish 3D cultures, including spontaneous
aggregation of cells in suspension cultures, implantation of cells into matrix
scaffolds, stacking of confluent cell sheets. Primary cells, cultured cells or established
cell lines can be used. In addition, induction of a 3D gut model from induced
pluripotent stem cells has been described (440,441). 3D cultures can range from
inclusion of a single cell type to multiple cell types, mimicking the complexity of in

vivo tissue environments. This allows for the selective functional analysis and
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manipulation of a cell type of interest and its interactions with other cells types in

different environmental conditions.

An interesting method for the establishment of gut-specific 3D cultures that closely
resemble intestinal tissue structures has been described. Intestinal Caco2 epithelial
cells were layered onto a matrix of collagen and matrigel-embedded CCD18co
intestinal stromal cells. The resulting 3D culture was characterised by a columnar,
polarized epithelial layer and an underlying connective tissue layer enriched in
stroma-derived extracellular matrix (ECM) components such as fibronectin (442).
Inclusion of ILCs and additional cells such as monocytes and CD4+ T cells in this
model would allow an examination of human ILC function in the context of other
immune cells (eg. monocytes and CD4* T cells), stromal cells and intestinal epithelial
cells that more closely resembles an in vivo intestinal environment. Stimulation of
these cultures with microbial-derived factors (e.g. TLR agonists) or colonization with
specific commensal or pathogenic bacteria could be used to model influences by the
intestinal commensal flora and/or invading pathogens. Furthermore, generation of
gut 3D cultures using primary cells derived from IBD patients compared to
uninflamed controls could provide better insight into how ILCs integrate with other

intestinal immune cells or epithelial cells during chronic intestinal inflammation.

In addition to more complex 3D tissue culture models, mice that harbour a human
haemato-lymphoid system (HHLS mice) could provide an opportunity to investigate
human ILC function in a true in vivo context. HHLS mice with a full complement of
human immune cells can be generated through xenotransplantation of CD34* human
HSCs into irradiated NOD Scid Gamma (NSG) mice (NOD.Cg-Prkdcscd [12rgtmiWil /Sz]).

NSG mice are severely immunodeficient, lacking T cells, B cells and NK cells, and as a
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result do not reject human HSC grafts. Furthermore, a polymorphism in the Sirpa
gene associated with the NOD background is thought to aid in graft acceptance by

promoting phagocytic tolerance (443).

A first use of HHLS mice in the investigation of human ILCs has been reported.
Bernink et al. reconstituted NSG mice with human foetal liver-derived CD34+*CD38-
HSCs. Two months after injection of HSCs, ILC1, ILC2 and ILC3 subsets could be
detected in the intestinal lamina propria at frequencies equivalent to those observed
in the uninflamed human gut (189). These findings demonstrate that ILCs
reconstitute well in HHLS mice, supporting the future use of these mice in the
investigation of human ILCs in vivo. Induction of DSS colitis in HHLS mice triggered
an expansion of intestinal human CD45* cells and a selective expansion of IFNy-
producing ILC1, but not ILC3 or ILC2 (189). These observations are very similar to
the finding that intestinal ILC1 frequencies are selectively increased in human IBD
and indicate that ILC1 can accumulate in the intestinal lamina propria in direct
response to the intestinal barrier breach and acute inflammation induced by DSS
treatment. This suggests that ILCs are recruited early during intestinal inflammation
and may contribute to the shaping of later immune responses, rather than
accumulating passively in response to chronic inflammatory signals. In the context of
our above-described in vitro findings, it would be interesting to examine in this
model whether ILCs can indeed augment pathogenic CD4* T cell activation in vivo. A
comparative assessment of the activation state and quality of CD4* T helper
responses following induction of DSS colitis in HHLS mice sufficient or deficient of
ILCs could provide insight into whether and how human ILCs may impact CD4* T cell

responses in [BD.
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The functional investigation of human cells in HHLS mice is still difficult since many
signals involved in the activation of immune responses have a non-haematopoietic
origin (e.g. epithelial cells or stromal cells) and are therefore mouse- rather than
human-derived, which may lead to impaired signalling in human cells. However, the
development of NSG mice with human gene knock-ins to replace mouse genes may
circumvent these issues. For example, NSG mice with knock-ins of human IL3, CSF1,

CFS2 and TPO have recently been generated (444).
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6.3 Therapeutic targeting of ILCs in IBD

Several recent studies have reported that ILC frequency or activation can be
modulated by treatments currently in use for IBD patients (187,206). A study in
psoriasis patients has shown that treatment with adalimumab, an anti-TNFa
monoclonal antibody that is also used to treat CD and UC patients, results in
amelioration of inflammation associated with a reduction in the frequency of an
unusual pro-inflammatory ILC3 population in the blood (206). Furthermore,
cyclosporin A, which can be used to manage severe forms of UC unresponsive to
other treatments, was found to suppress [L-22 and TNFa production by ILC3 in vitro
following their activation using an agonistic anti-NKp44 antibody (187). By
extension, these observations suggest that broadly acting immunosuppressants and
biologics that are currently used in IBD therapy may likely modulate human ILC
function in IBD patients in vivo. However, as discussed in Chapter 1, these drugs are
associated with a range of adverse side effects. The therapeutic goal lies in the
development of drugs that more selectively inhibit the pathogenic immune pathways
active in IBD patients without inducing broad immunosuppression and impairing

host-protective immune responses to infectious agents or tumour cells.

Several of the pathway-specific monoclonal antibodies and small molecule inhibitors
currently in development for CD or UC will likely impact the function of ILCs. The
roles of [L-23, IL-6 and IL-1f in the recruitment and activation of disease-driving, IL-
17A- and IFNy-producing ILC populations have been highlighted in several mouse
models of colitis (198,288,290,331,332). Similarly, these cytokines can induce pro-
inflammatory cytokine production by human ILCs (185,196,198). In addition, IL-23,
in conjunction with IL-12, regulates the plasticity of human ILC3 populations, with

[L-23 preferentially promoting IL-17A and IL-22 production and IL-12 promoting
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[FNy production (189). These findings suggest that intestinal ILC accumulation and
function in IBD patients would likely be modulated by monoclonal antibodies
inhibiting IL-23p19, IL-12p40 and IL-6(R) that are currently being trialled for use in
IBD or, in the case of IL-1f antagonists, have shown effectiveness in other chronic
inflammatory diseases (445-453). Furthermore, monoclonal antibodies that
neutralize pro-inflammatory effector cytokines produced by ILCs, including IL-17A,

IFNy and IL-13, are in clinical development for IBD (330,454-456).

In addition, inhibitors of JAK signalling have been shown to inhibit cytokine
production by human ILCs in vitro and it is conceivable that ILC activation may be
modulated through STAT inhibitors since IL-23 and IL-7 have been shown to induce
STAT3 and STATS5 activation, respectively, in ILCs (187,219). Thus, the therapeutic
targeting of intracellular signalling pathways in IBD patients through JAK/STAT

inhibitors may also affect ILC activation (457,458).

While these drugs may in part inhibit pro-inflammatory functions of ILCs, they are
not specific to ILCs and will also simultaneously target other immune effector
populations involved in IBD pathogenesis. For example, neutralization of IL-23p19
will affect IL-17-producing T cell populations, including Tul7 cells and y& T cells,
while inhibition of IL-12p40 will also inhibit Tu1 activation (446). The simultaneous
inhibition of ILC and T cell-mediated effector pathways may indeed be
therapeutically beneficial in order to eliminate both the innate and adaptive arms of
particular pathogenic immune pathways. However, there may also be advantages
associated with an independent targeting of ILCs or CD4* T cells: murine studies in
which ILCs are selectively depleted in the presence of an otherwise fully functional

immune system emphasize that these cells do have non-redundant functions during
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both homeostatic and pathogenic immune responses (115,144,146,164,165). These
findings provide a rationale for attempting to target ILCs therapeutically in IBD, but

potentially also in other chronic inflammatory diseases.

Problematically, ILCs share a plethora of phenotypic and functional markers with
CD4* Ty cells and to date no ILC-specific markers have been identified, rendering it
difficult to target them selectively without simultaneously affecting CD4* T cell
function. We propose that whole-transcriptome single-cell analysis of intestinal and
blood ILCs from uninflamed controls and IBD patients in direct comparison to CD4+
T cells could lead to the identification of markers or pathways specifically expressed
by ILC but not CD4+ T cells or specifically activated in ILCs but not CD4* T cells in IBD
patients. These ILC-specific markers or pathways could then be targeted through
monoclonal antibodies, inhibitors or antibody-drug conjugates to directly modulate
the function of or deplete individual ILC subsets. Alternatively, this approach would
allow selective inhibition of pathogenic CD4* T cell responses while keeping intact
ILC-dependent innate responses, which may help to reduce the risk of infection with

opportunistic pathogens such as Candida albicans.

However, in order to effectively target ILC populations in IBD, their roles in host-
protective and homeostatic immunity would have to be carefully balanced with their
potential pathogenic functions in intestinal inflammation. Murine studies have
indicated that under homeostatic conditions ILC3 are the main producers of IL-22 in
the intestine. IL-22, through its effects on the intestinal epithelium, is critical in
maintaining mucosal homeostasis in the context of the commensal microbiota
(58,59,63,96,115,459) and has also been shown to mediate protective effects in

several murine models of colitis (459,460). Our own and published data indicate that
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human ILC3 and ILC1 populations enriched in the intestinal lamina propria of IBD
patients preferentially produce IL-17A and IFNy, but not IL-22 (185,189). Thus, it is
conceivable that insufficient levels of intestinal ILC3-derived IL-22 in IBD patients,
resulting in impaired epithelial regeneration, innate anti-microbial defence and
containment of commensal microbes, may contribute to disease pathogenesis.
Selective boosting of [L-22 production by ILC3 in IBD patients may thus have
protective effects, although this would have to be weighed against a potential
increase in the risk of colorectal cancer (461). Alternatively, selective depletion of
pathogenic ILC1 but not IL-22-producing ILC3 using monoclonal antibodies against
ILC1-specific markers may be associated with beneficial outcomes in IBD patients.
Pathogenic ILC functions could also be selectively targeted through antibody-drug
conjugates. For example, delivery of STAT5 inhibitors specifically to ILC1 in IBD
patients may lead to their selective reduction as a result of impaired IL-2 and IL-7

signalling without affecting potentially host-protective ILC3.

In addition, a better understanding of ILC3 plasticity will be helpful for the
development of therapeutic agents that aim to selectively target pathogenic ILC
functions. It is currently unclear whether a RORyt-independent bona fide ILC1
population exists in humans and whether the inflammatory IFNy-producing ILC1
that accumulate in the intestinal lamina propria of CD patients have mainly
differentiated from ILC3 in response to IL-12 or rather constitute an independent
ILC1 lineage. Therapeutic strategies to inhibit ILC1 function may differ depending on
this. Patients with bi-allelic loss-of-function mutations in the RORC gene have been
described recently (462) and analysis of the ILC repertoire in these patients may

help to clarify open questions regarding the pathways underlying ILC1 development.
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Our results indicated that [LCs may engage in an early bidirectional interaction with
monocytes, which in turn may contribute to the augmentation of CD4* T cell
responses. It is conceivable that selective inhibition of this activatory crosstalk
between ILCs and monocytes/CD4* T cells may result in reduced activation of CD4+
T cells in IBD patients and could potentially decrease the frequency or intensity of
disease flare-ups. However, further experiments will be required to gain a deeper
understanding of the functional pathways mediating these interactions and whether

they may be targets for therapeutic intervention.
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