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data identify that following infection, IL-23 promotes an IL-22+ CD4+ ILC response that is necessary and
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of this thesis identifies that the pathologic proinflammatory versus tissue-protective properties of IL-22 in
a model of airway inflammation are regulated by Th17 cell-derived IL-17A. Collectively, studies presented
in this thesis identify novel regulatory and functional aspects of IL-22 and ILCs, and demonstrate a critical
role for this pathway in the immunoregulation of tissue homeostasis at mucosal sites.
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ABSTRACT

INTERLEUKIN-22 REGULATES IMMUNITY, INFLAMMATION AND TISSUE
HOMEOSTASIS AT MUCOSAL SITES

Gregory Field Sonnenberg

David Artis, PhD

At mucosal sites, a single layer of epithelial cells separates the connective tissues of the
mammalian body from the external environment. The gastrointestinal tract is the largest
mucosal surface exposed to the environment and is colonized with an estimated 300
trillion beneficial commensal bacteria. These properties of mucosal sites help facilitate
critical biological processes, including nutrient absorption, gas exchange and excretion
of wastes, yet also renders mucosal sites particularly vulnerable to infection and
inflammation.

In order to maintain a state of health, complex immunoregulatory

networks have evolved at mucosal sites to promote immunity, limit inflammation and
maintain tissue homeostasis. Interleukin (IL)-22 is a member of the IL-10 cytokine family
that is produced by both innate and adaptive immune cells, and acts directly on the
mucosal epithelium to promote anti-microbial, reparative and inflammatory responses.
Chapter 2 of this thesis examines the role and regulation of IL-22 production by innate
lymphoid cells (ILCs) in promoting immunity to the enteric bacterial pathogen Citrobacter
rodentium. The data identify that following infection, IL-23 promotes an IL-22+ CD4+ ILC
response that is necessary and sufficient to promote enteric immunity, limit bacteria
dissemination and prevent host morbidity and mortality.
v

In addition to pathogenic

bacteria, loss of containment and peripheral dissemination of beneficial commensal
bacteria results in dysregulated systemic immune cell homeostasis, and is a hallmark of
numerous chronic human diseases. Chapter 3 of this thesis demonstrates a novel role
for IL-22-producing ILCs in containing intestinal commensal bacteria, limiting peripheral
dissemination and induction of systemic inflammation. Finally, studies have identified
both pathologic proinflammatory and beneficial tissue-protective functions for IL-22 in
distinct models of infection and inflammation. Chapter 4 of this thesis identifies that the
pathologic proinflammatory versus tissue-protective properties of IL-22 in a model of
airway inflammation are regulated by Th17 cell-derived IL-17A.

Collectively, studies

presented in this thesis identify novel regulatory and functional aspects of IL-22 and
ILCs, and demonstrate a critical role for this pathway in the immunoregulation of tissue
homeostasis at mucosal sites.
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TABLE OF CONTENTS
Acknowledgements…………………………………..…………………………….………….. iii
Abstract………………………………………………………………………..……………….... v
Table of Contents……………………………..……………………………………………..... vii
List of Tables………………………..……………………………………………………..…... xii
List of Figures……..…………………………..…………………………………………….… xiii
Chapter 1 Introduction……………………………………………………………………….. 1
1.1 Immunoregulation at mucosal sites…………………………………………………… 2
1.1.1 Structural anatomy of mucosal sites and associated lymphoid tissues…… 2
1.1.2 Maintaining immune cell homeostasis at mucosal sites…………………….. 5
1.1.3 Regulation of mucosal immunity, inflammation and homeostasis…………. 6
1.2 Functional biology of the IL-22-IL-22R pathway at mucosal surfaces…………….. 9
1.2.1 The IL-10 cytokine family………………………………………………………. 9
1.2.2 Expression of the IL-22 receptor is restricted to non-hematopoietic cells.. 10
1.2.3 Signal transduction induced by IL-22-IL-22R interactions………………… 12
1.2.4 The IL-22-IL-22R pathway in human disease………………………………. 13
1.2.5 IL-22 promotes immunity, inflammation and tissue protection at mucosal
surfaces…………………………………………………………………………………15
1.2.6 IL-22 expression in the immune system…………………………………….. 19
1.2.7 Regulation of IL-22 production in T cells……………………………………. 23
1.3 Innate lymphoid cells are critical regulators of immunity, inflammation and tissue
homeostasis at mucosal surfaces………………………………………………………... 27
1.3.1 The innate lymphoid cell family………………………………………………. 28
1.3.2 IL-22-producing RORγt+ innate lymphoid cells…………………………….. 29

vii

1.3.3. Lineage relationships among IL-22-producing RORγt+ innate lymphoid
cells…………………………………………………………………………………….. 31
1.3.4 Regulation of IL-22-producing RORγt+ innate lymphoid cells…………….. 32
1.3.5 Human IL-22- producing RORγt+ innate lymphoid cells…………………… 33
1.4 Murine model systems to examine immunoregulation of immunity, inflammation
and tissue homeostasis at mucosal surfaces…………………………………………… 34
1.4.1 Citrobacter rodentium is a natural enteric bacterial pathogen of
mice……………………………………………………………………………………. 35
1.4.2 Bleomycin induces acute airway damage and inflammation……………… 36
Chapter 2 IL-22-producing CD4+ innate lymphoid cells promote innate immunity in
the gut…………………………………………………………………………….…………… 48
2.1 Abstract……..………….………………………………………………….…………… 48
2.2 Introduction………….…………………………………………………….…………… 48
2.3 Methods…………………..………………………………………………………….… 51
2.3.1 Mice and use of monoclonal antibodies in vivo…………………………….. 51
2.3.2 Citrobacter rodentium infection and assessment of CFU…….…………… 52
2.3.3 Isolation of cells and flow cytometric analysis……………………………… 52
2.3.4 In vitro cell stimulations……………………………………………………….. 53
2.3.5 ELISA………..………………………………………………………………….. 54
2.3.6 Serum ALT measurement…….………………………………………………. 54
2.3.7 Quantitative real-time PCR…………………………………………………… 54
2.3.8 Histological sections…………………………………………………………… 55
2.3.9 CD90-disparate Rag1-/- chimeras and Il22-/- adoptive transfers….……….. 55
2.3.10 Statistical analysis…….……………………………………………………… 55
2.4 Results…………………..……………………………………………………………… 55
viii

2.4.1 IL-22+ innate populations outnumber IL-22+ adaptive populations following
Citrobacter rodentium infection…………………..…………………………………. 56
2.4.2 Adult CD4+ ILCs proliferate and are a dominant source of IL-22 following
Citrobacter rodentium infection……………..………………………………………. 57
2.4.3 Infection-induced IL-22 production by CD4+ ILCs is dependent on IL-23. 58
2.4.4 Innate immunity to Citrobacter rodentium is dependent on IL-23………… 59
2.4.5 Depletion of CD4+ ILCs substantially impairs innate immunity to Citrobacter
rodentium……………………………………………………………………………… 61
2.4.6 CD4+ ILCs promote essential innate immunity in lymphocyte-replete
hosts…………………………………………………………………………………… 63
2.5 Discussion……………………………………………………………………………… 64
Chapter 3 IL-22-producing innate lymphoid cells regulate containment of
commensal bacteria and maintain systemic immune cell homeostasis………..… 86
3.1 Abstract……….………………………………………………………………………… 86
3.2 Introduction…………………………………………………………………………….. 87
3.3 Methods………………………………………………………………………………… 90
3.3.1 Mice, antibiotics and use of monoclonal antibodies and recombinant
cytokines in vivo….…………………………………………………………………… 90
3.3.2 Human intestinal and GALT samples……………………………………….. 90
3.3.3 Murine tissue isolation and flow cytometry…..……………………………… 92
3.3.4 Measurement of CFU and liver LPS…………………………………………. 93
3.3.5 Quantitative real-time PCR…………………………………………………… 93
3.3.6 Histological sections……….………………………………………………..… 93
3.3.7 CD90-disparate Rag1-/- chimeras……………………………………………. 94
3.3.8 Generation of cecal bacterial antigen, antigen restimulation and ELISA... 94
ix

3.3.9 Statistical analysis…………..……………………………………………….… 94
3.4 Results………….………………………………………………………………….…… 95
3.4.1 IL-22 is constitutively produced by ILCs in the intestine and GALT of
healthy mice and humans…………………………………………………………… 95
3.4.2 Depletion of ILCs promotes peripheral bacterial dissemination and
induction of systemic inflammation…………………………………………………. 96
3.4.3 ILCs regulation commensal bacterial dissemination and systemic
inflammation in an IL-22-dependent manner………………………………..…….. 97
3.4.4 ILCs regulate commensal bacterial dissemination and systemic
inflammation in lymphocyte-replete hosts………..………………………………... 98
3.4.5 ILC depletion results in commensal bacteria-specific systemic
inflammation…………………………………………………………………………... 99
3.5 Discussion………..…………………………………………………………………… 100
Chapter 4 Pathological versus protective functions of IL-22 in airway inflammation
are regulated by IL-17A…………………………………………………………………… 112
4.1 Abstract……..………………………………………………………………………… 112
4.2 Introduction…………………………………………………………………………… 113
4.3 Methods………………………….…………………………………………………… 115
4.3.1 Mice, bleomycin instillation and monoclonal antibody treatments…….…115
4.3.2 Isolation and analysis of lung and BAL cells…………..….………………. 115
4.3.3 RNA isolation, cDNA preparation and RT-PCR……………….………….. 116
4.3.4 Histological sections and pathology scoring…………..….……………….. 117
4.3.5 ELISA and immunofluorescence staining…………..….………………….. 117
4.3.6 Instillation of recombinant cytokines………….….………………………… 117
4.3.7 In vitro splenocyte activation……….….……………………………………. 117
x

4.3.8 Electrophoresis and immunostaining……………….……………………… 118
4.3.9 MLE cell line, in vitro apoptosis assay…………..….……………………… 118
4.3.10 Statistical analysis…………….……………………………………………. 119
4.4 Results……..….……………………………………………………………………… 119
4.4.1 A Th17 cell response develops during bleomycin-induced airway
inflammation…..………………………………………………..…………………… 119
4.4.2 Neutralization of IL-22 protects mice from bleomycin-induced airway
inflammation…….…………………………………………………………………… 122
4.4.3 Airway inflammation is reduced in Il17a-/- mice despite an increase in
bleomycin-induced IL-22 expression…………….……………………………….. 123
4.4.4 IL-22 is tissue-protective in the absence of IL-17A…….………………… 126
4.4.5 IL-17A regulates IL-22-mediated protection from bleomycin-induced airway
epithelial cell apoptosis…………..…….…………………………………………... 127
4.5 Discussion……….…….……………………………………………………………… 129
Chapter 5 Summary, Discussion and Future directions……………………………. 156
5.1 Proximal and distal propagation of the ILC-IL-22 pathway……………………… 156
5.2 Regulation of IL-22 expression and function by proinflammatory cytokines…... 160
5.3 Therapeutic manipulation of the ILC-IL-22 pathway in human disease………... 164
5.4 Concluding remarks……………………..…….…………………………………….. 168
Bibliography………………….…….……………………………………………………..… 172

xi

LIST OF TABLES
Table 1. The IL-10 cytokine family, shared receptors, and signaling pathways………. 39
Table 2. The IL-22-IL-22R pathway in human disease…………………………………... 40

xii

LIST OF FIGURES
Figure 1. Structural anatomy of mucosal sites and associated lymphoid tissues…….. 38
Figure 2. Functional consequences of IL-22-IL-22R signaling at barrier surfaces..….. 41
Figure 3. Differentiation, regulation and function of IL-22-producing T cell
populations…………………………………………………………………………………….. 42
Figure 4. CD4+ T helper cells are critical regulators of immunity, inflammation and
homeostasis at mucosal sites……………………………………………………………….. 43
Figure 5. The emerging family of innate lymphoid cells…………………………………. 44
Figure 6. Regulation, function and lineage relationships of IL-22-producing innate
lymphoid cells………………………………………………………………………………….. 45
Figure 7. Immunity to the enteric bacterial pathogen Citrobacter
rodentium………………………………………………………………………………………. 47
Figure 8. Innate immune cells are the first population to expand with exposure to C.
rodentium infection and are the dominant source of IL-22 required for immunity……… 70
Figure 9. Adult CD4+ ILCs expand and are a dominant innate source of IL-22 following
C. rodentium infection………….……………………………………………………………... 71
Figure 10. Adult CD4+ ILCs are a dominant innate source of IL-22 in the gut following
C. rodentium infection…………………………………………………..…………………….. 73
Figure 11. C. rodentium-induced CD4+ ILC responses are dependent on IL-23…….. 74
Figure 12. CD4+ ILCs are the dominant IL-23-responsive and IL-22-producing innate
population in the spleen and IEL……….……………………………………………………. 76
Figure 13. Innate immunity to C. rodentium is dependent on IL-23……………………. 77
Figure 14. Anti-CD90 mAb treatment impairs innate immunity to C. rodentium……… 79
Figure 15. Anti-CD4 mAb administration specifically depletes CD4+ ILCs………….… 81
Figure 16. Adult CD4+ ILCs mediate innate immunity to C. rodentium……..…………. 82
xiii

Figure 17. Adult CD4+ ILCs are necessary and sufficient to promote innate immunity to
C. rodentium infected lymphocyte-replete hosts…………………………………………... 84
Figure 18. Innate lymphoid cells are constitutively present and a dominant source of IL22 in the intestine and GALT of healthy mice and humans……………………………... 103
Figure 19. Innate lymphoid cells limit bacterial dissemination and systemic immune
activation in naïve mice……………………………………………………………………... 105
Figure 20. IL-22 limits bacterial dissemination and systemic immune activation……. 106
Figure 21. Innate lymphoid cells prevent bacterial dissemination and systemic immune
activation in lymphocyte-replete mice……………………………………………………... 108
Figure 22. Loss of innate lymphoid cells promotes commensal bacterial-driven systemic
inflammation………..………………………………………………………………………… 109
Figure 23. Th17 cell differentiation and effector cytokines are increased following
bleomycin-instillation…….…….……………………………………………………………. 135
Figure 24. TGFβ protein is not upregulated in a high-dose of bleomycin-induced
damage and acute airway inflammation…………….…………………………………….. 136
Figure 25. A Th17 cell response develops following bleomycin-induced airway
inflammation….…….………………………………………………………………………… 137
Figure 26. IL-17F expression is not increased following bleomycin-instillation……… 139
Figure 27. Administration of anti-IL-22 mAb protects mice from bleomycin-induced
airway inflammation………..…….………………………………………………………….. 140
Figure 28. Differential counts of BAL cells…………..…….…………………………..… 142
Figure 29. Gr-1+ SSC-hi cells express surface markers consistent with neutrophils.. 143
Figure 30. Il22-/- mice are protected from bleomycin-induced airway inflammation…. 144
Figure 31. IL-17A partially regulates bleomycin-induced expression of IL-22……….. 146
Figure 32. IL-17A regulates expression of IL-22………………………………………... 147
xiv

Figure 33. Il17a-/- mice are protected from bleomycin-induced airway inflammation.. 148
Figure 34. IL-22 and IL-17A act synergistically to promote airway inflammation and
neutrophil recruitment……………….………………………………………………………. 150
Figure 35. Blockade of IL-22 reverses protection of Il17a-/- mice from bleomycininduced airway inflammation……..…….…………………………………………………... 152
Figure 36. IL-17A regulates the tissue-protective properties of IL-22……….……….. 154
Figure 37. The ILC-IL-22 pathway in intestinal immunity and homeostasis…………. 170
Figure 38. IL-17A influences the function and expression of IL-22…………………… 171

xv

Chapter 1
Introduction

At mucosal sites, such as the intestinal tract and airway, a single layer of epithelial cells
separates the connective tissues of the mammalian body from the external environment.
Mucosal sites, such as the intestine, are the largest surface of the mammalian body
exposed to the environment and are colonized with an estimated 300 trillion beneficial
commensal bacteria.

These properties facilitate the critical biological functions of

mucosal sites including nutrient absorption, gas exchange and waste excretion, yet
renders mucosal sites highly vulnerable to infection with pathogenic microorganisms and
pathologic inflammation. Mammals have evolved complex immunoregulatory networks
to maintain a homeostatic balance in mucosal tissues.

The importance of

immunoregulation at mucosal sites is evident, as a loss of tissue homeostasis at these
locations is a hallmark of numerous chronic human diseases including progressive
human immunodeficiency virus (HIV) infection, inflammatory bowl disease (IBD),
hepatitis and cancer (Chin et al., 2007; Douek et al., 2009; Fava and Danese, 2011;
Sandler et al., 2011a; Sandler et al., 2011b). Therefore elucidating the mechanisms of
immunoregulation at mucosal sites will be essential in understanding the pathogenesis
of these chronic human diseases and will promote the identification of novel targets and
immunotherapies for their treatment and prevention.
This thesis will interrogate mechanisms of immunoregulation at mucosal surfaces
in the context of immunity, inflammation and tissue homeostasis, with a particular focus
on a pathway involving interleukin (IL-)22 and its role in an emerging population of innate
lymphoid cells (ILCs). Chapter 2 of this thesis will explore the role and regulation of the
ILC-IL-22 pathway in promoting intestinal innate immunity to the enteric bacterial
1

pathogen Citrobacter rodentium, and Chapter 3 will examine the role of this pathway in
containing beneficial commensal bacteria to intestinal tissues and maintaining peripheral
immune cell homeostasis.

Finally, the role and regulation of IL-22 in acute airway

damage and inflammation will be explored in Chapter 4.
Chapter 1 of this thesis will serve as an introduction to the structure and function
of mucosal surfaces and their associated lymphoid tissues, known immunoregulatory
networks that exist at mucosal surfaces, the functional biology of the IL-22-IL-22R
pathway, the emerging family of innate lymphoid cells and the use of infectious and
inflammatory model systems to interrogate mechanisms of immunoregulation at mucosal
sites.

1.1 Immunoregulation at mucosal sites
Mammals have evolved multiple immunoregulatory networks to maintain tissue
homeostasis at mucosal sites. In this section the structural anatomy of mucosal sites
and their associated lymphoid tissues, and the importance and challenges of maintaining
tissue homeostasis at such a dynamic interface will be discussed.

1.1.1 Structural anatomy of mucosal sites and associated lymphoid tissues
Mucosal surfaces, such as the intestinal tract and airway, are typically composed of a
single layer of epithelial cells that separate the mammalian body from the external
environment (Artis, 2008). In the intestine, this epithelial layer is organized into folding
crypts, which includes several specialized cell lineages to aid in digestion and uptake of
nutrients (Figure 1A). In the lung, a single layer of epithelial cells line the airway and are
designed to facilitate gas exchange and respiration (Figure 1B). Although this single-cell
thick epithelial lining is beneficial to the transfer of materials across the interface, it also
2

serves as a vulnerable access point to the rest of the mammalian body that is
continuously exposed to numerous potentially harmful pathogens or other environmental
stimuli (outlined in Chapter 1.1.2).

To combat this challenge, mucosal-associated

lymphoid tissues evolved to maintain tissue homeostasis at barrier surfaces and limit the
potential systemic invasion by microbes or environmental stimuli.
The intestine is densely populated with immune cells that are found diffusely
distributed in connective tissue or in organized components of the gut-associated
lymphoid tissue (GALT). The GALT is composed of lymphoid follicles, Peyer’s patches
and mesenteric lymph nodes (mLN). The Peyer’s patches and mLN are both formed
during fetal development. Development of these tissues is dependent upon interactions
of resident stromal cells with hematopoietic fetal lymphoid tissue inducer (LTi) cells
(Mebius, 2003; van de Pavert and Mebius, 2010). The biology of LTi cells, a member of
the innate lymphoid cell family, and their regulation of GALT formation will be discussed
further discussed in Chapter 1.3.2.

The Peyer’s patches are organized lymphoid

structures dispersed throughout the small intestine directly underneath the single layer of
intestinal epithelial cells (Figure 1A).

Specialized epithelial cells directly above the

Peyer’s patch known as microfold (M) cells function to permit enhanced sampling of the
intestinal lumen by immune cells residing in the Peyer’s patch (Suzuki et al., 2010). For
this purpose, Peyer’s patches are one of the major inductive sites of immunoglobulin
(Ig)A production (Artis, 2008; Hooper and Macpherson, 2010; Suzuki et al., 2010). The
lymphoid follicles, Peyer’s patches and several other sites of the intestine are drained by
lymphatics to the mLN (Figure 1A), an additional organized lymphoid structure
associated with intestinal tissues. For this reason, the mLN is predicted to be the major
inductive site of antigen-specific adaptive immune responses (Suzuki et al., 2010). In
addition to these organized lymphoid structure; immune cells are present throughout the
3

intestine, including the presence of leukocytes dispersed throughout the lamina propria
(Lp) and intra-epithelial layer (IEL), two anatomical locations located directly below the
intestinal epithelium or directly between individual intestinal epithelial cells respectively
(Artis, 2008; Duerkop et al., 2009; Hooper and Macpherson, 2010). Further, several
smaller, less well-organized lymphoid structures develop in the intestine following birth.
These tissues include cryptopatches (CPs), which are smaller lymphoid structures,
containing and dependent upon LTi cells for formation (Eberl and Littman, 2004; Eberl et
al., 2004). CPs have the capacity to mature to larger isolated lymphoid follicles (ILFs)
with the recruitment of B cells and increased lymphoid organization (Eberl, 2005; van de
Pavert and Mebius, 2010). ILFs share many characteristics with Peyer’s patches and
have been proposed to serve similar functions, however ILF development occurs
following birth and is uniquely dependent on the acquisition of commensal flora (Bouskra
et al., 2008; Eberl and Littman, 2004; Suzuki et al., 2010).
The airway also contains numerous organized lymphoid structures that are
formed pre- and post- fetal development (Figure 1B).

Similar to the intestine, the

airways possess organized draining lymph nodes that form prior to birth, as well as
leukocytes dispersed throughout IEL and parenchyma fractions (Holt et al., 2008). The
airways also possess leukocytes within the bronchiolar and alveolar lumens, which are
capable of immunologically monitoring exposure to foreign material while effectively
outside the mammalian body (Holt et al., 2008). Following birth, the airways have the
capacity to form inducible organized lymphoid structures, often referred to as inducible
bronchus associated lymphoid tissues (iBALT) (Randall, 2010). Areas of iBALT can be
found in many different locations of the airways, are often indicative of inflammation and
contribute to pulmonary immunity (Moyron-Quiroz et al., 2006; Randall, 2010; RangelMoreno et al., 2011). Maintenance of tissue homeostasis in the intestine and airway
4

relies on a balance of immunological surveillance for pathogen recognition and tolerance
to the beneficial commensal bacteria and innocuous environmental antigens, and the
mammalian immune system has evolved a number of regulatory strategies to achieve
this balance.

1.1.2 Maintaining immune cell homeostasis at mucosal sites
Due to their structure, function and location, mucosal sites are particularly vulnerable to
disruptions of tissue homeostasis. As discussed above, a single layer of epithelial cells
provides an easily accessible point of entry from the surrounding environment for
numerous innocuous, beneficial and potentially harmful microbes or environmental
agents (Artis, 2008; Duerkop et al., 2009; Holt et al., 2008; Hooper and Macpherson,
2010). The ability to distinguish between these agents creates a considerable challenge
for the mucosal-associated immune system. Given the large exposed surface areas of
the intestine and lung, a number of pathogens have evolved mechanisms to colonize
and invade these sites (Mathers et al., 2009), and therefore the mucosal immune system
must be prepared to react to these pathogens in order to limit replication, dissemination
and transmission. Studies discussed in Chapter 2 of this thesis identify a novel pathway
of innate immunity to an enteric bacterial pathogen. In addition to pathogenic microbes,
an estimated 100 trillion beneficial commensal bacteria, composed of 15,000-40,000
different species, colonize the mammalian intestine (Abt and Artis, 2009; Frank and
Pace, 2008; Hill and Artis, 2010; Ley et al., 2006). These bacteria promote numerous
beneficial processes including maintaining normal intestinal physiology, aiding in
digestion, promoting immune cell development and function and limiting colonization
with pathogenic microorganisms (Hill and Artis, 2010; Hooper and Gordon, 2001;
Macpherson and Harris, 2004).

Under homeostatic conditions these commensal
5

bacteria are limited to the intestinal lumen and associated lymphoid tissues to prevent
exposure of these microbes to peripheral organs (Duerkop et al., 2009; Hooper and
Macpherson, 2010). Loss of containment and peripheral dissemination of commensal
bacteria results in induction of systemic inflammation and is a hallmark and potentially
contributing factor to the pathogenesis of numerous chronic human diseases including
HIV infection, IBD, hepatitis and cancer (Chin et al., 2007; Douek et al., 2009; Fava and
Danese, 2011; Sandler et al., 2011a; Sandler et al., 2011b).

Studies discussed in

Chapter 3 of this thesis identify a novel pathway regulating the containment of
commensal bacteria to the intestine, which is essential in maintaining systemic immune
cell homeostasis in the steady state. In addition to microbial agents, the intestine and
lung are continuously exposed to innocuous antigens in the environment that pose no
threat of invasion or hazard to the mammalian body, and generation of an immune
response is unnecessary (Artis, 2008; Duerkop et al., 2009; Holt et al., 2008; Hooper
and Macpherson, 2010).

Immune responses to these innocuous stimuli such as

allergens or pollutants can be detrimental to the mammalian hosts, causing
inappropriate inflammation and unnecessarily interfering with the ability of mucosal sites
to perform their biological functions (Artis, 2008; Duerkop et al., 2009; Holt et al., 2008;
Hooper and Macpherson, 2010).

Studies discussed in Chapter 4 of this thesis

interrogate the role and regulation of an IL-22-dependent pathway in the induction and
resolution of acute airway inflammation.

1.1.3 Regulation of mucosal immunity, inflammation and homeostasis
Numerous immunoregulatory pathways have been identified in states of immunity,
inflammation and homeostasis at mucosal sites. Pathogenic microbes are first identified
at mucosal sites by the innate immune system, which recognizes conserved pathogen
6

associated molecular patterns (PAMPs) present on or in the microbes (Barbalat et al.,
2011; Medzhitov, 2007; Philpott and Girardin, 2004; Schenten and Medzhitov, 2011).
These PAMPs are recognized by pattern recognition receptors (PRRs) that are
expressed by numerous innate immune cell types to initiate an immune response
(Barbalat et al., 2011; Medzhitov, 2007; Philpott and Girardin, 2004; Schenten and
Medzhitov, 2011).

Innate immunity includes the direct killing or phagocytosis of

microbes and the production of soluble effector molecules, which can recruit additional
immune cells and induce inflammation (Barbalat et al., 2011; Medzhitov, 2007; Philpott
and Girardin, 2004; Schenten and Medzhitov, 2011). Importantly, innate immunity is
essential for initiating antigen-specific from T cells and B cells responses to promote
clearance of pathogenic microbes by cytotoxic-, cytokine- and antibody-mediated
pathways, and for the generation of immunologic memory to provide protection from
secondary infection (Cheroutre and Madakamutil, 2005; Lefrancois and Puddington,
2006; Medzhitov, 2007; Philpott and Girardin, 2004).
Commensal bacteria also express PAMPs capable of activating PRRs on
immune cell populations (Duerkop et al., 2009; Hill and Artis, 2010; Hooper and
Macpherson, 2010).

Therefore, to maintain mucosal and immune cell homeostasis

without causing potentially damaging inflammation, mammals evolved numerous
immunoregulatory pathways (Artis, 2008; Duerkop et al., 2009; Hill and Artis, 2010;
Hooper and Macpherson, 2010). Most commensal bacteria species are non-invasive
and therefore one mechanism to avoid immune recognition is to create physical space
between the intestinal epithelial barrier and commensal bacteria. Production of mucins
by specialized intestinal epithelial cells known as goblet cells can create physical space
by forming of a thick mucus layer directly between the epithelium and intestinal lumen
(Duerkop et al., 2009; Johansson et al., 2008). The importance of this mucus layer is
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highlighted by the finding that mice deficient in the mucin gene Muc2 exhibit substantially
increased intestinal inflammation (Johansson et al., 2008).

Interactions between

commensal bacteria and mucosal immune cells are further limited by epithelial cell
production and luminal secretion of anti-microbial peptides, which have the capacity to
form pores and lyse bacterial membranes (Duerkop et al., 2009; Hooper and
Macpherson, 2010; Mukherjee et al., 2008). Anti-microbial peptides include defensins,
cathelicidins and C-type lectins that are produced in a constitutive or inducible manner
by specialized intestinal epithelial cells known as Paneth cells (Duerkop et al., 2009;
Mukherjee et al., 2008). Cells in the mucosal epithelial barrier also express tight junction
proteins that create a physical barrier to passive translocation of any interacting
commensal bacteria (Artis, 2008; Shen and Turner, 2006).

Finally, numerous

immunoregulatory pathways exist to promote containment of commensal bacteria
including the presence of intra-epithelial lymphocytes that can directly mount responses
to bacteria, phagocytosing macrophages and dendritic cells, and B cell-derived IgA
which can be directly transcytosed by epithelial cells to the intestinal lumen to bind and
limit interactions of commensal bacteria with the epithelial barrier (Artis, 2008; Duerkop
et al., 2009; Hooper and Macpherson, 2010).
One critical mechanism by which immunoregulation is carried out at mucosal
sites is through the production of cytokines. Cytokine are surface bound or soluble
secreted proteins that serve as signaling molecules for intercellular communication.
Cytokines act in an autocrine, paracrine or endocrine manner by binding cytokine
receptors on hematopoietic and non-hematopoietic cells (McInnes and Schett, 2007;
Rubtsov and Rudensky, 2007; Yoshimura et al., 2007). Cytokine-receptor interactions
induce cascades of intracellular signal transduction pathways that promote changes in
gene transcription and influence numerous cellular processes involved in immunity,
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inflammation and tissue homeostasis (McInnes and Schett, 2007; Rubtsov and
Rudensky, 2007; Yoshimura et al., 2007).

Section 1.2 will review the IL-22-IL-22R

pathway, which is the central focus of this thesis.

1.2 Functional biology of the IL-22-IL-22R pathway at mucosal surfaces
Expression of interleukin (IL) -22, a member of the IL-10 cytokine family, has recently
been reported in a number of human diseases, including mucosal-associated infections
and inflammatory disorders of the intestine, skin and joints (Sonnenberg et al., 2010,
2011; Wolk and Sabat, 2006).

Both T cells and an emerging category of innate

lymphoid cells are sources of IL-22, while the IL-22 receptor complex is reported to be
restricted to cells of non-hematopoietic origin (Tachiiri et al., 2003; Wolk et al., 2004).
The ligand-receptor distribution of IL-22-IL-22R permits immune cells to regulate
responses of epithelial cells, endothelial cells, fibroblasts, and other tissue-resident
stromal cells. This pathway appears to be critically important at barrier surfaces where
epithelial cells play an active role in the initiation, regulation and resolution of immune
responses.

Functional studies in murine model systems indicate that IL-22 has

immunoregulatory properties in infection, inflammation, autoimmunity and cancer
(Sonnenberg et al., 2010, 2011; Sugimoto et al., 2008; Zheng et al., 2007; Zheng et al.,
2008). Therefore, advancing our understanding of the biology of IL-22-IL-22R may yield
novel therapeutic targets in multiple human diseases.

1.2.1 The IL-10 cytokine family
Sequence comparisons of cDNA from novel transcripts identified the existence of the IL10 family of cytokines. Similar to interferons, this family is presumed to be derived from
gene duplication of an ancestral type-2 cytokine.
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While primary sequences show

relatively low homology, the resolved crystal structures of the IL-10 family of type-2
cytokines show structural conservation (Pestka et al., 2004).

The IL-10 family

encompasses IL-10, IL-19, IL-20, IL-22, IL-24 and IL-26, which are expressed by innate
and adaptive cells of the immune system. Members of the IL-10 family exhibit receptor
subunit sharing and signal through the Jak/STAT pathway inducing phosphorylation of
STAT1, STAT3, and STAT5 (Table 1) (Pestka et al., 2004). Putative functions of the IL10 family members are diverse. IL-10 acts on hematopoietic cells and promotes antiinflammatory responses, while IL-22 acts on non-hematopoietic cells and promotes antimicrobial, reparative and inflammatory responses (Moore et al., 2001; Pestka et al.,
2004; Sonnenberg et al., 2010, 2011). Recently, examination of the expression and
function of IL-22 have demonstrated that this cytokine has profound roles in
immunoregulation at mucosal sites.

Below, I will discuss recent findings on the

expression, regulation and functions of IL-22 and IL-22R at mucosal sites.

1.2.2 Expression of the IL-22 receptor is restricted to non-hematopoietic cells
The IL-22 receptor is a type-2 cytokine receptor composed of two subunits (Kotenko et
al., 2001a; Xie et al., 2000). IL-22 first binds to IL-22R1 and then IL-10R2 sequentially
binds the IL-22/IL-22R1 complex (Li et al., 2004; Logsdon et al., 2002). While IL-10R2 is
ubiquitously expressed on hematopoietic and non-hematopoietic cell lineages, most
reports indicate that the IL-22R1 subunit is restricted to cell lineages of a nonhematopoietic origin (Tachiiri et al., 2003; Wolk et al., 2004).

In particular, non-

hematopoietic cells that have been found to constitutively express a functional IL-22
receptor are resident in the pancreas, kidney and liver, as well as at barrier surfaces
such as the skin, intestine, and lung (Wolk et al., 2004). The restricted distribution of the
IL-22R governs the functions of IL-22 as it restricts the biological effects of IL-22 to non10

hematopoietic tissue-resident cells. One recent report also identified that incubation of
DCs with recombinant (r) IL-22 augmented a model DC-induced allergic inflammation,
suggesting that IL-22 may have some capacity to act on hematopoietic cells (Schnyder
et al., 2010; Tachiiri et al., 2003). Additionally, initial studies examining the effects of IL22 observed that incubation of purified human CD4+ T cells with rIL-22 was able to
modestly augment IL-4 production following TH2 cell polarization, and incubation of
murine B cells with rIL-22 was able to induce expression of reactive oxygen species
(Wei et al., 2003; Xie et al., 2000). However, definitive evidence of IL-22R expression
on hematopoietic cell types is lacking at present.
The distribution of IL-22R has been well characterized, yet relatively little is
known regarding the stimuli and signaling pathways that regulate IL-22R expression.
Despite the appearance of constitutive expression on a number of non-hematopoietic
cell types, IL-22R1 expression is upregulated following stimulation of human skin cell
lines with rIFNγ (Wolk et al., 2004), or following con-A or LPS challenge of hepatocytes
(Radaeva et al., 2004; Tachiiri et al., 2003). Thus, evidence for dynamic regulation of
the IL-22R exists and suggests that the regulated expression of IL-22R in the context of
immunity or inflammation should be considered in future studies.
In addition to the surface bound receptor, a soluble secreted receptor for IL-22
exists, termed IL-22 binding protein (IL-22BP) or IL-22RA2 (Dumoutier et al., 2001;
Kotenko et al., 2001b; Xu et al., 2001).
including the breast, lungs and colon.

IL-22BP is expressed in various tissues

IL-22BP expression has been found in the

epithelium and various mononuclear cells, and can be upregulated in macrophages
following exposure to LPS (Dumoutier et al.; Kotenko et al., 2001b; Wei et al., 2003; Xu
et al., 2001).

IL-22BP binds IL-22 with a sufficient affinity to block IL-22R binding,

therefore acting as a natural cytokine antagonist (Dumoutier et al., 2001; Kotenko et al.,
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2001b; Xu et al.). Furthermore, IL-22BP is dynamically regulated in murine models of
infection and colitis, suggesting that it may be important in regulating the in vivo
biological consequences of IL-22 expression (Sugimoto et al., 2008; Wilson et al.,
2010a; Wolk et al., 2007). Consistent with its ability to abrogate IL-22 signaling and
function in vitro, delivery of IL-22BP in vivo abrogated IL-22-mediated protection in a
model of chemical-induced colitis (Sugimoto et al., 2008). Despite these insights, further
investigations are required to advance our understanding of the regulation and functions
of IL-22BP in the context of infection and inflammation, as it may be an important
pathway to consider when targeting IL-22.

1.2.3 Signal transduction induced by IL-22-IL-22R interactions
Binding of IL-22 to its type-2 cytokine receptor induces a cascade of downstream
signaling pathways. Initial studies utilizing a murine kidney cell line revealed that IL-22R
ligation induced phosphorylation of STAT3, and to a lesser extent STAT5 (Dumoutier et
al., 2000a), while other studies observed phosphorylation of STAT1, STAT3, and STAT5
in a human kidney cell line (Xie et al., 2000). Further analysis concluded that IL-22
signaling utilizes Jak1 and Tyk2 to propagate downstream phosphorylation signals,
including several MAPK pathways (ERK1/2, MEK1/2, JNK, and p38 kinase), and STAT1,
STAT3, and STAT5 (Lejeune et al., 2002). STAT3-mediated signaling is a common
pathway utilized by members of the IL-10 cytokine family (Table 1), however, IL-22
signaling exhibits a number of unique properties. For example, in comparison to IL-10
stimulation that induces phosphorylation of tyrosine residues on STAT3, IL-22
stimulation induces STAT3 phosphorylation on both tyrosine and serine residues, and
also strongly activates the ERK1/2 pathway (Lejeune et al., 2002). The IL-22-induced
phosphorylation of serine-727 on STAT3 was found to be required for maximal
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transactivation of STAT3, thus identifying unique requirements in the IL-22 versus IL-10
signal transduction pathways (Lejeune et al., 2002). As both IL-10 and IL-22 utilize IL10R2, Jak1 and Tyk2, the observed differences in signal transduction pathways may be
attributed to differences between IL-10R1 and IL-22R1. This is consistent with a recent
report identifying that IL-22R1 is responsible for recruiting STAT3 in a tyrosineindependent manner (Dumoutier et al., 2009). STAT3 phosphorylation appears to be an
essential pathway in mediating the effects of IL-22 on epithelial cells at mucosal
surfaces, as phosphorylation of STAT3 in intestinal epithelial cells following chemicalinduced colitis is IL-22-dependent, and furthermore, conditional deletion of epithelialintrinsic STAT3 from intestinal epithelial cells phenocopied that of Il22-/- mice during
chemical-induced colitis (Pickert et al., 2009).

Collectively, this body of literature

identified that similar to all members of the IL-10 family, IL-22 utilizes Jak-STAT
signaling predominantly through STAT3, yet reveals a unique signaling pathways
including differential activation of MAPK pathways and phosphorylation of STAT3 on
distinct tyrosine and serine residues.

1.2.4 The IL-22-IL-22R pathway in human disease
Human IL-22 shares a 25% identity with human IL-10 and a 79% amino acid homology
with murine IL-22 (Dumoutier et al., 2000b). Evidence supporting a role for IL-22 in
human disease has come from increased expression patterns and naturally arising
mutations in the IL-22 pathway that correlate with increased or decreased disease
susceptibility (Table 2). STAT3 is a critical transcription factor involved in the induction
and downstream signaling of IL-22.

Humans with hyper-IgE syndrome or Job’s

syndrome have a hypomorphic mutation in STAT3, have impaired Th17 cell
differentiation and IL-22 production, and exhibit recurrent severe infections with
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extracellular bacteria and fungi in the intestine, skin, and lungs (Holland et al., 2007;
Lewden et al., 2008; Milner et al., 2008; Minegishi et al., 2007). Additionally patients
with autoimmune polyendocrine syndrome 1 (APECED), exhibit high serum titers of
neutralizing autoantibodies against IL-17A, IL-17F, and, at the highest frequency, IL-22;
which correlates with the development of chronic mucocutaneous candidiasis (Kisand et
al., 2010; Puel et al., 2010).

Finally, in cystic fibrosis patients undergoing clinical

exacerbation with Pseudomonas aeruginosa, elevated production of IL-22 was observed
in T cells isolated from the lung draining lymph nodes (Aujla et al., 2008). Collectively,
these correlations suggest that the IL-22-IL-22R pathway in humans may contribute to
mucosal immunity following fungal or extracellular bacterial infections.
In addition to infection, elevated expression of IL-22 and naturally occurring
mutations in the IL-22 pathway are found in patients with several inflammatory and
autoimmune disorders. In a genome-wide association study, the IL23R was identified as
an inflammatory bowel disease (IBD) gene, and furthermore, increased IL-23 expression
was observed in patients with IBD (Duerr et al., 2006; Schmidt et al., 2005). Consistent
with a role of IL-23 in the in vivo induction of IL-22, increased expression of IL-22 is
found in intestinal samples and peripheral blood of IBD patients, however the role of IL22 in human IBD remains controversial as conflicting reports suggest protective or
pathologic functions (Brand et al., 2006; Kleinschek et al., 2009; Pene et al., 2008;
Schmechel et al., 2008; Sekikawa et al., 2010; Wolk et al., 2007; Yamamoto-Furusho et
al., 2010).

Despite this controversy, initial clinical trials utilizing an anti-IL-12/23p40

monoclonal antibody (mAb), targeting a shared subunit of the IL-22 inducing cytokine IL23, have demonstrated some efficacy in the treatment of Crohn’s disease patients
(Mannon et al., 2004), yet it is unlikely that the observed effects are solely due to the
impairment of IL-22 expression.
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Elevated levels of IL-22 are also observed in the peripheral blood, skin, and joints
of patients with autoimmune disorders including psoriasis and arthritis, and increased IL22 production has been predicted to promote inflammation in these diseases (Boniface
et al., 2007; Colin et al., 2010; Ikeuchi et al., 2005; Liu et al., 2007; Pene et al., 2008;
Shen et al., 2009; Wolk et al., 2006). Also, substantially increased numbers of IL-22producing CD4+ Th22 cells have recently been observed in the peripheral blood of
psoriasis patients (Kagami et al., 2010).
Finally, several studies have examined a role for IL-22 in human cancer. One
study found a correlation between individuals possessing a specific genetic
polymorphism in IL22 and an increased risk of developing colon cancer (Thompson et
al.).

An additional study examining anaplasic large cell lymphomas (ALK+),

characterized by constitutive activation of STAT3, revealed an auto-stimulatory loop
involving IL-22 that is predicted to contribute to tumorigenicity (Bard et al., 2008).
Collectively, these correlative studies suggest that IL-22 plays diverse roles in a range of
human diseases.

1.2.5 IL-22 promotes immunity, inflammation and tissue-protection at mucosal
surfaces
IL-22 appears to act exclusively on non-hematopoietic cells, with basal IL-22R
expression in the skin, pancreas, intestine, liver, lung and kidney (Tachiiri et al., 2003;
Wolk et al., 2004). Ligation of the IL-22R modulates expression of genes including those
involved in chemotaxis, proliferation, an acute phase response, innate immunity and
inflammation (Aujla et al., 2008; Liang et al., 2010; Liang et al., 2006; Radaeva et al.,
2004; Wolk et al., 2004; Wolk et al., 2006; Zenewicz et al., 2007; Zheng et al., 2008).
Therefore, it is perhaps not surprising that with the development of reagents to ablate
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the IL-22-IL-22R pathway, IL-22 was found to play critical roles in regulating host
defense, inflammation and tissue homeostasis, in particular at barrier surfaces (Figure
2A-C).

Below the contributions of the IL-22-IL-22R pathway in regulating immunity,

inflammation and tissue repair are discussed.
Initial studies characterizing the functions of IL-22 revealed that stimulation of
keratinocytes with IL-22 resulted in a marked induction of genes encoding proteins
involved in anti-microbial host defense, including S100A7, S100A8, S100A9, β-defensin2 and β-defensin-3 (Boniface et al., 2005; Liang et al., 2006; Wolk et al., 2004; Wolk et
al., 2006).

Subsequent studies also identified that induction of two intestinal anti-

microbial peptides RegIIIβ and RegIIIγ were also dependent on IL-22 production, and
stimulation of airway epithelial cells with IL-22 resulted in upregulation of a number of
genes involved in mammalian host defense against bacterial infection, including the
chemokines CXCL1, CXCL5 and CXCL9, and the cytokines IL-6 and G-CSF (Aujla et
al., 2008; Zheng et al., 2008). IL-22 can act synergistically or additively with IL-17A, IL17F or TNF to promote expression of many of the genes involved in host defense in the
skin (Figure 2A), airway (Figure 2B) or intestine (Figure 2C) (Aujla et al., 2008; Eyerich
et al., 2009; Liang et al., 2006). Two studies determined that IL-22 was essential for
host protective immunity to the extracellular gram-negative pathogens Klebsiella
pneumoniae in the lung and Citrobacter rodentium in the intestine (Aujla et al., 2008;
Zheng et al., 2008), demonstrating the functional significance of IL-22 in promoting
mucosal immunity. IL-22 was critical to limit bacterial replication and dissemination,
likely in part through induction of anti-microbial peptide expression from epithelial cells at
these mucosal sites.

IL-22 production has also been shown to contribute to

maintenance and organization of ILFs during Citrobacter rodentium infection (Ota et al.,
2011). However, mice deficient in IL-22 or IL-23, the latter a cytokine produced by
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activated DCs that is critical for IL-22 expression in vivo, exhibited rapid mortality to both
pathogens, suggesting a potent early IL-22-dependent innate response was essential for
protective immunity to infection (Aujla et al., 2008; Zheng et al., 2008).
The influence of IL-22 on eliciting host protective immunity appears to be
pathogen-specific, as IL-22 does not play a significant role in host defense following
infection with either Mycobacterium tuberculosis, Mycobacterium avium, Listeria
monocytogenes or Schistosoma mansoni (Wilson et al., 2010a; Zenewicz et al., 2007).
IL-22 may not be required for immunity to these specific infectious agents because
unlike C. rodentium or K. pneumoniae, these pathogens do not become intimately
associated with the mucosal surface or selectively induce functional or pathologic
changes in epithelial cells. Furthermore, although not reported to play a direct role in
immunity, IL-22 appears to promote intestinal inflammation following oral Toxoplasma
gondii infection (Munoz et al., 2009; Wilson et al., 2010a), demonstrating that some
infectious agents elicit a non-beneficial proinflammatory IL-22-dependent response.
Although still in the early stages of investigation, IL-22 does not appear to directly
play a substantial role in immunity to viral pathogens, as IL-22-deficiency did not
influence the outcome of influenza infection (Guo and Topham, 2010; Monticelli et al.,
2011).

However, IL-22 may play an important role in providing protective innate

immunity when the adaptive immune system is impaired. This is evident in immunity to
gastric Candida albicans, as IL-22 promotes protective immunity to infection when Th1
cell-dependent immunity is impaired (De Luca et al., 2010). Additionally, in Rag1-/- mice,
IL-22 is sufficient to promote protective innate immunity to C. rodentium for several
weeks post-infection (Zheng et al., 2008), suggesting that the IL-22-IL-22R pathway may
be harnessed to increase mechanisms of innate immunity in a case of impaired adaptive
immunity.
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In addition to regulating expression of anti-microbial peptides and defensins, IL22 contributes to the expression of a range of genes involved in inflammatory responses,
including

IL-6,

G-CSF,

IL-1α,

LPS

binding

protein,

serum

amyloid

A,

α1-

antichymotrypsin and haptoglobin (Aujla et al., 2008; Boniface et al., 2005; Eyerich et al.,
2009; Liang et al., 2010; Wolk et al., 2006). Local or systemic delivery of exogenous IL22 to mice is sufficient to promote local and/or systemic inflammation (Liang et al., 2010;
Zheng et al., 2007). In several models of inflammatory disorders at barrier surfaces, IL22 was necessary and sufficient to promote tissue inflammation (Figure 2A-C).

For

example, in the skin, local delivery of exogenous IL-23 was sufficient to induce dermal
inflammation and epidermal acanthosis in an IL-22-dependent manner (Zheng et al.,
2007). IL-22 was also necessary for induction of dermal inflammation in a T cell transfer
model of psoriasis-like inflammation (Ma et al., 2008). In the intestine, IL-23-dependent
induction of IL-22 was necessary for pathologic T. gondii-induced ileitis (Munoz et al.,
2009; Wilson et al., 2010a) and IL-22 could promote pathologic inflammation in a
memory/effector T cell transfer model of colitis (Kamanaka et al., 2011). Beyond barrier
surfaces, IL-22 is also critical for promoting arthritic inflammation in the joints (Geboes et
al., 2009), but is dispensable for induction of experimental autoimmune encephalitis
(Kreymborg et al., 2007). Collectively, these data demonstrate that dysregulated IL-22
responses can lead to pathologic inflammation and significantly damage mucosal sites.
The functional significance of IL-22 expression is context dependent.

For

example, in contrast to promoting pathologic inflammatory responses, IL-22 can also
promote epithelial cell proliferation, survival and repair in the skin (Figure 2A), airway
(Figure 2B) or intestine (Figure 2C).

These properties of IL-22 were observed in

hepatocytes and intestinal and airway epithelial cells in which delivery of exogenous IL22 induced expression of the pro-survival genes Bcl-2, Bcl-xl and Mcl-1, proliferative
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genes c-myc, cyclin D-1, Rb2 and CDK4, and genes involved in producing protective
mucus Muc1, Muc3, Muc10 and Muc13 (Radaeva et al., 2004; Sugimoto et al., 2008;
Zenewicz et al., 2007).

IL-22 can also promote the in vitro survival and repair of

epithelial cells following mechanical disruption of monolayers (Aujla et al., 2008; Eyerich
et al., 2009).

Consistent with these reports, IL-22 ameliorates tissue destruction in

several model systems. For example, in the liver, several groups identified that IL-22 is
tissue-protective in murine models of hepatitis (Radaeva et al., 2004; Zenewicz et al.,
2007). Additionally, in the intestine, IL-22-deficiency exacerbated tissue destruction in
DSS-mediated or a T cell transfer model of colitis (Pickert et al., 2009; Sugimoto et al.,
2008; Zenewicz et al., 2008), and delivery of exogenous IL-22 was sufficient to
ameliorate intestinal inflammation spontaneously observed in TCRα-deficient mice
(Sugimoto et al., 2008).

IL-22 also limits excessive fibrosis in a model of

hypersensitivity pneumonitis (Simonian et al., 2010).
The findings that IL-22 can both promote pathologic inflammation and also
prevent tissue destruction are somewhat paradoxical. However, it is possible that the
functional outcomes of IL-22 expression are regulated by the context in which it is
expressed. For example, IL-22 acts synergistically with a number of cytokines including
IL-17A, IL-17F and TNF (Eyerich et al., 2009; Guilloteau et al., 2010; Liang et al.).
Studies discussed in Chapter 4 of this thesis explore the proinflammatory and
pathologic versus tissue-protective functions of IL-22 in a model of acute airway damage
and inflammation, and conclude that IL-17A is a critical factor regulating the functional
outcome of IL-22 expression.

1.2.6 IL-22 expression in the immune system
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IL-22 was originally found to be expressed in murine and human T cells, but not B
lymphocytes (Dumoutier et al., 2000a; Wolk et al., 2002). Since then, IL-22 expression
has been reported in a broad range of T cell populations. In humans, the major T cell
producers of IL-22 appear to be T helper (Th)1, Th22 and T cytotoxic (Tc)22 cells, with
expression also observed in Th17, Tc17 and γδ T cells. In mice, high levels of IL-22
expression is observed in Th17 and Tc17 cells, as well as the innate-like γδ T cells and
natural killer T cells (NKT cells) (Figure 3). Below the differentiation, regulation and
functions of these IL-22-producing T cell populations is discussed and the current
knowledge of IL-22 expression in the innate immune system is reviewed.
IL-22 is produced by CD3+ (CD4- CD8-) oligoclonal γδ T cells that are detected in
the skin epidermis, gut and lung epithelia and at low frequencies in human blood
(Bonneville et al., 2010).

These cells are proposed to be phylogenetically ancient

population of T cells that contribute to a temporally innate-like immune response, with
the potential to contribute rapidly to immunity against a broad spectrum of pathogens
(Bonneville et al., 2010).

Expression of IL-22 by γδ T cells can be driven by the

cytokines IL-1β, IL-23 and aryl hydrocarbon (AhR) agonists, and is co-expressed with IL17A, IL-17F, IFN-γ or TNF (Martin et al., 2009; Sutton et al., 2009). In humans, rare
circulating Vγ2Vδ2 T cells express either IL-22 or IL-17A but not both (NessSchwickerath et al., 2010). Similarly, mouse NKT cells also have the capability to rapidly
express IL-22. Splenic invariant NKT (iNKT) cells produce substantial amounts of IL-22
after brief anti-CD28 and/or anti-CD3 mAb stimulation (Goto et al., 2009).

Optimal

expression of IL-22 from lymph node-derived, iNKT-enriched cells requires a CD1ddependent signal as well as concomitant IL-1β and IL-23 (Doisne et al., 2010).
Human Th1 cells produce substantial amounts of IL-22 (Volpe et al., 2008) and
were the initial subset demonstrated to produce this cytokine (Wolk et al., 2002). While
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human Th17 cells also make IL-22, human IL-22 gene expression correlates more with
expression of the IFN-γ and T-bet, than with the IL-17A and AhR (Volpe et al., 2009).
However, an associative relevance for IL-22 expression in human Th1 cells has yet to be
defined in relation to either an immune or inflammatory response.

In contrast to

humans, murine Th1 cells appear to express IL-22 relatively poorly (Liang et al., 2006).
A major producer of IL-22 in mice are Th17 cells (Liang et al., 2006).
Differentiation of naïve T cells to the Th17 lineage requires cognate TCR—peptide-MHC
class II-interactions, and IL-6, IL-1β and TGF-β cytokine stimulation for differentiation
(Liang et al., 2007; Liang et al., 2006; Zheng et al., 2007). Upon lineage commitment IL23 is critical for maintaining the population expansion of differentiated Th17 cells and
promoting optimal IL-22 expression (Liang et al., 2007; Liang et al., 2006; Zheng et al.,
2007). Similar to mice, human Th17 cell production of IL-22 depends on TGF-β, IL-1β,
IL-23 and AhR (Veldhoen et al., 2008; Wilson et al., 2007). Mouse and human CD8+ T
cells can also express IL-22 when differentiated into Tc17 cells by mechanisms similar to
those of Th17 cells (Ciric et al., 2009), and substantial numbers of these cells are found
in the blood and/or tissue of humans and mice following infection, cancer and
autoimmunity (Hamada et al., 2009; Kuang et al., 2010; Res et al., 2010).
In addition to Th1, Th17 and Tc17 cells, CD4+ and CD8+ T cells can differentiate
into Th22 and Tc22 cell lineages, respectively, that express IL-22, but not IFN-γ or IL17A. Human CD4+ Th22 and CD8+ Tc22 subsets have been detected in inflamed and
diseased skin and human T cell clones established with this stable expression profile
(Eyerich et al., 2009; Nograles et al., 2009).

The existence of Th22 cells in mice

remains unclear, however, immunization of mice with ovalbumin in complete Freund’s
adjuvant (CFA) induced the expansion of a subset of CD4+ T cells that secrete IL-22 in
the absence of either IL-17A or IFN-γ (Liang et al., 2006). Circulating human Th22
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memory cells that are proposed to be skin homing, based on expression of CCR10+,
CCR6+, CCR4+ CLA+, are detected in healthy humans and can be induced from naive T
cells following TCR-stimulation in the presence of IL-6 and TNF (Duhen et al.,
2009). Th22 cell clones express AhR transcript similar to Th17 cells but with
considerably less RORC mRNA than detected in Th17 cells (Trifari et al., 2009),
suggesting that modulation of RORγt functionality that is closely associated with IL-17A
expression may contribute to the fate determination of naïve T cells into Th17 or Th22
cells. Epidermal Langerhans cells and dermal DCs are potent stimulators of memory
Th22 cells in peripheral blood and promote their differentiation from naive T cells (Fujita
et al., 2009).

Th22 cells have recently been characterized, at least in part, as a

polyclonal TCRαβ+ CD4+ T cell population which contains cells that are reactive to
CD1a, an MHCI class 1-like molecule that presents glycolipids on Langerhans cells (de
Jong et al., 2010). The existence of Th22 and Tc22 cells in normal and inflamed human
skin, as well as the surface phenotype consistent with circulating memory cells, suggest
that these cell populations contribute to homeostasis of the cutaneous barrier in health
and disease.
In addition to expression of IL-22 by T cells, innate immune cells also have the
capacity to express IL-22. IL-22 was reported to be expressed by activated human NK
cells derived from the blood (Wolk et al., 2002). In studies examining IL-22 production
following infection with a gram-negative bacterium, Immunofluorescent staining of
colonic tissue revealed co-staining of IL-22 and CD11c, suggesting that dendritic cells
(DCs) can express IL-22 (Zheng et al., 2008). Other studies utilizing an IL-23R-reporter
mouse identified IL-22 expression in a splenic IL-23R+ CD11c+ CD11b+ myeloid cell
population (Awasthi et al., 2009).

A number of studies have also observed IL-22

production by conventional NK cells (Guo and Topham, 2010; Zenewicz et al., 2008).
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Despite these reports, the specific subsets of DCs and NK cells that express IL-22 have
yet to be delineated. Furthermore, these data are complicated by the recent findings
that an emerging population of innate lymphoid cells (ILCs) have the capacity to produce
IL-22 and co-express NK cell and myeloid cell markers (Satoh-Takayama et al., 2008).
The functional biology of IL-22-expressing innate lymphoid cells will be discussed in
depth in Section 1.3.

1.2.7 Regulation of IL-22 production in T cells
IL-23 is a potent stimulus for induction of IL-22 expression in both innate and adaptive
immune cells, and in a number of models, IL-23 is required for expression of IL-22 in
vivo (Aujla et al., 2008; Liang et al., 2006; Munoz et al., 2009; Zheng et al., 2007; Zheng
et al., 2008). Additionally, factors that promote or inhibit Th17 cell differentiation can
differentially regulate IL-22 expression (Zheng et al., 2007). Several transcription factors
including STAT3, RORγt and the aryl hydrocarbon receptor (AhR) have also been found
to be essential in the regulation of IL-22 in multiple cell lineages (Nurieva et al., 2007;
Veldhoen et al., 2008; Yang et al., 2007). Finally, in addition to expression, several
functional properties of IL-22 can be regulated by different inflammatory cytokines in a
synergistic or inhibitory manner.
IL-23 is a member of the IL-12 cytokine family that is a heterodimer composed of
p19 and p40.

The cellular sources of IL-23 are predominantly macrophages and

dendritic cells (Tato and Cua, 2008). IL-23 stimulation of activated T cells has been
found to induce IL-22 expression (Liang et al., 2006; Zheng et al., 2007). However, the
IL-23R is not expressed on naïve T cells, but rather requires TCR-stimulation in the
presence of IL-6 and/or IL-21 (Tato and Cua, 2008; Zhou et al., 2007), suggesting that
IL-22 expression in the adaptive immune system is tightly regulated by two distinct
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signals, antigen recognition and the local cytokine milieu. In contrast to this regulation of
IL-22 in Th17 cells, γδ T cells and several cell populations of the innate immune system
constitutively express the IL-23R, and do not require additional stimulation to express IL22 following exposure to IL-23 (Awasthi et al., 2009; Buonocore et al., 2010; Cella et al.,
2009; Martin et al., 2009; Sanos et al., 2009; Sutton et al., 2009; Takatori et al., 2009).
Therefore, these innate populations may represent a more primitive form of cytokineproducing lymphoid cells in which the threshold for expression of IL-22 is lower.
The importance of IL-23 in the induction of IL-22 in vivo is evident in several
models of infection. Following infection with gram-negative bacteria or the intracellular
parasite T. gondii, IL-22 expression was observed in the lung and/or intestinal tissue,
however, the induction of IL-22 was completely abrogated in the absence of IL-23 (Aujla
et al., 2008; Munoz et al., 2009; Zheng et al., 2008). Consistent with this, Il23a-/- mice
and Il22-/- mice are both highly susceptible to infection with extracellular gram-negative
bacteria (Mangan et al., 2006; Zheng et al., 2008), suggesting that a critical function of
IL-23 in infection is to induce IL-22 expression. Additionally, IL-23 has also been found
to be important in the terminal differentiation of Th17 cells, aiding in their proliferation
and effector functions (McGeachy et al., 2009). The ability of IL-23 to enhance Th17 cell
proliferation appears to be linked to IL-22 expression, as increased proliferation was only
observed in IL-22+ Th17 cells, but not in IL-17A+IL-22- Th17 cells (Liang et al., 2006).
However, whether this is also the case in IL-23R-expressing innate populations has yet
to be determined.
In addition to IL-23, other cytokines have been found to induce IL-22 expression,
albeit to a lesser extent, and several other cytokines have been found to inhibit IL-22
expression. As discussed above, IL-6 and TCR stimulation can upregulate the IL-23R
(Zhou et al., 2007). However, in cultures of purified naïve murine CD4+ T cells, IL-6 and
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TCR stimulation, or IL-6, TNFα, IL-1β and TCR stimulation, was sufficient to induce IL22 expression (Nurieva et al., 2007). As T cells do not express IL-23, this suggests that
TCR-stimulation and IL-6 can induce IL-22 expression in vitro in the absence of IL-23.
Further, it has recently been shown in an enteric bacteria infection model, that
lymphotoxin-β is critical for optimal infection-induced IL-22 expression (Ota et al., 2011;
Tumanov et al., 2011)
In mice, Th17 cell differentiation requires TCR stimulation in the presence of IL-6
and TGFβ (Mangan et al., 2006). However, despite Th17 cells constituting a population
that co-expresses IL-17A, IL-17F and IL-22 (Liang et al., 2006), co-expression is
dependent on an optimal concentration of TGFβ (Zheng et al., 2007).

Increasing

concentrations of TGFβ dose-dependently inhibited IL-22 expression, while maintaining
stable IL-17A expression (Zheng et al., 2007). This distinct regulation of IL-17A versus
IL-22 is further evident when examining effects of Th1 or Th2 cell-associated cytokines
on expression of IL-22. Addition of IFNγ or IL-4 to Th17 cell cultures effectively inhibited
IL-17A production, while only moderately reducing IL-22 expression, however, in more
differentiated Th17 cell populations, neither IL-17A or IL-22 expression can be inhibited
by IL-4 or IFNγ (Zheng et al., 2007). In addition to Th17 cells, it was found that Th22 cell
differentiation is promoted by TCR-stimulation in the presence of IL-6 and TNFα (Duhen
et al., 2009; Trifari et al., 2009). IL-22 expression in gamma delta T cells can also be
induced independent of IL-23 and TCR-stimulation by IL-1β, as well as TLR1, TLR2, and
dectin-1 ligands (Martin et al., 2009; Sutton et al., 2009). Taken together, significant
advances in understanding the cytokine-mediated induction and suppression of IL-22 in
T cells have been made. However, whether these same complex pathways of regulation
also exist in IL-22-expressing innate cell populations remains to be examined. Data

25

presented in Chapter 2 of this thesis examines what regulatory factors influence in vivo
IL-22 production by ILCs.
Similar to cytokine-mediated regulation of IL-22, much of the transcriptional
regulation of IL-22 was first identified in the context of Th17 cells. A number of the
cytokines required for Th17 cell differentiation signal through STAT3, including IL-6, IL21 and IL-23. Consistent with a central role for STAT3, Th17 cell differentiation and
expression of IL-22 is severely impaired in STAT3-deficient T cells (Yang et al., 2007).
In contrast, cells expressing a hyper-activated form of STAT3 exhibited enhanced Th17
cell differentiation, with the most substantially increased effector cytokine being IL-22
(Yang et al., 2007). This suggests that STAT3 is critically involved in the induction of IL22 expression in T cells. Similarly, RORγt, a lineage-specifying transcription factor for
the differentiation of Th17 cells, is also required for optimal expression of IL-22 (Nurieva
et al., 2007). Both STAT3 and RORγt control expression of the IL-23R (Nurieva et al.,
2007; Yang et al., 2007), and this regulation may account for their ability to promote IL22 production in Th17 cells. Therefore, many of the same transcription factors involved
in Th17 cell differentiation are also required for IL-22 expression in CD4+ T cells.
The AhR is a ligand-dependent transcription factor that is best known for its role
in mediating toxicity to the organic compound dioxin.

A number of exogenous

environmental ligands and endogenously produced ligands for the AhR have been
reported.

AhR also partially contributes to the differentiation of Th17 cells, and is

required for expression of IL-22, thus linking IL-22 and Th17 cells to toxicity following
exposure to different environmental compounds (Veldhoen et al., 2008). Furthermore,
during Th17 cell development in vitro, maximal IL-22 expression is reported in culture
media containing high levels of natural AhR agonists (Veldhoen et al., 2009).

This

transcription factor network occurs independently of RORγt, but may require the
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production of endogenous AhR ligands via the Notch signaling pathway (Alam et al.,
2010). Initial studies suggest that AhR acts independently of IL-23 (Veldhoen et al.,
2009; Veldhoen et al., 2008), however it is not known if AhR may act either upstream or
downstream of the IL-23-IL-23R pathway.
In addition to the regulation of IL-22 expression, several cytokines have been
found to regulate other properties of IL-22 by either synergistically enhancing or
inhibiting its functions. IL-22 stimulation alone can induce expression of anti-microbial
peptides and inflammatory cytokines and chemokines in keratinocytes and epithelial
cells.

However, IL-22 expression alone is not sufficient to induce recruitment of

neutrophils to the airway (Aujla et al., 2008; Guilloteau et al., 2010; Liang et al., 2007;
Liang et al., 2006).

Yet, co-expression with the cytokines IL-17A, IL-17F, TNFα, or

oncostatin M can act synergistically with IL-22 to significantly enhance anti-microbial and
inflammatory gene expression, and promote significant airway neutrophilia (Aujla et al.,
2008; Eyerich et al., 2009; Guilloteau et al., 2010; Liang et al., 2006).

Thus, the

presence of inflammatory cytokines appears to enhance the proinflammatory and antimicrobial properties of IL-22. Studies in Chapter 4 of this thesis examine the regulation
of the functional outcomes of IL-22 expression IL-17A. Collectively, these findings
identify that various proinflammatory cytokines are able to positively and negatively
regulate specific functions of IL-22.

1.3 Innate lymphoid cells are critical regulators of immunity, inflammation
and tissue homeostasis at mucosal surfaces
A great deal of research has focused on immunoregulatory properties of CD4+ T helper
cells at mucosal sites. Naïve CD4+ T cells differentiate into effector and memory cell
populations following recognition of their cognate antigen. When in the context of a
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particular cytokine milieu, naïve CD4+ T cell differentiate into Th1, Th2, Th17 or
regulatory T cell (Treg) lineages, are directed by lineage-specifying transcription factors
and express signature effector cytokines (Figure 4) (Harrington et al., 2006; Reiner,
2007; Stockinger and Veldhoen, 2007; Zhu et al., 2010).

This heterogeneity in the

adaptive arm of the immune system has permitted a range of immunoregulatory
functions in infectious and inflammatory diseases (Figure 4) (Harrington et al., 2006;
Reiner, 2007; Stockinger and Veldhoen, 2007; Zhu et al., 2010). Recently, it has been
identified that a similar degree of functional heterogeneity exists in cells of the innate
immune system. Innate lymphoid cells (ILCs) develop from an Id2-dependent precursor
and differentiate into cell populations that respond to and express Th1-, Th2- or Th17associted cytokines (Figure 5) (Spits and Di Santo, 2010), and emerging evidence
suggests that may also play critical roles in immunity, inflammation and homeostasis at
mucosal sites. Studies in Chapter 2 and Chapter 3 of this thesis interrogate the role of
IL-22-producing ILCs in innate immunity following challenge with an enteric bacterial
pathogen and containment of non-pathogenic commensal bacteria to intestinal tissues in
the steady state. Below I will discuss the ILC family with a particular emphasis on IL-22producing ILCs.

1.3.1 The innate lymphoid cell family
ILCs develop from an Id2 dependent precursor, differentiate into heterogeneous fates,
and are responsive to numerous epithelial cell and accessory cell derived cytokines to
express signature effector cytokines (Figure 5) (Spits and Di Santo, 2010). The most
well known innate lymphoid cells are NK cells, which are most analogous to the Th1 cell
or Tc1 cell lineage of CD4+ and CD8+ T cells. NK cells require the cytokine IL-15 and
the transcription factor NFIL3 for development, express IFNγ and cytotoxic molecules
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and promote inflammation and immunity to intracellular pathogens and neoplastic
tissues (Spits and Di Santo, 2010; Yokoyama et al., 2004). A lineage of Id2-dependent
ILCs has also been identified that are most analogous to the Th2 cell lineage of CD4+ T
cells. This population has previously been termed nuocytes, natural helper cells (NHCs)
and innate helper type 2 cells, are responsive to the epithelial cell derived cytokines IL-7,
IL-25 and IL-33, express IL-5 and IL-13 and are involved in immunity, inflammation and
tissue homeostasis in response to helminths or viral infection (Chang et al., 2011;
Monticelli et al., 2011; Saenz et al., 2010; Spits and Di Santo, 2010).

Finally, a

population of Id2-dependent ILCs has been identified that are most analogous to the
Th17 cell lineage of CD4+ T cells.

This population has previously been termed

lymphoid-tissue inducer-like cells or NK-22 cells. These cells are responsive to IL-7 and
IL-23, express RORγt and effector cytokines including IL-17A, IL-17F, IL-22 and IFNγ,
and are proposed to be involved in intestinal immunity to extracellular bacterial
pathogens (Cella et al., 2009; Colonna, 2009; Satoh-Takayama et al., 2008; Takatori et
al., 2008). The regulation and functions of IL-22-producing ILC is the focus of Chapter 2
and Chapter 3 of this thesis and are discussed in depth below.

1.3.2 IL-22-producing RORγt+ innate lymphoid cells
All IL-22-producing ILCs share several common phenotypic and transcriptional
similarities, lacking expression of most lineage markers (TCRαβ, TCRγδ, CD3, CD8,
CD5, CD19, B220, Gr-1, CD11b, F4/80, Ter119, NK1.1), while expressing several
characteristic markers of ILCs (CD90, CD127, CD132).

IL-22-producing ILCs are

responsive to common gamma chain cytokines, such as IL-7, which can promote the
population expansion of different ILC populations (Meier et al., 2007; Schmutz et al.,
2009; Vonarbourg et al., 2010). In addition to Id2, the IL-22-producing ILCs also require
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the orphan nuclear receptor RORγt for their development, and express the IL-23R (Spits
and Di Santo, 2010), whose ligation is sufficient to induce IL-22 production (Figure 6A).
Among the IL-22-producing ILCs, specific cell populations can be defined based
on surface marker expression, co-expression of other cytokines, localization,
transcriptional regulation and biological functions (Figure 6A). For example, NKp46+
ILCs express only IL-22, but not IL-17A or IFN-γ, and are present in the small intestine
and skin (Cella et al., 2009; Luci et al., 2009; Sanos et al., 2009; Satoh-Takayama et al.,
2008). Functionally, NKp46+ ILCs are proposed to participate in innate host defense to
infection and tumor suppression in murine model systems (Cella et al., 2009; Eisenring
et al., 2010; Satoh-Takayama et al., 2008). Additionally, CD4+ ILCs express IL-22 and
IL-17A, but not IFN-γ, and are present in the small intestine, large intestine, lymph node
and spleen (Cupedo et al., 2009; Takatori et al., 2009).

CD4+ ILCs appear to be

phenotypically similar to fetal CD4+ lymphoid-tissue inducer (LTi) cells that promote
prenatal lymphoid-organogenesis (Schmutz et al., 2009; Takatori et al., 2009), however
development of these two lineages appears to be distinct, as Notch signaling is required
for adult ILC development but not fetal LTi cell development (Possot et al., 2011).
Despite this developmental difference, cells with a CD4+ LTi-like phenotype, termed
CD4+ ILCs, persist in the intestinal tissues of adults and participate in tertiary lymphoid
formation and restoration of lymphoid tissues following viral infection (Eberl and Littman,
2004; Scandella et al., 2008; Tsuji et al., 2008). However, whether other functions for IL22-producing CD4+ ILCs exist is undetermined. Chapter 2 of this thesis will interrogate
the functional role of adult IL-22-producing CD4+ ILCs following enteric bacterial
infection.
CD4+ and NKp46+ ILCs express the AhR (Cella et al., 2009; Takatori et al.,
2009), a cytosolic transcription factor that recognizes a number of endogenous
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metabolites and environmental toxins as activating ligands and is critical for IL-22production in other cell populations (Veldhoen et al., 2008). However, the role of AhR in
ILCs has not yet been characterized. Finally, populations of NKp46- CD4- ILCs express
IL-22, IL-17A and IFN-γ, and are present in the colon, small intestine, liver and spleen,
and appear most prevalent in models of intestinal inflammation (Buonocore et al., 2010).
These cells exhibit surface marker expression and transcriptional profiles consistent with
an LTi-like cell population, except they lack expression of c-kit and CD4, but do express
the Th1 cell-associated transcriptional regulator T-bet (Buonocore et al., 2010), likely
accounting for their ability to produce IFN-γ (Figure 6A). This population of CD4- NKp46ILCs plays a pathologic role in promoting Helicobacter hepaticus- or anti-CD40 mAbinduced intestinal inflammation in an IFNγ- and/or IL-17A-dependent manner
(Buonocore et al., 2010).

1.3.3 Lineage relationships among IL-22-producing RORγt+ innate lymphoid cells
The cell lineage relationships and stability of these IL-22-producing ILCs has recently
been an intense area of investigation. These ILC populations develop independently of
conventional NK cells, as they are present in Rag-/-Il2rb-/- mice (Satoh-Takayama et al.,
2008). Additionally, fate-mapping experiments revealed that conventional NK cells do
not develop from RORγt-expressing progenitors (Crellin et al., 2010a; Satoh-Takayama
et al., 2010), ruling out that IL-22-producing ILCs can give rise to conventional NK cells.
However, what is less clear is the degree of plasticity and relationships between the
different populations of IL-22-producing ILCs.

One recent report identified that all

subsets of RORγt+ ILCs are stable lineages that maintain RORγt expression and that
CD4+ ILCs do not give rise to the NKp46+ ILCs, but rather each population independently
arises from fetal liver progenitors (Sawa et al., 2010). In contrast, a separate report
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identified that ILCs with an LTi-like phenotype can upregulate NK cell receptors (NKRs)
and give rise to NKp46+ ILCs (Vonarbourg et al., 2010). Furthermore, the latter study
demonstrated that NKp46+ ILCs progressively lose RORγt expression, which in turn
upregulated IFN-γ expression and this subset of RORγt- NKp46+ cells could contribute to
intestinal inflammation (Vonarbourg et al., 2010).

Although it is clear that ILCs

represent a unique and important innate source of IL-22, further investigation into the
lineage relationships and plasticity of IL-22-producing ILCs will be critical to fully
understand the developmental and regulatory pathways that exist within and between
these novel innate cell populations.

1.3.4 Regulation of IL-22-producing RORγt+ innate lymphoid cells
A number of regulatory factors are critical for the development and function of IL-22producing ILCs (Figure 6A). Although not required for their differentiation, IL-7 and the
IL-7-related cytokine TSLP are important factors in the regulation, survival and
proliferation of murine and human IL-22-producing ILCs, and are also critical in their
functional ability to promote lymphoid-organogenesis (Meier et al., 2007; SatohTakayama et al., 2010; Schmutz et al., 2009; Vonarbourg et al., 2010). IL-23 can induce
IL-22 expression in ILCs and IL-1β is suggested to stabilize and enhance cytokine
production (Cella et al., 2009; Cella et al., 2010; Hughes et al., 2010; Takatori et al.,
2009). In contrast, recent reports have identified that IL-2 and IL-12 can destabilize IL22 production in ILCs, perhaps by partially antagonizing RORγt expression, and
promoting expression of NKRs and IFN-γ (Cella et al., 2010; Vonarbourg et al., 2010).
An array of chemokines and their receptors influence IL-22-producing ILCs including
CXCR5, which promotes recruitment to intestinal sites following CXCL13 overexpression (Marchesi et al., 2009), and CCR6, which influences the localization and IL32

22 expression of ILCs (Sawa et al., 2010). IL-22-producing ILCs also express an array
of regulatory transcription factors, including RORγt, which is required for development,
as well as STAT3 and AhR (Cella et al., 2009; Takatori et al., 2009), which can influence
IL-22 production in adaptive immune cells.

However, further investigation of the

influence of these pathways on ILC populations is required.

Finally, commensal

bacterial communities that are intimately associated with barrier surfaces appear to
influence ILC development and function, although there are conflicting reports on how
commensal-derived signals influence ILCs.

Initial reports demonstrated that in the

absence of commensal bacteria, LTi-like ILCs are present in cryptopatches at normal
frequencies (Bouskra et al., 2008); however, NKp46+ ILCs are greatly reduced in
numbers (Sanos et al., 2009; Satoh-Takayama et al., 2008). In contrast, a recent study
reported that frequencies of NKp46+ ILCs remain unchanged (Sawa et al., 2010), while
another cited a progressive loss of RORγt and destabilization of the NKp46+ ILC lineage
in the absence of commensal bacteria (Vonarbourg et al., 2010). Further investigation
will be required to clarify the influence of the host-derived regulatory factors and
environmental triggers such as microbial colonization on the development, function and
plasticity of IL-22-producing ILCs.

1.3.5 Human IL-22-producing RORγt+ innate lymphoid cells
Two populations of IL-22 expressing human ILCs have been observed in tonsil and fetal
mesentery (Cella et al., 2009; Cupedo et al., 2009).

Similar to mice, both cell

populations are lineage negative and express CD127, RORγt and the IL-23R (Figure
6B). One of these cell populations has an LTi-like phenotype while the other expresses
NK cell markers including CD56 and NKp44 (Cella et al., 2009; Cupedo et al., 2009).
When cultured in the presence of IL-15, the LTi-like ILCs upregulated expression of
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NKRs (Crellin et al., 2010a; Cupedo et al., 2009). Human stage 3 immature NK cells
have also been proposed to express IL-22 and share an LTi-like phenotype (Hughes et
al., 2010; Hughes et al., 2009), and it has recently been suggested that the stage 3
immature NK cell populations contain heterogeneous populations of CD127+ LTi-like
cells and CD127- immature conventional NK cells (Crellin et al., 2010a). Similar to mice,
human NKp44+ ILCs express IL-22, while the LTi-like cells express IL-17A and IL-22
(Cella et al., 2009; Cupedo et al., 2009). IL-1β appears to stabilize IL-22 expression in
human NKR+ ILCs (Cella et al., 2010; Hughes et al., 2010), while IL-2 reduces IL-22
expression and promotes IFN-γ expression (Cella et al., 2010).

Intriguingly, IL-22-

producing ILCs isolated from humans also express toll-like receptors (TLRs), and in
addition to IL-17A and IL-22, have the capacity to express IL-2, IL-5, IL-13 and B cell
activating factor (BAFF) (Cella et al., 2010; Crellin et al., 2010b), suggesting that human
ILCs can directly sense bacterial signals, participate in Th1-, Th2- or Th17-cytokine
associated inflammation and potentially influence B cell responses. The heterogeneity
of human ILCs (Figure 6B) and the relative importance of human IL-22-producing ILCs
to respond to TLR ligands, co-express type-2 cytokines or promote B cell responses are
in the early stages of investigation. However, future work will likely yield critical insights
into the regulation and potential therapeutic possibilities of targeting ILC populations in
human disease.

Studies discussed in Chapter 3 of this thesis investigate innate

lymphoid cells in the intestinal tissues of healthy humans.

1.4 Murine model systems to examine immunoregulation of immunity,
inflammation and tissue homeostasis at mucosal surfaces
Two models of infection and inflammation are utilized in this thesis to interrogate the role
of the ILC-IL-22 pathway in immunoregulation of mucosal sites. In Chapter 2 of this
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thesis Citrobacter rodentium is employed as a natural enteric pathogen of mice.

In

Chapter 4 of this thesis bleomycin is employed to induce acute airway damage and
inflammation.

1.4.1 Citrobacter rodentium is a natural enteric bacterial pathogen of mice
Infection with enteropathogenic or enterohemorrhagic Escherichia coli (EPEC or EHEC)
is a leading cause of bacterial-induced diarrhea, causing an estimated four to six million
deaths per year worldwide. In developing countries, EPEC is a major cause of neonatal
diarrhea, killing an estimated one million children each year due to dehydration,
malnutrition and other complications of the disease, while in industrialized countries,
outbreaks have also resulted in significant public health crises (Currie et al.; Higgins et
al.; MacDonald et al., 2003; Mundy et al., 2005; Warshawsky et al., 2002). However,
EPEC and EHEC are not pathogens in rodents and therefore cannot be used as model
system to experimentally examine intestinal immunity to these pathogens. In contrast,
Citrobacter rodentium is a natural bacterial pathogen of mice that exhibits a similar
pathogenesis to human infection with EPEC or EHEC (MacDonald et al., 2003; Mundy et
al., 2005). Citrobacter rodentium is a gram-negative extracellular bacterium that forms
attaching-effacing lesions on intestinal epithelial cells and cause acute colonic
inflammation in mice (MacDonald et al., 2003; Mundy et al., 2005). In C57BL/6 mice,
Citrobacter rodentium levels in the colon peak between day 5 and 14 post-infection with
clearance by day 21-28. Immunity to Citrobacter rodentium appears to be bi-phasic:
innate immunity in the first 6-8 days of infection is critically mediated by IL-22 production
(Mangan et al., 2006; Zheng et al., 2008), while later in infection lymphocytes, IFNγ and
immunoglobulin are critical for host protection and bacterial clearance (Figure 7)
(Maaser et al., 2004; Shiomi et al., 2010; Simmons et al., 2003; Simmons et al., 2002;
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Spahn et al., 2008). In the absence of adaptive immunity, Rag1-/- mice survive up to 3-4
weeks before succumbing to infection, identifying a critical role for the innate immune
system (Simmons et al., 2003; Zheng et al., 2008). While significant advances have
been made in delineating how T and B cell responses clear infection, how the IL-22
pathway successfully protects Rag1-/- mice for up to four weeks post-infection remains
poorly defined. Further understanding of the mechanisms and regulation of these innate
immune pathways could prove useful in the development of novel immunotherapies and
oral vaccines that can promote innate immunity in the context of lymphopenia, such as in
human conditions including AIDS, cancer and transplantation, where secondary bacterial
infections are a leading cause of mortality (Bonnet et al., 2007; Douek et al., 2003;
Holmes et al., 2003; Lewden et al., 2008; Wallace et al., 1993). Studies discussed in
Chapter 2 of this thesis employ Citrobacter rodentium infection as a model to examine
the role of the ILC-IL-22 pathway in innate anti-bacterial immunity in the intestine.

1.4.2 Bleomycin induces acute airway damage and inflammation
Airway damage is a hallmark feature of many human diseases including chronic
obstructive pulmonary disease, influenza infection, acute respiratory distress syndrome,
asthma and allergy, which collectively afflict millions worldwide (Crosby and Waters,
2010; Rock and Hogan, 2011). Bleomycin is an antibiotic produced by the soil-dwelling
microbe Streptomyces verticillus, that when introduced into cells can form a complex
with metal ions and oxygen to produce free oxygen radicals and subsequently DNA
breaks and cell death (Matute-Bello et al., 2008; Umezawa, 1965).

This damaging

reaction can be prevented by cellular expression of a bleomycin hydrolase. Due to
reduced expression of bleomycin hydrolase in the epithelial cells of murine lungs, intratracheal administration of bleomycin results in destruction of the airway epithelium and
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induction of inflammation (Matute-Bello et al., 2008; Sebti et al., 1989). Low doses of
bleomycin result in prolonged inflammation, followed by a repair phase that can lead to
the onset of fibrosis (Huaux et al., 2003). High doses of bleomycin result in acute and
severe tissue damage and inflammation, subsequently leading to host mortality (Huaux
et al., 2003).

Studies discussed in Chapter 4 employ administration of high dose

bleomycin to interrogate the role and regulation of the IL-22 pathway in acute airway
damage and inflammation.
Collectively, studies discussed in this thesis interrogate the role of the ILC-IL-22
pathway in regulating immunity, inflammation and homeostasis at mucosal sites.
Chapter 2 explores the role of IL-22-producing ILCs in innate immunity to the enteric
bacterial pathogen Citrobacter rodentium. Chapter 3 interrogates whether ILCs and IL22 are involved in the containment of commensal bacteria to intestinal tissues in the
steady state, to maintain systemic immune cell homeostasis. Chapter 4 investigates the
function and regulation of IL-22 in an acute model of airway damage and inflammation.

37

Figure 1. Structural anatomy of mucosal sites and associated lymphoid tissues.
The anatomy of the intestine (A) and lung (B) are designed to facilitate essential
biological processes. To safeguard these mucosal sites a diverse array a lymphoid
tissues are associated with these mucosal sites.

CP, cryptopatch; iBALT, inducible

bronchus associated lymphoid tissue; ILF, isolated lymphoid follicle; LN, lymph node.
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Table 1. The IL-10 cytokine family, shared receptors, and signaling pathways.
Members of the IL-10 cytokine family share a number of different type-1 and type-2
cytokine receptors and signal through the Jak/STAT signal transduction pathways.
Adapted from Sonnenberg et al., 2010, Advances in Immunology.
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Table 2. The IL-22-IL-22R pathway in human disease. Several disruptions in the IL22-IL-22R pathway correlate with human diseases occurring at barrier surfaces. HIES,
hyper-IgE

syndrome;

APECED,

inflammatory bowel disease.

autoimmune

polyendocrine

syndrome

1;

IBD,

Adapted from Sonnenberg et al., 2010, Advances in

Immunology.
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Figure 2. Functional consequences of IL-22-IL-22R signaling at barrier surfaces.
IL-22 is dynamically regulated at barrier surfaces including the skin (A), lung (B) and
intestine (C). Depending on the cytokine milieu and tissue in which it is expressed, IL-22
can regulate expression of genes associated with inflammation, repair, chemotaxis or
anti-microbial peptide expression, that can orchestrate host protective immunity, tissue
inflammation, repair or homeostasis. IBD, inflammatory bowel disease. Adapted from
Sonnenberg et al., 2011, Nature Immunology.
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including the innate-like γδ T cells and NKT cells, as well as αβ TCR-expressing CD4+
Th1, Th17 and Th22 cells and CD8+ Tc17 and Tc22 cells. Generation of these cell
populations depends on particular cognate interactions and cytokine milieus.

Upon

lineage commitment, these cells are transcriptionally regulated by a number of factors
and co-express a range of effector cytokines. AhR, aryl hydrocarbon receptor. Adapted
from Sonnenberg et al., 2011, Nature Immunology.
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Figure 4. CD4+ T helper cells are critical regulators of inflammation, immunity and
homeostasis at mucosal sites.

Naïve CD4+ T cells can differentiate into different

lineages depending upon the cytokine milieu present during recognition of cognate
antigen in the context of MHCII.

Upon lineage commitment, particular transcription

factors and effector cytokines are expressed and promote diverse functional outcomes.
DC, dendritic cells; Th, T helper cell; TN, naïve T cell; Treg, regulatory T cell.
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Figure 5. The emerging family of innate lymphoid cells.

Innate lymphoid cells

differentiate from an Id-2 dependent precursor cell, depend on production of stimulatory
cytokines from accessory and epithelial cells, exhibit specific transcriptional and cytokine
profiles, and have previously been identified by several other names.
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Figure 6. Regulation, function and lineage relationships of IL-22-producing innate
lymphoid cells. Innate lymphoid cells have recently been identified to be a critical
source of IL-22. Murine (A) and human (B) IL-22-producing ILCs can be distinguished
by phenotypic surface marker expression, transcriptional profile, effector cytokine
expression or functional capacity.

The origins, lineage relationships, plasticity,

regulation and functions of IL-22-producing ILCs are not fully understood and are
currently an area of intense research. AhR, aryl hydrocarbon receptor; BAFF, B cell
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Activating Factor; ILC, innate lymphoid cell; LTi, lymphoid tissue inducer. Adapted from
Sonnenberg et al., 2011, Nature Immunology.
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Figure 7. Immunity to the enteric bacterial pathogen Citrobacter rodentium. A
successful host response to C. rodentium is mediated by phases of both innate and
adaptive immunity. Specific factors and cells have been found to be critical for immunity
in each phase.
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Chapter 2
IL-22-producing CD4+ innate lymphoid cells promote innate immunity in
the gut

2.1 Abstract
Fetal CD4+ lymphoid tissue inducer (LTi) cells play a critical role in the development of
lymphoid tissues.

Recent studies identified that cells with a fetal CD4+ LTi cell-like

phenotype persist in adults and are a member of the heterogeneous population of innate
lymphoid cells (ILCs) that have been implicated in inflammatory responses. However,
whether adult CD4+ ILCs contribute to protective immunity remains poorly defined. Data
presented in this Chapter demonstrate that following infection with Citrobacter
rodentium, a murine enteric bacterial pathogen, CD4+ ILCs were a dominant source of
interleukin-22 (IL-22) early during infection. Infection-induced CD4+ ILC responses were
IL-23-dependent, and ablation of IL-23 impaired innate immunity. Further, depletion of
CD4+ ILCs abrogated infection-induced IL-22 responses and expression of anti-microbial
peptides, and was associated with elevated bacterial replication and dissemination to the
liver and exacerbated host mortality. CD4+ ILCs were also found to be essential for host
protective immunity in lymphocyte-replete hosts. Collectively these data demonstrate
that adult CD4+ ILCs are a critical source of IL-22 and identify a previously unrecognized
function for CD4+ ILCs in promoting innate immunity in the intestine of adult mice.

2.2 Introduction
CD4+ lymphoid tissue inducer (LTi) cells are the first hematopoietic cells recruited to the
sites of secondary lymphoid tissue organogenesis during fetal development (Mebius et
al., 1997).

Production of interleukin-7 (IL-7) and RANKL by resident stromal cells
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induces LTi cell expression of lymphotoxin-α1β2 that activates resident stromal cells to
express adhesion molecules and chemokines that promote the formation and
organization of secondary lymphoid tissues (Mebius, 2003). The development of fetal
LTi cells (defined as Lin-, c-kit+, CD4+, CD44+, CD127+, CD25+, CD90+, and CCR6+) is
dependent on the transcription factors RORγt and Id-2, and IL-7 has been shown to
regulate their survival and function (Eberl et al., 2004; Mebius, 2003; Mebius et al., 1997;
Meier et al., 2007; Sun et al., 2000; Yokota et al., 1999).
Following birth, cells with a phenotype consistent with LTi cells persist in the
secondary and mucosa-associated lymphoid tissues of adult humans and mice (Cupedo
et al., 2009; Eberl and Littman; Tsuji et al., 2008).

In mice, these populations are

generated in the bone marrow and are a member of an emerging category of innate
lymphoid cells (ILCs) that are phenotypically and functionally heterogeneous (Colonna,
2009; Cua and Tato, 2010; Kim et al., 2008; Sawa et al., 2010; Schmutz et al., 2009;
Veiga-Fernandes et al., 2010). Although the development, lineage relationships, and
fates of adult CD4+ ILCs and other ILC populations are not fully understood, they appear
to influence immunity and inflammation in multiple settings. For example, CD4+ ILCs
promote the maturation of tertiary lymphoid tissues following birth and the restoration of
secondary lymphoid tissues following viral infection (Scandella et al., 2008; Tsuji et al.,
2008). Additionally, an IL-23-responsive CD4- c-kit- CD90+ ILC population was recently
found to express IL-17A and IFNγ and promote innate intestinal inflammation in a murine
model of colitis (Buonocore et al., 2010). Another ILC-like population characterized by
expression of the NK cell cytotoxicity receptor NKp46 was found to express IL-22 in
response to IL-23 stimulation or following exposure to the enteric pathogen Citrobacter
rodentium, and was implicated in promoting host protective immunity (Cella et al., 2009;
Cupedo et al., 2009; Luci et al., 2009; Sanos et al., 2009; Satoh-Takayama et al., 2008).
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Early production of IL-22 is essential for innate immunity to enteric bacterial
infection with C. rodentium (Zheng et al., 2008).

IL-22 induces expression of anti-

microbial peptides and promotes the maintenance of the epithelial cell barrier,
preventing systemic bacterial dissemination, morbidity and host mortality (Zheng et al.,
2008).

Analysis of intestinal tissues following C. rodentium infection revealed that

CD11c+ cells expressed IL-22 (Zheng et al., 2008).

More recently, an NKp46+ ILC

population was found to express CD11c and IL-22 in the small intestine following C.
rodentium infection (Cella et al., 2009; Satoh-Takayama et al., 2008).

However,

depletion of a fraction of the NKp46+ ILC population, which co-expresses NK1.1,
resulted in only a modest reduction in innate immunity to C. rodentium (Cella et al.,
2009).

Analysis of conventional NK cells and NKp46+ ILCs revealed that both

populations were absent in Rag1-/-IL2rg-/- mice, whereas only conventional NK cells were
absent in Rag1-/-Il2rb-/- mice (Satoh-Takayama et al., 2008). Rag1-/-IL2rg-/- mice, but not
Ra1g-/-Il2rb-/- mice, had an increased susceptibility to C. rodentium infection, suggesting
that NKp46+ ILCs and not conventional NK cells contribute to innate anti-bacterial
immunity (Satoh-Takayama et al., 2008). However, in addition to defective NKp46+ ILC
development, Rag1-/-Il2rg-/- mice exhibit impaired development and cytokine responses
in multiple innate cell populations, including CD4+ ILCs and other IL-22-producing ILC
populations (Kim et al., 2005; Satoh-Takayama et al., 2008; Takatori et al., 2009).
Therefore, the potential influence of adult CD4+ ILCs versus other IL-22-producing ILC
populations on innate immunity to bacterial infection remains to be determined.
Data presented in this Chapter demonstrate that adult CD4+ ILCs are the critical
population required for early immunity to oral infection with C. rodentium. Following
infection with C. rodentium, IL-22+ innate cells outnumbered IL-22+ adaptive immune
cells during the first six days of infection, and CD4+ ILCs were the dominant source of IL50

22 following infection. A substantial infection-induced population expansion of CD4+
ILCs and an increased frequency of IL-22+ CD4+ ILCs occurred in the colon and
mesenteric lymph node (mLN). Infection-induced IL-22 production by CD4+ ILCs was
found to be IL-23-dependent, and blockade of IL-23 in Rag1-/- mice substantially
impaired innate immunity to C. rodentium. Furthermore, selective depletion of CD4+
ILCs in C. rodentium infected Rag1-/- mice resulted in reduced expression of IL-22 and
anti-microbial peptides in the colon, failure to control bacterial replication and
dissemination, and more rapid host mortality. Finally, utilizing reconstitution of Rag1-/mice and adoptive transfer approaches, it is demonstrate that CD4+ ILCs are critical for
the promotion of IL-22-dependent innate immunity in lymphocyte-replete hosts. Taken
together, results presented in this Chapter identify adult CD4+ ILCs as a critical IL-23dependent innate source of IL-22 following enteric bacterial infection in mice and reveals
a previously unrecognized function for CD4+ ILCs in contributing to innate immunity.

2.3 Methods
2.3.1 Mice and use of monoclonal antibodies in vivo
C57BL/6 mice, C57BL/6 Rag1-/-, and C57BL/6 CD90.1 mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). Il23a-/- mice on a C57BL/6 background were
generated by Lexicon Pharmaceuticals, Inc. (The Woodlands, TX) and were provided by
M. Elloso (Centocor, Radnor, PA). 129 Il22-/- mice were generated at Lexicon Genetics
in collaboration with Pfizer and subsequently backcrossed to Balb/cBy at the Jackson
Laboratory with colony mates used for all groups. All mice were maintained in specific
pathogen-free facilities at the University of Pennsylvania. All protocols were approved
by the University of Pennsylvania Institutional Animal Care and Use Committee
(IACUC), and all experiments were performed according to the guidelines of the
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University of Pennsylvania IACUC. Generation of the anti-IL-23p19 mAb (CNTO 6163)
was previously described (Fitch et al., 2009). Anti-CD4 mAb (GK1.5) was purified from
ascites and anti-CD90.2 mAb (30H12) was purchased from BioXCell (West Lebanon,
NH).

Anti-IL-22 mAb (IL22-01) was provided by Pfizer.

All mAb treatments were

administered i.p. every 3 days at a dose of 250 µg/mouse starting on day 0 of infection
or the designated day post-infection.

2.3.2 Citrobacter rodentium infection and assessment of CFU
Citrobacter rodentium (formerly Citrobacter freundii, biotype 4280) strain DBS100
(provided by Bruce Vallance, University of British Columbia, Vancouver, British
Columbia, Canada) was prepared by selecting a single colony and culturing in LB broth
overnight. Mice were inoculated with approximately 1 x 1010 CFU in 200 µL via oral
gavage.

Analysis of CFU from overnight cultures, mechanically homogenized fecal

pellets, or mechanically homogenized livers were determined via serial dilutions on
MacConkey’s agar.

2.3.3 Isolation of cells and flow cytometric analysis
Spleens and mLNs were harvested and single-cell suspensions were prepared at
necropsy. For IEL isolation, colons were isolated, attached fat removed, and tissues cut
open longitudinally. Luminal contents were removed by shaking in cold PBS and tissue
was cut into 1-2 cm pieces and washed in RPMI containing 5% FCS. Epithelial cells
were removed by incubating tissue in stripping buffer (1 mM EDTA, 1 mM DTT, and 5%
FCS) for 10 minutes at 37°C. The remaining tissue was then incubated for an additional
20 minutes in stripping buffer to collect leukocytes from the IEL compartment.
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For flow cytometric analysis, cells were stained with antibodies to the following
markers TCRβ, CD5, CD3 (conjugated to PE-Cy7, eBioscience), CD19, Sca-1
(conjugated to PerCP-Cy5.5, eBioscience), CD4 (conjugated to PE-Texas Red,
Invitrogen), CD90.2 (conjugated to Alexa Fluor-700, Biolegend), CD11c, B220
(conjugated to APC-eFluor780, eBioscience) c-kit, CD127, CD25, NKp46 (conjugated to
FITC, eBioscience), NK1.1 (conjugated to PE, eBioscience) and CCR6 (conjugated to
PE, R&D Systems). For intracellular staining of transcription factors, cells were fixed
and permeabilized utilizing a commercially available kit (eBioscience) and stained with
an antibody to RORγt (conjugated to PE, eBioscience). For cytokine production, cells
were stimulated directly ex vivo by incubation for 4 h with 50 ng/mL PMA, 750 ng/mL
ionomycin, 10 µg/mL Brefeldin A (all obtained from Sigma-Aldrich) and 10 ng/mL rIL-23
(eBioscience). Cells were fixed and permeabilized as indicated above and stained with
IL22-02 (Pfizer) conjugated to Alexa Fluor 647 according to manufacturer’s instructions
(Molecular Probes). Dead cells were excluded from analysis using a violet viability stain
(Invitrogen). Flow cytometry data collection was performed on a FACSCanto II (BD
Biosciences). Files were analyzed using FlowJo software (Tree Star Inc.). CD4+ ILCs
were sorted from naïve Rag1-/- splenocytes by excluding cells positive for the lineage
markers CD11c, B220 (conjugated to APC-eFluor-780, eBioscience), Gr-1, NK1.1, and
NKp46 (conjugated to FITC, eBioscience) and gating for CD90+ CD4+ cells on a
FACSAria (BD Bioscience). Cytocentrifuge preparations of sorted cells were stained
with H&E (Thermo Fisher Scientific).

2.3.4 In vitro cell stimulations
Total Rag1-/- splenocytes or total Rag1-/- IELs were cultured overnight in the presence or
absence of 10 ng/mL rIL-23 (eBioscience). Cells were then stimulated for 4 h with 50
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ng/mL PMA, 750 ng/mL ionomycin, and 10 µg/mL Brefeldin A for analysis of intracellular
cytokine production as described above. Sorted CD4+ ILCs from Rag1-/- splenocytes
were cultured for 72 h in complete media containing 10 ng/mL rIL-7 (Peprotech) to
enhance survival in the presence or absence of rIL-23 10 ng/mL for analysis of IL-22
secretion from cell-free supernatants.

2.3.5 ELISA
Tissue from the terminal colon was mechanically homogenized in PBS, centrifuged and
the resultant supernatant measured for IL-22 protein by sandwich ELISA using IL22-01
(Pfizer) as a capture antibody and biotin-conjugated IL22-03 (Pfizer) as a detection
antibody.

2.3.6 Serum ALT measurement
Blood from infected animals was obtained, allowed to clot, and centrifuged to obtain
serum.

Serum ALT was measured with a commercially available kit according to

manufacturers directions (Biotron Diagnostics Inc, Hemet, CA) adapted to a 96-well
plate format.

2.3.7 Quantitative real-time PCR
RNA was isolated from colon tissue using mechanical homogenization and TRIzol
(Invitrogen).

RNA from sorted populations was isolated using RNeasy mini kits

(QIAGEN). cDNA was generated using Superscript reverse transcription (Invitrogen).
Real-time PCR (RT-PCR) was performed on cDNA using SYBR green chemistry
(Applied Biosystems) and commercially available primer sets (QIAGEN).

Reactions

were run on a real-time PCR system (ABI7500; Applied Biosystems). Samples were
54

normalized to β-actin and displayed as a fold induction over naïve controls unless
otherwise stated.

2.3.8 Histological sections
Livers were fixed with 4% paraformaldehyde, embedded in paraffin, and 5 µm sections
were used for staining with H&E.

2.3.9 CD90-disparate Rag1-/- chimeras and Il22-/- adoptive transfers
Cells from mLN and spleen of CD90.1 C57BL/6 mice were obtained and approximately
60-80 x 106 sort purified B (CD19+) and T cells (CD3+, CD5+) were transferred i.v. to
CD90.2 Rag1-/- mice. Reconstitution was permitted for 8-10 weeks post-transfer and
subsequently confirmed by examination of peripheral blood lymphocytes.
C. rodentium infected Il22+/+ mice were sacrificed on days 2, 3 and 4 postinfection and approximately 1 x 106 CD4+ T cells (CD4+, CD3+, CD5+) or 1.5 x 103 CD4+
ILCs (CD4+, CD3-, CD5-) from the spleen and mLN were sort purified and briefly
stimulated for 1-2 hours in vitro with 10 ng/mL rIL-23 and 10 ng/mL IL-1β (eBioscience).
Cells were then transferred i.v. into infection-matched Il22-/- recipients.

2.3.10 Statistical analysis
Results represent the mean ± SEM.

Statistical significance was determined by the

Student’s t test unless otherwise stated.

For survival curves significance was

determined using the log rank (Mantel-Cox) test. (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

2.4 Results
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2.4.1 IL-22+ innate populations outnumber IL-22+ adaptive populations following
Citrobacter rodentium infection
It has been previously reported that IL-22 is necessary for immunity to C. rodentium
during the first 8-days of infection (Zheng et al., 2008). However, the cellular sources of
IL-22 following C. rodentium infection remain unclear. As IL-22 can be expressed by a
number of innate and adaptive immune cells, C57BL/6 mice were infected with C.
rodentium and IL-22 production was examined in non-T cells (CD3-, CD5-) versus T cells
(CD3+, CD5+).

In naïve mice (day 0) the majority of IL-22+ cells were non-T cells,

accounting for 68% and 79% of all IL-22+ cells in the mLN and colonic intra-epithelial
lymphocyte (IEL) compartment respectively (Figure 8A, B). Furthermore, non-T cells
were the dominant IL-22+ cell population until day 6 and day 8 following C. rodentium
infection in the mLN and IEL compartment respectively (Figure 8A, B). Substantially
increased total numbers of IL-22+ non-T cells compared to IL-22+ T cells were observed
at days 2 and 4 post-infection in both the mLN (Figure 8C) and IEL compartment (Figure
8D). These data suggest that innate cells are the dominant source of IL-22 at early time
points following infection. To more thoroughly define the temporal requirements for IL22 in host defense to C. rodentium, anti-IL-22 mAb was administered to mice at different
time points following infection. All mice that received anti-IL-22 mAb starting on day 0 or
day 2 post-infection succumbed to infection by day 13 (Figure 8E). However, blockade
of IL-22 starting on day 4 post-infection resulted in an intermediate degree of mortality
(Figure 8E). Moreover, mice receiving anti-IL-22 mAb beginning on day 6 or day 8 postinfection did not succumb to C. rodentium (Figure 8E), suggesting that IL-22 is only
essential for immunity to C. rodentium during the first six days of infection. Collectively,
these data demonstrate that following C. rodentium infection, innate immune cells are
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the dominant sources of IL-22 production required for early resistance to enteric
bacterial infection.

2.4.2 Adult CD4+ ILCs proliferate and are a dominant source of IL-22 following
Citrobacter rodentium infection
Several innate immune cell sources of IL-22 have previously been identified including
dendritic cells (DCs), conventional NK cells, NKp46+ ILCs, CD4- ILCs and CD4+ ILCs
(Buonocore et al., 2010; Cella et al., 2009; Satoh-Takayama et al., 2008; Takatori et al.,
2009; Zenewicz et al., 2008; Zheng et al., 2008). To investigate the innate sources of IL22 following C. rodentium infection, the frequency of IL-22+ cells was examined in
multiple cell populations in the mLN of naïve or infected mice. In comparison to naïve
mice, C. rodentium-infected mice exhibited minimal changes in the frequency of IL-22+
DCs (CD3-, CD5-, CD11c+), NKp46-expressing cells (CD3-, CD5-, NKp46+), conventional
NK cells (CD3-, CD5-, NK1.1+) or CD4- ILCs (CD3-, CD5-, CD4-, CD90+, Sca-1+) (Figure
9A, B). In contrast, analysis of the CD4+ ILC population (CD3-, CD5-, CD11c-, CD90+,
CD4+) revealed an infection-induced increase in the frequency of IL-22+ cells that was
higher than other cell populations examined (Figure 9A, B). CD4+ ILCs also exhibited
the highest frequency of IL-22+ cells in the IEL compartment of infected mice (Figure
10A). Furthermore, a comparison of IL-22-expression in CD4+ T cells versus CD4+ ILCs
in the mLN at early time points following infection with C. rodentium revealed no
increase in the frequency of IL-22+ CD4+ T cells until day 6 post-infection (Figure 10B),
whereas increases in the frequency of IL-22+ CD4+ ILCs were observed at all early time
points post-infection (Figure 10C). Collectively these data demonstrate that CD4+ ILCs
are a dominant source of IL-22 production early following C. rodentium infection.

57

Further analysis of CD4+ ILCs (CD3-, CD5-, CD11c-, CD90+, CD4+) from infected
mice revealed expression of c-kit, CD127 (IL-7Rα), CD25 (IL-2Rα), CCR6, and the
intracellular transcription factor RORγt (Figure 9C). To examine whether CD4+ ILCs
were proliferating, cells from naïve or infected mice were stained for the nuclear antigen
Ki-67. In comparison to naïve mice, CD4+ ILCs from the mLN or IEL compartment of
infected mice exhibited an increase in the frequency of Ki-67+ cells (Figure 9D),
suggesting that C. rodentium infection induced a proliferative response of CD4+ ILCs.
Consistent with these results, significantly increased total numbers of CD4+ ILCs were
observed in the mLN and IEL compartment of infected mice in comparison to naïve mice
(Figure 9E, p < 0.01).

Collectively, these data demonstrate that infection with C.

rodentium induces a population expansion of IL-22-producing CD4+ ILCs in the gut.

2.4.3 Infection-induced IL-22 production by CD4+ ILCs is dependent on IL-23
In vitro, IL-23 can induce IL-22 expression in a number of cell types including Th17 cells
and other ILC populations (Buonocore et al., 2010; Cella et al., 2009; Liang et al., 2006;
Satoh-Takayama et al., 2008; Takatori et al., 2009). To test whether in vivo infectioninduced IL-22 production from CD4+ ILCs was IL-23 dependent, Il23a+/+ and Il23a-/- mice
were infected with C. rodentium and the CD4+ ILC response was examined by flow
cytometry.

Naïve Il23a+/+ versus Il23a-/- mice displayed similar basal frequencies of

CD4+ ILCs (Figure 11A, top) and IL-22+ CD4+ ILCs in the mLN (Figure 11B, top).
However, infection-induced increases in the frequency of CD4+ ILCs in the mLN of
infected Il23a+/+ mice were not observed in infected Il23a-/- mice (Figure 11A, bottom).
Infection with C. rodentium resulted in an increase in the frequencies of IL-22+ CD4+
ILCs in Il23a+/+ mice (Figure 11B, left) that was not observed in infected Il23a-/- mice
(Figure 11B, right), demonstrating that infection-induced CD4+ ILC-derived IL-22
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responses are predominantly IL-23-dependent. Consistent with IL-23-dependent IL-22
production in innate cells, further examination of the innate lymphoid compartment
revealed that stimulation of splenocytes from naïve Rag1-/- mice with rIL-23 resulted in
an increased frequency of IL-22+ cells compared to cells cultured in media alone (Figure
11C). Phenotypic analysis of IL-22+ cells from rIL-23-stimulated cultures revealed that
the majority co-expressed CD90 and CD4 (Figure 11D). The IL-22+ innate cells were
confirmed to be CD4+ ILCs as this population co-expressed c-kit, CD127 (IL-7Rα), CD25
(IL-2Rα), CCR6, and the intra-cellular transcription factor RORγt (Figure 11E). The nonCD4+ IL-22+ cells in spleen cultures most closely resembled CD4- ILCs as they also
expressed c-kit and CD90, but lacked expression of NK1.1, NKp46 and CD11c (Figure
12A). CD4+ ILCs were also the dominant source of IL-23-induced IL-22 in innate cells
isolated from the IEL compartment (Figure 12B).

Examination of sorted CD4+ ILCs

(Figure 11F) revealed a mononuclear morphology (Figure 12C) and significant elevated
expression of mRNA encoding Id2 (Figure 11G, p < 0.05) and Il23r (Figure 11H, p <
0.05).

Sorted CD4+ ILCs secreted increased amounts of IL-22 protein following

stimulation with rIL-23 (Figure 11I), demonstrating that IL-23 could directly induce IL-22
expression in CD4+ ILCs.

Collectively these data indicate that CD4+ ILCs are a

dominant IL-23-responsive, IL-22 producing innate cell population, and that in vivo
infection-induced CD4+ ILC responses are regulated by IL-23.

2.4.4 Innate immunity to Citrobacter rodentium is dependent on IL-23
Following C. rodentium infection, Il23a-/- mice exhibit elevated bacterial loads and
succumb to infection (Mangan et al., 2006), and it has been proposed that this defective
immunity may be the result of impaired Th17 cell effector responses observed in the
absence of IL-23 (McGeachy et al., 2009). However, whether IL-23 is required for innate
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immunity to C. rodentium has not been examined. To test the role of IL-23 in innate
immunity to C. rodentium, Rag1-/- mice were infected and administered either isotype
control or anti-IL-23p19 mAb.

Examination of the colonic tissue following infection

revealed that isotype mAb-treated Rag1-/- mice exhibited an increase in Il22 mRNA
(Figure 13A) and IL-22 protein (Figure 13B) over naïve Rag1-/- mice. Administration of
multiple doses of anti-IL-23p19 mAb to infected Rag1-/- mice reduced both intestinal Il22
transcript (Figure 13A) and IL-22 protein (Figure 13B) in comparison to isotype treated
and infected Rag1-/- mice.

Consistent with a decrease in IL-22 expression, infected

Rag1-/- mice administered anti-IL-23p19 mAb also exhibited reduced mRNA encoding
the IL-22-dependent anti-microbial peptides RegIIIβ and RegIIIγ in the colon (Figure
13C). Furthermore, anti-IL-23p19 mAb treated Rag1-/- mice displayed an increase in
fecal colony forming units (CFU) at day 10 post-infection compared to isotype control
mAb (Figure 13D). Reduced expression of IL-22 and lower amounts of anti-microbial
peptides in the colon have previously been reported to result in systemic dissemination
of C. rodentium to peripheral tissues resulting in substantial tissue inflammation,
morbidity and mortality (Zheng et al., 2008).

Consistent with this, in comparison to

isotype mAb treatment, anti-IL-23p19 mAb treatment of Rag1-/- mice resulted in
increased CFU of C. rodentium in the liver (Figure 13E), increased inflammatory cell
infiltrates (black arrows, Figure 13F) and necrosis in the liver (white arrow, Figure 13F).
Anti-IL-23p19 mAb treatment also resulted in elevated amounts of the liver enzyme
alanine transaminase (ALT) in comparison to isotype mAb treatment (Figure 13G),
consistent with hepatocyte damage. Finally, in comparison to Rag1-/- mice receiving an
isotype mAb treatment, those receiving an anti-IL-23p19 mAb treatment exhibited an
increased rate of weight loss (Figure 13H) and succumbed to infection at earlier time
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points (Figure 13I).

Taken together, these data demonstrate that CD4+ ILC responses

and innate immunity to C. rodentium are IL-23-dependent.

2.4.5 Depletion of CD4+ ILCs substantially impairs innate immunity to Citrobacter
rodentium
To test the contribution of adult CD4+ ILCs to innate immunity in the gut, anti-CD90 mAb
was administered to infected Rag1-/- mice. Anti-CD90 mAb treatment resulted in efficient
depletion of CD4+ ILCs in comparison to isotype mAb treatment (Figure 14A). Despite
complete depletion of CD4+ ILCs, analysis of cells expressing NK cell receptors revealed
that anti-CD90 mAb administration did not result in substantial changes in the frequency
of NK1.1+ cells in the spleen (Figure 15A, B) or NKp46+ cells in the IEL compartment
(Figure 15C). Rag1-/- mice receiving mAb treatments were analyzed for innate immunity
to C. rodentium. Infection-induced increases in both Il22 mRNA (Figure 14B) and IL-22
protein (Figure 14C) were reduced in colon tissue of Rag1-/- mice that received antiCD90 mAb in comparison to isotype mAb treatment. The reduction of IL-22 expression
in anti-CD90 mAb treated Rag1-/- mice also correlated with a reduction in colonic mRNA
for the genes encoding RegIIIβ and RegIIIγ (Figure 14D). Furthermore, examination of
fecal burdens revealed that anti-CD90 mAb treated Rag1-/- mice exhibited higher C.
rodentium CFU compared to control treated mice (Figure 14E), increased dissemination
of C. rodentium to the liver (Figure 14F), and augmented liver pathology characterized
by increased inflammatory infiltrates (Figure 14G, black arrows) and liver necrosis
(Figure 14G, white arrow) in comparison to isotype mAb treated mice. Finally, similar to
anti-IL-23p19 mAb treated Rag1-/- mice, those treated with anti-CD90 mAb exhibited
increased serum concentrations of ALT (Figure 14H), an elevated rate of weight loss
(Figure 14I), and decreased survival in comparison to isotype mAb treated Rag1-/- mice
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(Figure 14J). Taken together, these results demonstrate that depletion of CD90+ cells in
Rag1-/- mice impairs IL-22 production and substantially reduces innate resistance to C.
rodentium.
Anti-CD90 mAb administration depletes both CD4+ and CD4- innate cell
populations (Figure 14A), including an IL-22-expressing c-kit- CD4- ILC population that
was recently reported to contribute to intestinal inflammation (Buonocore et al., 2010).
Therefore, to examine whether the anti-CD90 mAb-mediated loss in innate immunity to
C. rodentium was due to depletion of the CD4+ ILCs or CD4- ILCs, infected Rag1-/- mice
were treated with either control or anti-CD4 mAb. Examination of spleens from mAb
treated mice revealed that CD4+ ILCs, but not CD4- CD90+ cells, were successfully
depleted following administration of anti-CD4 mAb in comparison to isotype mAb treated
mice (Figure 16A).

Similar to anti-CD90 mAb administration, anti-CD4 mAb

administration did not result in substantial changes in the frequency of NK1.1+ cells in
the spleen (Figure 15B) or NKp46+ cells in the IEL compartment (Figure 15C).
Treatment of infected Rag1-/- mice with anti-CD4 mAb also abrogated C. rodentium
infection-induced increases in both colonic Il22 mRNA (Figure 16B) and IL-22 protein
(Figure 16C) in comparison to isotype mAb treatment. In addition, anti-CD4 mAb treated
Rag1-/- mice demonstrated a reduction in colonic mRNA for genes encoding RegIIIβ and
RegIIIγ following infection (Figure 16D). Analysis of fecal burdens demonstrated that
anti-CD4 mAb treated Rag1-/- mice exhibited higher C. rodentium CFU (Figure 16E).
Bacterial dissemination of C. rodentium was also evident in CD4-depleted Rag1-/- mice
as higher bacterial burdens were found in the liver (Figure 16F), in addition to an
observed increase in inflammatory infiltrates (Figure 16G, black arrows) and necrosis
(Figure 16G, white arrow). Finally, Rag1-/- mice treated with anti-CD4 mAb exhibited
increased serum concentrations of ALT (Figure 16H), exaggerated weight loss (Figure
62

16I), and an increased rate of mortality in comparison to isotype mAb treated Rag1-/mice (Figure 16J). A similar defect in innate immunity was previously observed in Rag-/Il2rg-/- mice and attributed to defects in NKp46+ ILC populations (Satoh-Takayama et al.,
2008). However, given that this population is reported to lack CD4 expression (SatohTakayama et al., 2008) and a decrease in the frequency of NKp46+ populations following
anti-CD4 mAb administration is not observed (Figure 15C), these collective observations
from the effect of anti-CD90 or anti-CD4 mAb administration suggest that defective
innate immunity to C. rodentium observed in Rag-/-IL2rg-/- mice may be attributed to
defects in adult CD4+ ILC responses.

Notwithstanding this, these data collectively

indicate that CD4+ ILCs are a critical innate source of IL-22 following infection and
directly contribute to innate immunity to enteric bacterial infection.

2.4.6 CD4+ ILCs promote essential innate immunity in lymphocyte-replete hosts
T cells are an additional source of IL-22 that are not present in lymphocyte-deficient
Rag1-/- mice. To test whether CD4+ ILCs can promote innate immunity in a lymphocytereplete host, two models systems were utilized.

First, Rag1-/- mice expressing the

CD90.2 allele were reconstituted with purified T cells (CD3+) and B cells (CD19+) from a
C57BL/6 mouse expressing the CD90.1 allele (Figure 17A, top). Gating on splenic CD4+
cells in an isotype mAb-treated CD90-disparate chimera revealed a population of donor
CD90.2-, CD3+, CD5+, CD4+ T cells and a population of recipient CD90.2+ CD3-, CD5-,
CD4+ ILCs (Figure 17A). Administration of anti-CD90.2 mAb to the chimeras revealed a
selective depletion of recipient CD4+ ILCs but not donor CD4+ T cells (Figure 17A), thus
providing an in vivo model to interrogate ILC function in lymphocyte-replete hosts.
CD90-disparate chimeras and unreconstituted Rag1-/- mice were infected with C.
rodentium and treated with an isotype mAb or anti-CD90.2 mAb.
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As observed

previously, Rag1-/- mice receiving an isotype mAb survived for approximately 26 days
post-infection, while Rag1-/- mice receiving an anti-CD90.2 mAb succumbed to infection
around day 12 (Figure 17B). In contrast, while 66% of isotype mAb treated Rag1-/chimeras did not succumb to infection and survived longer than isotype mAb treated
Rag1-/- mice, 100% of ILC-depleted anti-CD90.2 mAb treated Rag1-/- chimeras
succumbed to infection at early time points despite the presence of donor lymphocytes
(Figure 17A, B). These data suggest that adaptive immunity is required for protection to
C. rodentium at later time points, however, ILCs are required for innate immunity at early
time points in a lymphocyte-replete host.
The next studies investigated whether CD4+ ILCs are sufficient to provide innate
immunity to C. rodentium in a lymphocyte-replete host.

Il22+/+ and Il22-/- mice were

infected with C. rodentium and on days 2, 3 and 4 post-infection 1 x 106 CD4+ T cells or
1.5 x 103 CD4+ ILCs from Il22+/+ hosts were purified and adoptively transferred into
infected Il22-/- hosts (Figure 17C).

Analysis of host mortality revealed that consistent

with a previously published study (Zheng et al., 2008), 100% of C. rodentium infected
Il22-/- mice succumbed to infection at early time points (Figure 17D). All infected Il22-/mice receiving Il22+/+ CD4+ T cells also succumbed to infection at early time points.
However, 50% of Il22-/- mice receiving Il22+/+ CD4+ ILCs survived infection beyond day
20 (Figure 17D). Collectively, these studies indicate that CD4+ ILCs play a critical role in
innate immunity in the intestine of lymphocyte-replete hosts.

2.5 Discussion
Data presented in this Chapter demonstrate that following infection with the murine
enteric pathogen C. rodentium, adult CD4+ ILCs proliferate and upregulate IL-22
production within the first six days post-infection.
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CD4+ ILCs were found to be the

dominant source of IL-22 and infection-induced CD4+ ILC responses were predominantly
IL-23-dependent.

Furthermore, this Chapter demonstrates that IL-23 is critical in

mediating innate immunity to C. rodentium in mice. Consistent with being a dominant
source of infection-induced IL-22, depletion of CD4+ ILCs in C. rodentium infected Rag1/-

mice resulted in an abrogation of infection-induced IL-22 and anti-microbial peptide

expression, enhanced bacterial replication and dissemination, and exacerbated host
morbidity and mortality.

Furthermore, in lymphocyte-replete hosts, CD4+ ILCs were

found to be critical in promoting innate immunity in the intestine.
Previous studies examining the functions of adult CD4+ ILCs revealed that they
have the capacity to promote lymphoid-tissue organogenesis and the maintenance of
lymphoid tissue architecture following CD8+ T cell-mediated lysis of virally-infected
resident stromal organizer cells (Scandella et al., 2008; Schmutz et al.). These studies
provoke the hypothesis that the function of CD4+ ILCs in adults might be to promote
lymphoid tissue maintenance and tertiary lymphoid-tissue formation. Other studies have
demonstrated that ILCs in adult mice and humans constitutively express RORγt and
have the capacity to express IL-22 in vitro (Eberl and Littman, 2004; Takatori et al.,
2009).

As IL-22 has been found to play important roles in promoting inflammation,

tissue-protection and/or protective immunity (Sonnenberg et al., 2010a; Zenewicz et al.,
2008; Zheng et al., 2007; Zheng et al., 2008), this provokes the hypothesis that the role
of CD4+ ILCs in adults, in contrast to their fetal CD4+ LTi cell counterparts, may extend
beyond lymphoid-tissue generation and maintenance. Consistent with this, CD4+ ILCs
are a member of an emerging family of heterogeneous IL-22-producing ILCs, in which all
members share a developmental requirement for RORγt, and several ILC populations
have been implicated in promoting innate immunity and intestinal inflammation via
production of host protective and/or inflammatory cytokines (Buonocore et al., 2010;
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Cella et al., 2009; Colonna, 2009; Cua and Tato, 2010; Eberl et al., 2004; SatohTakayama et al., 2008; Sawa et al., 2010; Spits and Di Santo, 2010). For example, a
population of c-kit- CD4- ILCs has recently been suggested to promote intestinal
inflammation through production of IL-17A and IFNγ (Buonocore et al., 2010). Further, a
population of NKp46+ ILCs was implicated in promoting innate immunity to C. rodentium
(Cella et al., 2009; Satoh-Takayama et al., 2008), however loss-of-function and gain-offunction experiments were difficult to interpret due to the lack of specific reagents to
deplete this cell population. In contrast to these studies, data presented in this Chapter
now demonstrate that CD4+ ILCs proliferate and are the dominant source of IL-22 during
C. rodentium infection. Through loss-of-function and gain-of-function approaches it was
demonstrated that CD4+ ILCs are critical for promoting infection-induced increases in
anti-microbial peptide expression, controlling bacterial replication and dissemination, and
protecting from host morbidity and mortality. Collectively these data identify a previously
unrecognized role for CD4+ ILCs in innate immunity to enteric bacterial infection.
The regulatory signals that influence ILC function are poorly defined. Recently it
has been shown that IL-23 can promote innate cell-driven colitis, and that IL-23 can
promote ILC production of IL-22, IL-17A and IFNγ in vitro (Buonocore et al., 2010; Cella
et al., 2009; Satoh-Takayama et al., 2008; Takatori et al., 2009; Uhlig et al., 2006). IL-23
has previously been found to be necessary for immunity to C. rodentium in wild-type
mice (Mangan et al., 2006; Zheng et al., 2008), however the impaired resistance to
infection was thought to be due to defective generation and/or maintenance of CD4+
Th17 cells. Data presented in this Chapter demonstrate that IL-23 promotes infectioninduced expression of IL-22 in CD4+ ILCs and is essential for innate immunity to enteric
bacterial infection in vivo.
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These data provide evidence that CD4+ ILCs are critical for innate immunity in
the lymphopenic environment of a Rag1-/- mouse, and these findings may have
important clinical implications. For example, several clinical conditions in patients are
characterized by the development of severe lymphopenia, including AIDS, cancer and
tissue transplantation, and a leading cause of mortality in these patients is secondary
bacterial infections at mucosal sites (Bonnet et al., 2007; Douek et al., 2003; Lewden et
al., 2008; Segel et al., 2003; Storek et al., 1997; Wallace et al., 1993; Zitvogel et al.,
2008).

The ability to specifically target and promote CD4+ ILC-dependent innate

immunity with novel immunotherapies could be beneficial in managing these conditions.
Thus, these studies and future investigations on the development and regulation of both
CD4+ ILCs and innate immunity to enteric bacterial infections in lymphocyte-deficient
mice could be of substantial value in the design of new intervention strategies for these
human conditions.
Notwithstanding this, it is important to consider the potential functions of CD4+
ILCs in promoting innate immunity in lymphocyte-replete hosts.

Employing CD90-

disparate chimeras and adoptive transfer approaches, data presented in this Chapter
provides the first report that CD4+ ILCs are necessary and sufficient to partially restore
innate immunity and prolong survival following enteric bacterial infections in lymphocytereplete hosts. This was surprising given that CD4+ T cells outnumber CD4+ ILCs in the
lymphoid and intestinal tissues. However, it is consistent with data that CD4+ ILCs are
the dominant source of IL-22 early during infection, while infection-induced T cell-derived
IL-22 is not detectable until time points when IL-22 is no longer required for immunity to
infection. Therefore, CD4+ ILCs appear to be sentinel innate cells at mucosal sites,
which represent an essential early source of IL-22. CD4+ T cells and B cells are also
required for immunity to Citrobacter, yet appear to be critical at later time points as mice
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deficient in these cells survive for several weeks post infection (Simmons et al., 2003).
Collectively, these data provoke a model in which CD4+ ILCs expand and produce IL-22
to control early enteric bacterial infection until a sufficient adaptive immune response can
be initiated to effectively clear the pathogen.
All IL-22-producing ILC populations require RORγt for their development
(Buonocore et al., 2010; Eberl et al., 2004; Sanos et al., 2009), and RORγt has been
suggested to regulate expression of IL-23R in CD4+ T cells (Ivanov et al., 2006; Zhou et
al., 2007).

The development of ILC populations may render them constitutively

responsive to IL-23-mediated signals, suggesting that IL-23 may represent a conserved
pathway that stimulates innate cell cytokine responses to promote either intestinal
inflammation (Buonocore et al., 2010) or innate host defense following enteric bacterial
infection. Therefore, in addition to influencing adaptive immune responses through the
induction and maintenance of secondary lymphoid tissues, CD4+ ILCs also influence
innate immune responses through the production of host-protective cytokines, increasing
IL-22-dependent expression of anti-microbial peptides and promoting innate immunity.
Cellular immunity evolved prior to organized secondary lymphoid tissues (Burnet,
1968), and it has been proposed that ILCs may represent a primitive form of cellular
immunity (Kim et al., 2009; Lane et al., 2008). Given that these data demonstrate that
CD4+ ILCs promote innate immunity, it is likely that host-protective functions of CD4+
ILCs evolutionarily preceded the acquisition of lymphoid tissue-inducing functions and
that CD4+ ILCs represent an ancient precursor to more elaborate forms of cellular antibacterial immunity. Collectively these data provide insights into the evolution of the IL23-Th17 cell axis in the context of inflammation and immunity at mucosal sites.
Moreover, the identification of a role for CD4+ ILCs in lymphopenic and lymphocytereplete hosts highlights the potential to target this cell population in promoting innate
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immunity and efficacy of vaccination while limiting debilitating chronic inflammation at
mucosal sites.
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Figure 8. Innate immune cells are the first population to expand with exposure to
C. rodentium infection and are the dominant source of IL-22 required for
immunity. C57BL/6 mice were infected with C. rodentium on day 0 and sacrificed on
days 2, 4, 6 and 8. Cells were briefly stimulated ex vivo and the frequency of IL-22+,
CD3+, CD5+ cells versus IL-22+, CD3-, CD5- cells were examined in the (A) mLN and (B)
colon IEL compartment. Absolute numbers of IL-22+ CD3+/CD5+ cells versus IL-22+,
CD3-, CD5- cells in the (C) mLN and (D) IEL compartment. (E) Percent survival of IL-22
neutralizing mAb treated and infected C57BL/6 mice. Antibody treatment was initiated
on the indicated day and continued every 3 days.

All data are representative of 2

independent experiments with a minimum of 3 mice per group or time point. Data shown
are the mean ± SEM. * p < 0.05 ** p < 0.01. mLN, mesenteric lymph node; IEL,
intraepithelial lymphocytes.
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Figure 9. Adult CD4+ ILCs expand and are a dominant innate source of IL-22
following C. rodentium infection. C57BL/6 mice were infected with C. rodentium on
day 0 and sacrificed on day 4. Frequency of ex vivo stimulated IL-22+ innate cells in the
mLN of (A) naïve and (B) infected mice gated as indicated for various surface markers.
(C) The gated CD3- CD5- CD11c- CD90+ CD4+ population in the mLN of C. rodentium
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infected mice was stained with anti- c-kit, CD127, CD25, CCR6 and RORγt antibodies
(bold black line) and corresponding isotype and negative control antibodies (solid grey
histograms). C57BL/6 mice were infected with C. rodentium on day 0 and sacrificed on
day 8. (D) Frequency of Ki-67+ CD4+ ILCs (CD3- CD5- CD11c- CD90+ CD4+) in the mLN
and IEL compartment.

(E) Absolute numbers of CD4+ ILCs in the mLN and IEL

compartment of naïve (N) and infected (INF) mice. All data are representative of 2 or
more independent experiments with a minimum of 3-4 mice per group. Data shown are
the mean ± SEM. ** p < 0.01.
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Figure 10. Adult CD4+ ILCs are a dominant innate source of IL-22 in the gut
following C. rodentium infection. (A) C57BL/6 mice were infected with C. rodentium
on day 0 and sacrificed on day 4. Frequency of ex vivo stimulated IL-22+ innate cells
gated as indicated in IEL of infected mice. All data are representative of 2 or more
independent experiments with a minimum of 3-4 mice per group.

(B) C57BL/6 mice

were infected with C. rodentium on day 0 and sacrificed on days 2, 4 and 6. Cells from
the mLN were briefly stimulated ex vivo and the frequency of IL-22+ cells were examined
in CD4+, CD3+, CD5+ T cells, and (C) CD4+, CD3-, CD5- ILCs.

All data are

representative of 2 independent experiments with a minimum of 3 mice per time point.
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Figure 11. Citrobacter rodentium-induced adult CD4+ ILC responses are dependent
on IL-23.

Il23a+/+ and Il23a-/- mice were infected with C. rodentium on day 0 and

sacrificed on day 8. (A) Frequency of CD4+ ILCs in the mLN of naïve and infected mice.
Populations are gated on live CD3- CD5- CD90+ CD4+ cells. (B) Frequency of ex vivo
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stimulated IL-22+ CD4+ ILCs in the mLN.

Populations are gated on live CD3- CD5-

CD90+ CD4+ cells. All data are representative of 2 or more independent experiments
with a minimum of 3-4 mice per group. Naïve Rag1-/- mouse splenocytes were cultured
overnight with or without rIL-23. (C) Frequency of IL-22+ cells with gating on live cells.
(D) Frequency of CD90+ CD4+ cells in the IL-22+ gated population of (C). (E) The IL-22+
CD90+ CD4+ population of (D) was stained with c-kit, CD127, CD25, CCR6 and RORγt
antibodies (bold black lines) and corresponding isotype and negative control antibodies
(solid grey histograms). (F) CD4+ ILCs were purified from naïve Rag1-/- splenocytes and
stained with CD4, CD11c and B220 antibodies. Fold induction of (G) Id2 and (H) Il23r
mRNA in purified CD4+ ILCs relative to total unfractionated Rag1-/- splenocytes (SPL).
(I) IL-22 protein in culture supernatants from purified CD4+ ILCs stimulated in the
presence or absence of rIL-23.

All in vitro data are representative of 2 or more

independent experiments with a minimum of 2-3 replicate wells. Data shown are the
mean ± SEM. * p < 0.05 ** p < 0.01.
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Figure 12.

CD4+ ILCs are the dominant IL-23-responsive and IL-22-producing

innate population in the spleen and IEL. (A) Frequency of CD90+ CD4- cells in the IL22+ gated population of Rag1-/- splenocytes (SPL) subsequent to culturing with rIL-23
overnight; cells were also stained with anti- c-kit, NK1.1, NKp46 and CD11c antibodies
(bold black lines) and corresponding isotype and negative control antibodies (solid grey
histograms). (B) Frequency of IL-22+ cells in naïve Rag1-/- mice IEL cultures following
overnight incubation with rIL-23, and the frequency of CD90+ CD4+ and CD90+ CD4- cells
in the IL-22+ gated population.

All in vitro data are representative of 2 or more

independent experiments with a minimum duplicate wells. (C) CD4+ ILCs were purified
from naïve Rag1-/- splenocytes and stained with H&E. Scale bar, 10 µm.
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Figure 13. Innate immunity to Citrobacter rodentium is dependent on IL-23.
C57BL/6 Rag1-/- were administered an isotype control mAb or an anti-IL-23p19 mAb
starting on day 0, infected with C. rodentium on day 0, and sacrificed on day 10. (A)
Fold induction of Il22 transcript in colonic RNA from antibody treated and infected (INF)
mice compared to naïve mice.

(B) IL-22 protein in the supernatant of colon

homogenates and (C) Fold induction of Reg3b and Reg3g transcript in colonic RNA from
antibody treated and infected mice compared to naïve mice. C. rodentium CFU in the
(D) fecal pellets and (E) liver of antibody treated and infected mice. (F) H&E stained
histological sections of the liver of antibody treated and infected mice; inflammatory cell
infiltrates (black arrows) and necrotic lesions (white arrow). Scale bar, 100 µm. (G)
Serum ALT levels, (H) Percent of original whole body weight and (I) percent survival of
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antibody treated and infected mice. All data are representative of 3 or more independent
experiments with a minimum of 3-4 mice per group. Data shown are the mean ± SEM. *
p < 0.05 ** p < 0.01 *** p < 0.001.
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Figure 14. Anti-CD90 mAb treatment impairs innate immunity to Citrobacter
rodentium. C57BL/6 Rag1-/- were administered an isotype control mAb or an anti-CD90
mAb starting on day 0, infected with C. rodentium on day 0, and sacrificed at day 10. (A)
Frequency of CD4+ CD90+ cells in Lin- gated splenocytes from antibody treated Rag1-/mice. (B) Fold induction of Il22 transcript in colonic RNA from antibody treated and
infected (INF) mice compared to naïve mice. (C) IL-22 protein in the supernatant of
colon homogenates and (D) fold induction of Reg3b and Reg3g transcript in colonic RNA
from antibody treated and infected mice compared to naïve mice. C. rodentium CFU in
the (E) fecal pellets and (F) liver of antibody treated and infected mice. (G) H&E stained
histological sections of the liver of antibody treated and infected mice; inflammatory cell
infiltrates (black arrows) and necrotic lesions (white arrow). Scale bar, 100 µm. (H)
Serum ALT levels, (I) percent of original whole body weight and (J) percent survival of
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antibody treated and infected mice. All data are representative of 3 or more independent
experiments with a minimum of 3-4 mice per group. Data shown are the mean ± SEM. *
p < 0.05 ** p < 0.01 *** p < 0.001.
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Figure 15. CD4 mAb administration specifically depletes CD4+ ILCs.

C57BL/6

Rag1-/- were administered an isotype control mAb, anti-CD90 mAb or anti-CD4 mAb
starting on day 0, infected with C. rodentium on day 0, and sacrificed at day 10. (A)
Frequency of CD4+ CD90+ cells in Lin- gated splenocytes (SPL) from antibody treated
Rag1-/- mice. (B) Frequency of NK1.1+ cells in splenocytes (SPL) from antibody treated
Rag1-/- mice. (C) Frequency of NKp46+ cells in IEL compartment from antibody treated
Rag1-/- mice. All data are representative of 2 independent experiments with a minimum
of 2 mice per time point.
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Figure 16. Adult CD4+ ILCs mediate innate immunity to Citrobacter rodentium.
C57BL/6 Rag1-/- were administered an isotype control mAb or anti-CD4 mAb starting on
day 0, infected with C. rodentium on day 0, and sacrificed at day 10. (A) Frequency of
CD4+ CD90+ cells in Lin- gated splenocytes from antibody treated Rag1-/- mice. (B) Fold
induction of Il22 transcript in colonic RNA from antibody treated and infected (INF) mice
compared to naïve mice. (C) IL-22 protein in the supernatant of colon homogenates and
(D) fold induction of Reg3b and Reg3g transcript in colonic RNA from antibody treated
and infected mice compared to naïve mice. C. rodentium CFU in the (E) fecal pellets
and (F) liver of antibody treated and infected mice.

(G) H&E stained histological

sections of the liver of antibody treated and infected mice; inflammatory cell infiltrates
(black arrows) and necrotic lesions (white arrow). Scale bar, 100 µm. (H) Serum ALT
levels, (I) Percent of original whole body weight and (J) percent survival of antibody
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treated and infected mice.

All data are representative of 3 or more independent

experiments with a minimum of 3-4 mice per group. Data shown are the mean ± SEM. *
p < 0.05 ** p < 0.01 *** p < 0.001.
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Figure 17. Adult CD4+ ILCs are necessary and sufficient to promote innate
immunity to C. rodentium infected lymphocyte-replete hosts. (A) Diagram of the
generation of CD90-disparate chimeras with representative flow cytometry plots
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demonstrating depletion of recipient CD4+ ILCs but not donor CD4+ T cells in antiCD90.2 mAb treated chimeras in comparison to isotype mAb treated chimeras.

(B)

Percent survival of isotype and anti-CD90.2 mAb treated and infected (INF) mice.
Displayed data are from two independent experiments with 3 mice per group per
experiment.

(C) Diagram of innate and adaptive immune cell adoptive transfer

approaches utilizing Il22+/+ donors and Il22-/- recipients with representative flow cytometry
plots demonstrating purity of transferred populations. (D) Percent survival of antibody
treated and infected (INF) mice. Displayed data are from two independent experiments
with 2 mice per group per experiment.
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Chapter 3
IL-22 and innate lymphoid cells regulate containment of commensal
bacteria and maintain systemic immune cell homeostasis

3.1 Abstract
Data presented in Chapter 2 of this thesis demonstrate the critical importance of the
innate lymphoid cell (ILC)-IL-22 pathway in promoting immunity to an enteric pathogen.
In addition to pathogenic bacteria, the mammalian intestine contains trillions of beneficial
commensal bacteria that are restricted to the intestine and gut-associated lymphoid
tissues.

This Chapter explores the potential role of the ILC-IL-22 pathway in the

compartmentalization of non-pathogenic commensal bacteria that constitutively inhabit
intestinal tissues. Loss of compartmentalization of commensal bacteria can promote
systemic inflammation and is linked to the pathogenesis and progression of numerous
chronic human diseases, including progressive HIV infection, IBD, hepatitis and cancer.
However, mechanisms that regulate peripheral dissemination of commensal bacteria in
health and disease are poorly understood. Data presented in this Chapter identify that
IL-22 producing ILCs are constitutively present in the intestine and gut-associated
lymphoid tissues of healthy humans and mice, and loss of murine ILCs or IL-22
promoted peripheral dissemination of commensal bacteria and induction of systemic
inflammation. Systemic inflammation was associated with commensal bacteria-specific
adaptive immune cell responses, and was prevented by depletion of commensal
bacteria with the administration of broad-spectrum antibiotics. Thus, these data identify
a

previously

unrecognized

pathway

by

which

ILCs

and

IL-22

regulate

the

compartmentalization of enteric commensal bacteria, preventing their peripheral
dissemination and subsequent disruption of systemic immune cell homeostasis.
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3.2 Introduction
The mammalian gastrointestinal tract is colonized by an estimated 100 trillion
commensal bacteria, which are essential for promoting normal intestinal physiology,
aiding in digestion, influencing development of the immune system and preventing
colonization of the intestine by pathogenic microbes (Hill and Artis, 2010). Co-evolution
of mammals with commensal bacteria is dependent on numerous mechanisms to
maintain a state of symbiosis with these diverse bacterial species (Hill and Artis, 2010).
Under steady state conditions, the restricted compartmentalization of commensal
bacteria to the intestinal lumen and gut-associated lymphoid tissues (GALT) limits
exposure of bacteria to peripheral organs and prevents subsequent induction of
systemic inflammation (Hill and Artis, 2010; Hooper and Macpherson, 2010; Obata et al.,
2010).
Loss of compartmentalization of commensal bacteria and the peripheral
dissemination can disrupt systemic immune cell homeostasis by promoting chronic
inflammation and the generation of commensal bacteria-specific immune responses
(Duerkop et al., 2009; Hooper and Macpherson, 2010; Slack et al., 2009). Peripheral
dissemination of commensal bacteria to systemic organs is a hallmark of numerous
chronic human infectious and inflammatory diseases including progressive HIV infection,
inflammatory bowel disease (IBD), cancer and hepatitis (Brenchley et al., 2006; Lescut
et al., 1990; McGuckin et al., 2009; Parlesak et al., 2000). Dissemination of commensal
bacteria has been proposed to cause systemic inflammation associated with these
diseases and significantly contribute to disease pathogenesis and progression (Chin et
al., 2007; Douek et al., 2009; Fava and Danese, 2011; Sandler et al., 2011a; Sandler et
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al., 2011b). However, the mechanisms that regulate containment of commensal bacteria
to the intestine and GALT in health and disease remain poorly understood.
Several

mechanisms

have

been

proposed

to

contribute

to

the

compartmentalization of commensal bacteria. These mechanisms include the physical
separation of commensal bacteria from mammalian cells by the production of mucus
layers, tight junctions between intestinal epithelial cells that prevent bacterial
translocation across the epithelium, and the production of anti-microbial proteins that
directly lyse bacterial cells (Duerkop et al., 2009; Hooper and Macpherson, 2010). In
addition, multiple immunoregulatory networks contribute to containment of commensal
bacteria including intra-epithelial lymphocytes, phagocytosing macrophages and
commensal-bacteria specific IgA-secreting B cells (Duerkop et al., 2009; Hooper and
Macpherson, 2010). For example, Macpherson and colleagues recently identified that
bacterial compartmentalization is tightly regulated by a continuum of innate and adaptive
immune cell components (Hooper and Macpherson, 2010; Macpherson and Uhr, 2004;
Slack et al., 2009). Mice deficient in either toll-like receptors (TLRs) or oxidative bursts
exhibited enhanced dissemination of commensal bacteria, which was subsequently
controlled by the generation of high-titer serum antibodies specific for the bacteria,
suggesting that hyper-activation of the adaptive immune system in the face of impaired
innate immunity may contribute to the pathogenesis of numerous inflammatory diseases
(Slack et al., 2009).

Consistent with this, in immunocompetent mice, commensal

bacteria are restricted to the intestinal tissue and GALT to induce protective IgA
responses and limit any potential disruption of systemic immune responses
(Macpherson and Uhr, 2004).
Recent studies in murine models have implicated a critical role for IL-22, a
member of the IL-10 cytokine family, in regulating intestinal immunity, inflammation and
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repair (Sonnenberg et al., 2010a, 2011a). IL-22 is expressed by hematopoietic cells and
acts primarily on stromal cell lineages to induce expression of genes that promote
intestinal homeostasis including anti-microbial peptides, inflammatory chemokines and
epithelial repair machinery (Sonnenberg et al., 2010a, 2011a). Both innate and adaptive
immune cells can produce IL-22. CD4+ T helper (Th)17 cells are a well characterized
source of IL-22, IL-17A and IL-17F that have been proposed to promote immunity to
extracellular pathogenic bacteria and play a role in the pathogenesis of autoinflammatory
diseases (Ivanov et al., 2007; Ouyang et al., 2008).

Recent studies have also

recognized antigen receptor-independent innate lymphoid cells (ILCs) as a critical
source of IL-22 in the context of intestinal immunity and inflammation (Sawa et al., 2010;
Sonnenberg et al., 2011a; Spits and Di Santo, 2010).

However, whether IL-22

production by ILCs or Th17 cells contributes to the compartmentalization of commensal
bacteria and maintenance of systemic immune cell homeostasis in the steady state
remains unclear.
Data presented in this Chapter identify that intestinal tissues of healthy humans
and mice contain a constitutive population of IL-22+ cells with an ILC phenotype,
suggesting

that

this

cell

lineage

may

be

involved

in

maintaining

bacterial

compartmentalization in the steady state. Consistent with this, depletion of ILCs in naïve
Rag1-/- mice resulted in the presence of culturable bacteria in peripheral organs,
dissemination of bacterial by-products and induction of systemic inflammation.
Neutralization of IL-22 resulted in similar bacterial dissemination and systemic
inflammation, and administration of exogenous IL-22 significantly limited bacterial
dissemination in ILC-depleted mice.

ILC-depletion in lymphocyte-replete mice also

resulted in systemic inflammation associated with the generation of commensal-specific
T cell and immunoglobulin responses.

Further, systemic inflammation could be
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ameliorated by depletion of commensal bacteria with broad-spectrum antibiotics.
Collectively, these data identify a previously unrecognized role for IL-22-producing ILCs
in maintaining systemic immune cell homeostasis by promoting compartmentalization of
commensal bacteria, and may represent a unique therapeutic target in the treatment of
multiple chronic human diseases.

3.3 Methods
3.3.1 Mice, antibiotics and use of monoclonal antibodies and recombinant
cytokines in vivo
C57BL/6 mice, C57BL/6 Rag1-/-, and C57BL/6 CD90.1 mice were purchased from the
Jackson Laboratory (Bar Harbor, ME). All mice were maintained in specific pathogenfree facilities at the University of Pennsylvania.

All protocols were approved by the

University of Pennsylvania Institutional Animal Care and Use Committee (IACUC), and
all experiments were performed according to the guidelines of the University of
Pennsylvania IACUC. A previously described cocktail of antibiotics (Hill et al., 2010)
was continuously administered via drinking water. Anti-CD90.2 mAb (30H12) and antiNK1.1 (PK-136) were purchased from BioXCell (West Lebanon, NH). Anti-IL-22 mAbs,
IL22-01 (neutralizing) and IL22-02 (mouse cytokine detection) were developed by Pfizer.
Neutralizing or depleting mAb treatments were administered i.p. every 3 days at a dose
of 250 µg/mouse starting on day 0. Recombinant IL-22 (Pfizer) was administered at a
dose of 25 µg every 2 days starting on day 0.

3.3.2 Human intestinal and GALT samples
Human intestinal tissue and mesenteric lymph node (mLN) were obtained from cadaver
organ donors in collaboration with the New York Organ Donor Network. Consent for use
90

of these tissues from human cadavers for research purposes was obtained from the
donors' families. Single cell suspensions from mLN were obtained by cutting tissues into
small pieces and incubating for 1 h at 37 °C with shaking in collagenase solution
(collagenase D (1 mg/ml), and DNAse I (25 µg/ml)).

Remaining tissues were then

mechanically dissociated, strained through a wire mesh tissue sieve and lymphocytes
were subsequently separated by centrifugation through Ficoll (LSM; Invitrogen). Single
cell suspensions from intestinal tissues were obtained by cutting tissues into small
pieces and incubating for 1 h at 37 °C with shaking in stripping buffer (1 mM EDTA, 1
mM DTT, and 5% FCS) to remove the epithelial layer.

Supernatants were then

discarded and the lamina propria fraction was obtained by incubating the remaining
tissue for 1 h at 37 °C with shaking in collagenase solution (collagenase D (1 mg/ml),
and DNAse I (25 µg/ml)).

Remaining tissues were then mechanically dissociated,

strained through a wire mesh tissue sieve and lymphocytes were subsequently
separated by centrifugation through Ficoll (LSM; Invitrogen).

For flow cytometry, single cell suspensions were stimulated overnight in
recombinant human IL-2, IL-7 and IL-23 (10 ng/mL; eBioscience) followed by incubation
for 4-6 h with 10 µg/mL Brefeldin A (Sigma-Aldrich). Cells were stained with antibodies
to the following markers, anti-CD3 PE-Cy7 (clone UCHT1, eBioscience), anti-CD56
eFluor780 (clone CMSSB, eBioscience), anti-CD20 eFluor780 (clone 2H7, eBioscience),
anti-CD45 PerCP-Cy5.5 (clone 2D1, eBioscience) and anti-CD127 PE-Cy5 (clone
R34.34, Beckman Coulter). For intracellular staining, cells were fixed and permeabilized
utilizing a commercially available kit (eBioscience) and stained with an antibody to antiRORγt PE (clone AFKJS-9, eBioscience) or anti-IL-22 eFluor660 (clone 22URTI,
eBioscience).

Dead cells were excluded from analysis using a violet viability stain
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(Invitrogen).

Flow cytometry data collection was performed on a LSR II (BD

Biosciences). Files were analyzed using FlowJo software (Tree Star Inc.).

3.3.3 Murine tissue isolation and flow cytometry
Spleens were harvested and single-cell suspensions were prepared at necropsy. For
LPL isolation, small intestinal tissues were isolated, Peyer’s patches removed, attached
fat removed, and tissues cut open longitudinally. Luminal contents were removed by
shaking in cold PBS and tissue was cut into 1-2 cm pieces and washed in RPMI
containing 5% FCS. Epithelial cells and intra-epithelial lymphocytes were removed by
shaking tissue in stripping buffer (1 mM EDTA, 1 mM DTT, and 5% FCS) for 30 minutes
at 37°C. The lamina propria layer was isolated by shaking the remaining tissue in 0.5
mg/mL collagenase D (Roche) and 20 µg/mL DNase I (Sigma-Aldrich) for 30 minutes at
37°C.
For flow cytometric analysis, cells were stained with antibodies to the following
markers: anti-NK1.1 PerCP-Cy5.5 (clone PK136, eBioscience), anti-CD3 PE-Cy7 (clone
145-2C11, eBioscience), CD90.2 Alexa Fluor700 (clone 30-H12, Biolegend), anti-CD127
eFluor450 (clone A7R34, eBioscience), anti-CD45 eFluor650NC (clone 30-F11,
eBioscience), anti-CD90.1 PerCP-Cy5.5 (clone HIS51, eBioscience), anti-CD4 PETexas

Red

(clone

GK1.5,

Abcam),

anti-CD8

APC-eFluor780

eBioscience), anti-CD19 Alexa Fluor700 (clone 6D5, Biolegend).

(clone

53-6.7,

For intracellular

staining, cells were fixed and permeabilized utilizing a commercially available kit
(eBioscience) and stained with an antibody to anti-RORγt PE (clone AFKJS-9,
eBioscience) or anti-Ki-67 FITC (clone B56, BD Biosciences). For cytokine production,
intestinal cells were stimulated directly ex vivo by incubation for 4-6 h with 10 µg/mL
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Brefeldin A (Sigma-Aldrich) and 10 ng/mL rIL-23 (eBioscience) or splenocytes were
incubated for 5 h with 10 µg/mL Brefeldin A following 48-72 h antigen restimulation.
Cells were fixed and permeabilized as indicated above and stained with IL22-02 (Pfizer)
conjugated to Alexa Fluor647 according to manufacturer’s instructions (Molecular
Probes), anti-IL-6 FITC (clone MP5-20F3, eBioscience) and anti-TNFα APC (clone MP6XT22, eBioscience). Dead cells were excluded from analysis using a violet viability stain
(Invitrogen).

Flow cytometry data collection was performed on a LSR II (BD

Biosciences). Files were analyzed using FlowJo software (Tree Star Inc.).

3.3.4 Measurement of CFU and liver LPS
Organs were sterilely removed at necropsy and mechanically homogenized in sterile
PBS. CFU were determined via serial dilutions on LB agar (Invitrogen). Colonies were
counted after 1-2 days of culture at 37°C. LPS was measured in homogenates using an
Endpoint Chromogenic Limulus Amebocyte Lysate assay (Lonza).

3.3.5 Quantitative real-time PCR
RNA was isolated from epithelial cells stripped from the ileum using RNeasy mini kits
(QIAGEN). cDNA was generated using Superscript reverse transcription (Invitrogen).
Real-time PCR (RT-PCR) was performed on cDNA using SYBR green chemistry
(Applied Biosystems) and commercially available primer sets (QIAGEN).

Reactions

were run on a real-time PCR system (ABI7500; Applied Biosystems). Samples were
normalized to β-actin and displayed as a fold reduction from naïve isotype-treated
controls unless otherwise stated.

3.3.6 Histological sections
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Livers were fixed with 4% paraformaldehyde, embedded in paraffin, and 5 µm sections
were used for staining with H&E.

3.3.7 CD90-disparate Rag1-/- chimeras
Cells from mLN and spleen of CD90.1 C57BL/6 mice were obtained and approximately
60-80 x 106 sort purified B (CD19+) and T cells (CD3+, CD5+) were transferred i.v. or i.p.
to CD90.2 Rag1-/- mice. Reconstitution was permitted for 8-10 weeks post-transfer and
subsequently confirmed by examination of peripheral blood lymphocytes.

3.3.8 Generation of cecal bacterial antigen, antigen restimulation and ELISA
Cecal bacteria were isolated by resuspending cecal contents of Rag1-/- mice at 1 g per
10 mL of sterile PBS, centrifuging at the lowest setting to remove large aggregates, and
washing the resulting supernatant with sterile PBS twice by centrifuging for 1 minute at
8,000 rpm. On the last wash, bacteria were resuspended in 2 mL ice-cold PBS and
sonicated on ice. Samples were then centrifuged at 20,000 x g for 10 minutes and
supernatants recovered. For T cell antigen restimulation, splenocytes were cultured with
50 µg/mL cecal bacterial antigen for 48-72 hours followed by the addition of 10 µg/mL
Brefeldin A for 5 hours at 37°C. For measurement of serum antibodies by ELISA, 5
µg/mL cecal bacterial antigen was coated on 96 well plates and sera were incubated in
doubling dilutions. Antigen specific mouse IgG was detected using an anti-mouse IgGHRP antibody (BD Biosciences) and TMB peroxidase substrate (KPL).

3.3.9 Statistical analysis
Results represent the mean ± SEM.

Statistical significance was determined by the

Student’s t test unless otherwise stated. (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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3.4 Results
3.4.1 IL-22 is constitutively produced by ILCs in intestine and GALT of healthy
mice and humans
To

examine

the

cellular

sources

of

IL-22

that

are

associated

with

the

compartmentalization of commensal bacteria in the steady state, the intestine and GALT
from naïve C57BL/6 mice were examined for IL-22+ cells.

In intestinal tissues, a

population of IL-22+ cells was observed in which the majority lacked co-expression of
lineage markers CD3 or NK1.1 (Figure 18A), but were CD127+, CD45-intermediate
(CD45INT), RORγt+ and CD90 (Thy1)+ (Figure 18B), a phenotype consistent with IL-22producing ILCs (Sonnenberg et al., 2011a; Spits and Di Santo, 2010).

Similarly,

analysis of murine mLN revealed the presence of a constitutive IL-22+ population that
lacked expression of CD3 and NK1.1 (Figure 18C), but were CD127+, CD45INT, RORγt+
and CD90+ ILCs (Figure 18D).

To analyze IL-22-producing populations in humans,

intestinal tissues from healthy human donors were examined.

Consistent with

observations in naïve mice, a population of IL-22+ cells was present in healthy human
intestinal samples that lacked expression of lineage markers CD20, CD56 and CD3
(Figure 18E), and were CD127+, CD45INT and RORγt+ (Figure 18F), a phenotype
consistent with human IL-22-producing ILCs (Sonnenberg et al., 2011a; Spits and Di
Santo, 2010). IL-22+ lineage negative (Figure 18G), CD127+, CD45INT, RORγt+ ILCs
were also constitutively found in the mLNs of health human donors (Figure 18H).
Collectively, these data identify that the steady state compartmentalization of
commensal bacteria is associated with the constitutive presence of IL-22+ ILC population
in the intestine and GALT of healthy humans and mice.
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3.4.2 Depletion of ILCs promotes peripheral bacterial dissemination and induction
of systemic inflammation
To test whether the constitutive populations of IL-22-producing ILCs contribute to
compartmentalization of commensal bacteria, control or anti-CD90 mAb was
administered to naïve Rag1-/- mice to deplete ILC populations. Depletion of CD90+ ILCs
resulted in a significant reduction in intestinal mRNA levels for genes encoding IL-22dependent anti-microbial peptides RegIIIβ (Figure 19A) and RegIIIγ (Figure 19B). While
tissues obtained from control-treated Rag1-/- mice did not exhibit the presence of live
bacteria in the spleen, blood or liver (Figure 19C-E), peripheral tissues from anti-CD90
mAb-treated Rag1-/- mice contained culturable bacteria in these organs (Figure 19C-E),
indicating a critical role for ILCs in promoting compartmentalization of commensal
bacteria in the steady state and preventing their dissemination to peripheral organs.
Consistent with the presence of culturable bacteria in systemic organs, depletion of ILCs
resulted in significantly increased levels of LPS in the liver (Figure 19F). Some NK cells
also express CD90 (Hurme and Sihvola, 1984); however, administration of an NK celldepleting mAb (anti-NK1.1) alone to Rag1-/- mice did not result in detection of culturable
bacteria or LPS in systemic organs (Figure 19C-F). Collectively, these data indicate a
selective requirement for IL-22-producing ILCs in containing commensal bacteria to the
intestinal compartment.
Dissemination of commensal bacteria has been proposed to cause systemic
inflammation associated with chronic human diseases (Brenchley et al., 2006; Lescut et
al., 1990; McGuckin et al., 2009; Parlesak et al., 2000). To examine whether depletion
of ILCs and subsequent peripheral bacterial dissemination elicits chronic systemic
immune activation, anti-CD90 mAb was administered to naïve Rag1-/- mice. Consistent
with the presence of culturable bacteria and microbial byproducts in the periphery, ILC96

depleted mice exhibited discrete foci of hepatic inflammation (Figure 19G, black arrow),
as well as increased spleen size (Figure 19H), significantly increased spleen mass
(Figure 19I) and elevated serum levels of inflammatory cytokines IL-6 (Figure 19J) and
TNFα (Figure 19K) in comparison to control treated mice.

Collectively, these data

indicate that ILCs regulate containment of commensal bacteria to intestinal tissues in the
steady state, and that in the absence of ILCs, commensal bacteria disseminate to
peripheral organs, disrupt systemic immune cell homeostasis and promote inflammation.

3.4.3 ILCs regulate commensal bacterial dissemination and systemic inflammation
in an IL-22-dependent manner
ILCs secrete IL-22 and promote intestinal immunity and repair in an IL-22-dependent
manner (Sonnenberg et al., 2011a; Spits and Di Santo, 2010). To test whether IL-22 is
critical for ILC-mediated containment of commensal bacteria to the intestine, Rag1-/mice were treated with isotype or anti-IL-22 mAb. In comparison to isotype mAb-treated
mice, anti-IL-22 mAb-treated mice exhibited significantly decreased intestinal levels of
mRNA encoding the anti-microbial peptides RegIIIβ (Figure 20A) and RegIIIγ (Figure
20B). Similar to anti-CD90 mAb-treated mice (Figure 19C-E), culturable bacteria could
be isolated from the spleen (Figure 20C), blood (Figure 20D) and liver (Figure 20E) of
anti-IL-22 mAb-treated mice but not isotype mAb-treated mice. Significantly increased
hepatic LPS (Figure 20F) was also observed in anti-IL-22 mAb-treated mice in
comparison to isotype mAb-treated mice.

Consistent with a role for disseminating

commensal bacteria in inducing systemic inflammation, anti-IL-22 mAb-treated mice also
exhibited signs of systemic inflammation including hepatic inflammatory cell infiltrates
(Figure 20G) and significantly increased splenic mass (Figure 20H).

These data

demonstrate that neutralization of IL-22 in Rag1-/- mice is sufficient to promote bacterial
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dissemination and systemic inflammation similar to that observed following depletion of
ILCs, suggesting that ILCs limit peripheral dissemination of commensal bacteria in an IL22-dependent manner.
To determine whether delivery of IL-22 can be used to therapeutically prevent
bacterial dissemination in ILC-depleted mice, a gain-of-function approach was employed
in which anti-CD90 mAb-treated Rag1-/- mice were treated with either PBS control or
recombinant (r) IL-22. Administration of rIL-22 to anti-CD90 mAb-treated mice restored
intestinal expression of mRNA encoding RegIIIβ (Figure 20I) and RegIIIγ (Figure 20J) to
levels observed in isotype mAb-treated mice. Consistent with a role for ILC-derived IL22 in limiting bacterial dissemination, ILC-depleted mice that received rIL-22 exhibited
decreased CFUs in the spleen (Figure 20K), blood (Figure 20L) and liver (Figure 20M),
and significantly decreased levels of LPS in the liver (Figure 20N) as compared to antiCD90 mAb-treated mice that received PBS. Collectively, these data demonstrate that
ILCs regulate containment of commensal bacteria and prevention of systemic immune
activation in an IL-22-dependent manner, and that delivery of IL-22 can be used to
therapeutically reduce bacterial dissemination in the absence of ILCs.

3.4.4 ILCs regulate commensal bacterial dissemination and systemic inflammation
in lymphocyte-replete hosts
T cells can express IL-22 and promote maintenance of intestinal immunity and repair
(Sonnenberg et al., 2010a, 2011a), and the adaptive immune system has been shown to
control bacterial dissemination in the face of impaired innate immunity (Hooper and
Macpherson, 2010; Slack et al., 2009). Therefore, to test whether ILCs regulate the
containment of commensal bacteria in lymphocyte-replete mice, CD90-disparate Rag1-/chimeric mice that permit selective depletion of CD90.2+ ILCs without depleting CD90.1+
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lymphocytes were generated (Figure 21A).

Despite the presence of lymphocytes,

administration of ILC-depleting anti-CD90.2 mAb resulted in bacterial dissemination as
determined by significantly elevated levels of LPS in the liver (Figure 21B), and the
induction of systemic inflammation as measured by inflammatory cell infiltrates in the
liver (Figure 21C), significantly increased spleen mass (Figure 21D) and higher serum
levels of IL-6 (Figure 21E) and TNFα (Figure 21F). ILC-depleted lymphocyte-replete
mice exhibited significantly higher frequencies of proliferating peripheral lymphocytes as
measured by an increased frequency of Ki-67+ cells among CD4+ T cells (Figure 21G),
CD8+ T cells (Figure 21H) and CD19+ B cells (Figure 21I) in the spleen. Collectively,
these data suggest that IL-22-producing ILCs regulate containment of commensal
bacteria and maintain systemic immune cell homeostasis in the presence of adaptive
immunity.

3.4.5 ILC depletion results in commensal bacteria-specific systemic inflammation
Depletion of ILCs in lymphocyte-replete hosts results in significant activation of the
adaptive immune system (Figure 21G-I).

To determine if the adaptive immune

responses were specific for disseminating bacteria, splenocyte cultures were
restimulated with antigen derived from cecal-resident commensal bacteria. Significantly
higher frequencies of IL-6+ CD4+ T cells and TNFα+ CD4+ T cells were observed in
stimulated splenocyte cultures from anti-CD90.2 mAb-treated chimeric mice as
compared to isotype mAb-treated chimeric mice (Figure 22A). Furthermore, significantly
increased serum levels of intestinal commensal bacteria-specific IgG were detected in
anti-CD90.2 mAb-treated mice in comparison to isotype mAb-treated mice (Figure 22B),
demonstrating that ILC-depletion results in the generation of systemic CD4+ T cell and B
cell responses specific for disseminating commensal bacteria.
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To determine whether dissemination of commensal bacteria was necessary to
promote systemic inflammation, naïve Rag1-/- mice were administered a cocktail of oral
antibiotics previously shown to significantly deplete intestinal bacteria (Hill et al., 2010).
Rag1-/- mice on water alone and those receiving antibiotics were then administered
either an isotype mAb or an anti-CD90 mAb to deplete ILCs. Consistent with depletion
of intestinal commensal bacteria, no culturable bacteria were present in the spleen,
blood or liver of isotype mAb or anti-CD90 mAb-treated Rag1-/- during antibiotic
treatment, in comparison to non-antibiotic anti-CD90 mAb-treated controls (data not
shown).

Further, no significant increase in hepatic levels of LPS was observed in

antibiotic-treated Rag1-/- mice following anti-CD90 mAb administration, in comparison to
non-antibiotic controls (Figure 22C).

Antibiotic-treated anti-CD90 mAb administered

Rag1-/- mice did not exhibit signs of systemic inflammation as splenic size (Figure 22D)
and serum levels of IL-6 (Figure 22E) were similar in isotype and anti-CD90 mAb treated
antibiotic administered mice. Collectively, these data demonstrate that loss of IL-22producing ILCs promotes peripheral dissemination of commensal bacteria and
subsequently commensal bacteria-dependent inflammation.

3.5 Discussion
Commensal bacteria promote numerous beneficial processes to mammalian hosts, but
also have the potential to cause harmful chronic inflammation (Hill and Artis, 2010;
Hooper and Macpherson, 2010).

Therefore, compartmentalization of commensal

bacteria to intestinal tissues is necessary to maintain systemic immune cell homeostasis.
Indeed, loss of containment of commensal bacteria has recently been proposed to
contribute to systemic inflammation associated with numerous chronic human diseases
including HIV infection, IBD, cancer and hepatitis (Brenchley et al., 2006; Lescut et al.,
100

1990; McGuckin et al., 2009; Parlesak et al., 2000); however, the mechanisms that
regulate this containment remain unclear. Recent studies have identified IL-22 as a
critical mediator of infectious and inflammatory diseases at barrier surfaces such as the
intestine (Sonnenberg et al., 2011).

Indeed, neutralization of IL-22 can result in

increased susceptibility to pathologic intestinal inflammation or enteric bacterial infection
(Pickert et al., 2009; Sugimoto et al., 2008; Zenewicz et al., 2008; Zheng et al., 2008).
Innate immune cells have been recognized to be important regulators of this IL-22dependent pathway of intestinal immunity and inflammation (Pickert et al., 2009;
Zenewicz et al., 2008; Zheng et al., 2008). Recently, ILCs have been found to be an
important innate source of IL-22 that contributes to the regulation of intestinal immunity
and inflammation (Buonocore et al., 2010; Sonnenberg et al., 2011a; Spits and Di Santo,
2010). Data presented in Chapter 2 identified a critical role for IL-22-producing ILCs in
promoting immunity to the enteric bacterial pathogen Citrobacter rodentium.

Data

presented in this Chapter now identify a previously unrecognized pathway by which IL22-producing ILCs regulate intestinal and systemic immune cell homeostasis in the
steady state by regulating compartmentalization of commensal bacteria, limiting
peripheral

dissemination

and

preventing

induction

of

systemic

inflammation.

Collectively, these studies demonstrate a novel ILC-IL-22 pathway that mediates
intestinal immunity and limits intestinal inflammation in the context of numerous
diseases.
Currently, it remains unclear what secondary mediators downstream of IL-22 or
what additional ILC-derived factors are regulating compartmentalization of commensal
bacteria. IL-22 has previously been shown to be a potent inducer of mucins and antimicrobial peptide expression in intestinal epithelial cells, which may account for the role
of IL-22 in infection and inflammation (Sugimoto et al., 2008; Zheng et al., 2008).
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Further, ILCs also have the capacity to express additional cytokines including IL-17A, IL17F, IFNγ, TNFα and lymphotoxin-β (Buonocore et al., 2010; Sonnenberg et al., 2011a;
Takatori et al., 2009), all factors that have the capacity to regulate intestinal epithelial
cells.

Future studies will be necessary to identify whether additional ILC-expressed

factors and which IL-22 downstream mediators contribute to the containment of intestinal
commensal bacteria.
In summary, data presented in this Chapter identifies that IL-22-producing ILCs
are constitutively present in healthy intestine and GALT of humans and mice, provoking
the hypothesis that this pathway may become dysregulated in chronic human diseases,
promoting dissemination of commensal bacteria and contributing to the induction of
systemic inflammation. Consistent with this, IL-22 expression has been observed to be
dysregulated in numerous chronic human diseases including HIV, cancer, IBD and
hepatitis (Brand et al., 2007; Dambacher et al., 2008; Misse et al., 2007; Sugimoto et al.,
2008; Thompson et al., 2010a). Further, these chronic human diseases are associated
with systemic inflammation and induction of anti-bacterial responses with characteristics
similar to that observed following depletion of murine ILCs (Brenchley et al., 2006; Chin
et al., 2007; Douek et al., 2009; Fava and Danese, 2011; Lescut et al., 1990; McGuckin
et al., 2009; Parlesak et al., 2000; Sandler et al., 2011a; Sandler et al., 2011b).
Notwithstanding this, the identification of a pathway by which IL-22-producing ILCs
regulate containment of commensal bacteria to limit peripheral dissemination and
disruption of systemic immune cell homeostasis in mice could represent a novel
therapeutic target to limit systemic inflammation associated with chronic human diseases
and thus limit disease progression.
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Figure 18. Innate lymphoid cells are constitutively present and a dominant source
of IL-22 in the intestine and GALT of healthy mice and humans. (A) The frequency
of live IL-22+ cells was examined from briefly ex vivo-stimulated cells of small intestine of
naïve C57BL/6 mice. The gated live IL-22+ population was stained with anti- CD3 and
NK1.1 mAbs. (B) The gated live IL-22+ population was stained with anti- CD127, CD45,
RORγt and CD90 mAbs (open blue histogram) and compared to B cell populations
(CD19+, solid grey histograms). (C) The frequency of live IL-22+ cells was examined from
briefly ex vivo-stimulated cells of mLN of naïve C57BL/6 mice. The gated live IL-22+
population was stained with anti- CD3 and NK1.1 mAbs.

(D) The gated live IL-22+

population was stained with anti- CD127, CD45, RORγt and CD90 mAbs (open blue
histogram) and compared to B cell populations (CD19+, solid grey histograms). (E) The
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frequency of live IL-22+ cells was examined from briefly ex vivo-stimulated cells of ileum
of healthy human donors. The gated live IL-22+ population was stained with anti- CD3,
CD20 and CD56 mAbs. (F) The gated live IL-22+ population was stained with antiCD127, CD45 and RORγt mAbs (open blue histogram) and compared to negative
populations (CD20+ CD56+, solid grey histograms). (G) The frequency of live IL-22+ cells
was examined from briefly ex vivo-stimulated cells of mLN of healthy human donors.
The gated live IL-22+ population was stained with anti- CD3, CD20 and CD56 mAbs. (H)
The gated live IL-22+ population was stained with anti- CD127, CD45 and RORγt mAbs
(open blue histogram) and compared to negative populations (CD20+ CD56+, solid grey
histograms). All data are representative of 2-3 independent experiments of 3 mice each
per experiment or 5 total individual human donors.
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Figure 19. Innate lymphoid cells limit bacterial dissemination and systemic
immune activation in naïve mice. Naïve C57BL/6 Rag1-/- mice were administered an
isotype control, anti-CD90 or anti-NK1.1 mAb starting on day 0 and sacrificed on day 14.
Fold induction of (A) Reg3b and (B) Reg3g transcript in terminal ileum epithelial from
antibody treated mice. Colony forming units (CFU) present in homogenates from the (C)
spleen, (D) blood and (E) liver of antibody treated mice. (F) LPS concentrations in
homogenates from the liver of antibody treated mice.

(G) H&E stained histological

sections of the liver of antibody treated mice; inflammatory cell infiltrates (black arrows).
Spleen size (H) and mass (I) from antibody treated mice. Serum concentrations of (J)
IL-6 and (K) TNFα from antibody treated mice.

All data are representative of 3

independent experiments with a minimum of 3-4 mice per group. Data shown are the
mean ± SEM. * p < 0.05 ** p < 0.01. ND, none detected.
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Figure 20. IL-22 limits bacterial dissemination and systemic immune activation.
Naïve C57BL/6 Rag1-/- mice were administered an isotype control or anti-IL-22 mAb
starting on day 0 and sacrificed on day 14. Fold induction of (A) Reg3b and (B) Reg3g
transcript in terminal ileum epithelial from antibody treated mice. Colony forming units
(CFU) present in homogenates from the (C) spleen, (D) blood and (E) liver of antibody
treated mice. (F) LPS concentrations in homogenates from the liver of antibody treated
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mice.

(G) H&E stained histological sections of the liver of antibody treated mice;

inflammatory cell infiltrates (black arrows). (H) Spleen mass from antibody treated mice.
Naïve C57BL/6 Rag1-/- mice were administered an isotype control or anti-CD90 mAb with
PBS control or recombinant (r) IL-22 starting on day 0 and sacrificed on day 14. Fold
induction of (I) Reg3b and (J) Reg3g transcript in terminal ileum epithelial from antibody
treated mice. Colony forming units (CFU) present in homogenates from the (K) spleen,
(L) blood and (M) liver of antibody treated mice.

(N) LPS concentrations in

homogenates from the liver of antibody treated mice. All data are representative of 2 or
more independent experiments with a minimum of 3-4 mice per group. Data shown are
the mean ± SEM. * p < 0.05 ** p < 0.01. ND, none detected.
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Figure 21. Innate lymphoid cells prevent bacterial dissemination and systemic
immune activation in lymphocyte-replete mice. (A) Representative flow cytometry
plots of generated CD90-disparate chimeras demonstrating depletion of recipient
CD90.2+ cells but not donor CD90.1+ cells in the spleens of anti-CD90.2 mAb treated
chimeras (middle) in comparison to isotype mAb treated chimeras (left). CD3 expression
on gated CD90.2+ cells (grey shaded histogram) and CD90.1+ cells (open blue
histogram) in the spleen of isotype mAb treated chimeras (right).

(B) LPS

concentrations in homogenates from the liver of antibody treated chimeras. (C) H&E
stained histological sections of the liver of antibody treated chimeras; inflammatory cell
infiltrates (black arrows).

(D) Spleen mass from antibody treated chimeras.

Serum

concentrations of (E) IL-6 and (F) TNFα from antibody treated chimeras. Frequency of
Ki-67+ cells in gated live (G) CD4+ T cells, (H) CD8+ T cells and (I) CD19+ B cells in the
spleens of antibody treated chimeras.

All data are representative of 2 or more

108

independent experiments with a minimum of 3-4 mice per group. Data shown are the
mean ± SEM. * p < 0.05 ** p < 0.01.
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Figure 22. Loss of innate lymphoid cells promotes commensal bacterial-driven
systemic inflammation. Rag1-/- chimeras were administered an isotype control or antiCD90.2 mAb starting on day 0 and sacrificed on day 14. Splenocytes from antibody
treated chimeras were stimulated in vitro with antigen (ag) isolated from cecal bacteria,
gated on live CD4+ T cells and analyzed for the frequency of (A) IL-6+ cells (top) and
TNFα+ (bottom) cells.

(B) Sera from antibody treated chimeras were measured for

specificity against antigen isolated from cecal bacteria. Naïve C56BL/6 Rag1-/- chimeras
were continuously administered water with/without antibiotics for 14 days, and then
administered an isotype control or anti-CD90.2 mAb for an additional 14 days. (C) LPS
concentrations in homogenates from the liver of antibody treated mice. Spleen size (D)
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and serum concentrations of IL-6 (E) from antibody treated mice.

All data are

representative of 2 independent experiments with a minimum of 3-4 mice per group.
Data shown are the mean ± SEM. * p < 0.05 ** p < 0.01 *** p < 0.001.
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Chapter 4
Pathological versus protective functions of IL-22 in airway inflammation are
regulated by IL-17A

4.1 Abstract
Data presented in Chapter 2 and 3 of this thesis interrogated the role of IL-22 in
maintaining intestinal barrier function and immunity in the context of steady state
homeostasis or enteric bacterial infection.

Previous studies have identified that in

addition to anti-microbial properties, IL-22 has both proinflammatory and tissueprotective properties depending on the context in which it is expressed (reviewed in
Chapter 1.2.5). However, the factors that influence the functional outcomes of IL-22
expression remain poorly defined.

Data presented in this Chapter demonstrate that

following administration of a high-dose of bleomycin that induces acute tissue damage
and airway inflammation and is lethal to wild-type (WT) mice, T helper 17 (Th17) cellderived IL-22 and IL-17A are expressed in the lung. Bleomycin-induced disease was
ameliorated in Il22-/- mice or following anti-IL-22 mAb treatment of WT mice, indicating a
proinflammatory/pathologic role for IL-22 in airway inflammation.

However, despite

increased bleomycin-induced IL-22 production, Il17a-/- mice were protected from airway
inflammation,

suggesting

that

IL-17A

proinflammatory properties of IL-22.

may

regulate

the

expression

and/or

Consistent with this, IL-17A inhibited IL-22

production by Th17 cells, and exogenous administration of IL-22 could only promote
airway inflammation in vivo by acting in synergy with IL-17A.

Anti-IL-22 mAb was

delivered to Il17a-/- mice and was found to exacerbate bleomycin-induced airway
inflammation, indicating that IL-22 is tissue-protective in the absence of IL-17A. Finally,
in an in vitro culture system, IL-22 administration protected airway epithelial cells from
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bleomycin-induced

apoptosis, and

this

protection

was

reversed

following

co-

administration of IL-17A. These data identify that IL-17A can regulate the expression,
proinflammatory properties, and tissue-protective functions of IL-22, and indicate that the
presence or absence of IL-17A governs the proinflammatory versus tissue-protective
properties of IL-22 in a model of airway damage and inflammation.

4.2 Introduction
IL-22 is a member of the IL-10 cytokine family and plays critical roles in inflammation,
immune surveillance, and tissue homeostasis at mucosal sites (Colonna, 2009; Ouyang
et al., 2008). IL-22 is produced by CD4+ T helper (Th)17 cells, NK cells, CD11c+ myeloid
cells and ILCs (Cella et al., 2009; Liang et al., 2006; Takatori et al., 2009; Zheng et al.,
2008). The IL-22 receptor is composed of the IL-22R and IL-10R2 subunits and receptor
ligation results in phosphorylation of STAT1, STAT3, STAT5, and activation of the p38MAP kinase pathway (Kotenko et al., 2001a; Lejeune et al., 2002). The IL-22 receptor is
found on cells of non-hematopoietic origin in the skin, kidney, liver, lung and gut,
allowing for IL-22-mediated regulation of local epithelial, endothelial, and stromal cell
responses following infection or exposure to inflammatory stimuli (Ouyang et al., 2008;
Wolk et al., 2004). Despite significant insights into IL-22-IL-22R interactions, reports on
the in vivo functions of this pathway have been conflicting (Zenewicz and Flavell, 2008).
For example, following infection with gram-negative bacteria, IL-22 can enhance
maintenance of the epithelial barrier, and act in synergy with the Th17 cell co-expressed
cytokine IL-17A to promote host protective immunity against infection (Aujla et al., 2008;
Liang et al., 2006; Zheng et al., 2008). In addition to anti-microbial properties, a number
of studies have reported tissue-protective properties of IL-22 in murine models of
inflammatory bowel disease (IBD) and hepatitis (Pan et al., 2004; Pickert et al., 2009;
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Radaeva et al., 2004; Sugimoto et al., 2008; Zenewicz et al., 2007; Zenewicz et al.,
2008).

In

contrast,

proinflammatory/pathologic

other

studies

properties

have

following

demonstrated
Toxoplasma

that
gondii

IL-22

has

infection,

a

CD45RBlo T cell transfer model of colitis and in mouse models of psoriasis and arthritis
(Geboes et al., 2009; Kamanaka et al., 2011; Ma et al., 2008b; Munoz et al., 2009;
Zheng et al., 2007).
Although IL-22 is known to induce expression of anti-microbial peptides following
Klebsiella pneumoniae infection in the lung (Aujla et al., 2008), the influence of the IL-22
pathway on the development, progression, and resolution of airway inflammation in other
systems has not yet been examined.

Employing a model of high-dose bleomycin-

induced acute tissue damage and airway inflammation (Huaux et al., 2003; Matute-Bello
et al., 2008; Nagai et al., 1992; Snider et al., 1978), data in this Chapter demonstrates
that a CD4+ Th17 cell response ensues following treatment of wild-type (WT) mice,
characterized by the production of IL-22 and IL-17A in the lung. Administration of antiIL-22 neutralizing mAb in WT mice or use of Il22-/- mice revealed a reduction in
bleomycin-induced disease, indicative of a proinflammatory/pathologic role for IL-22 in
airway inflammation. As IL-17A and IL-22 are co-expressed and have been shown to
act cooperatively (Aujla et al., 2008; Liang et al., 2006), the influence of IL-17A on IL-22
expression and function in the lung was investigated by employing Il17a-/- mice. Il17a-/mice exhibited enhanced levels of bleomycin-induced IL-22 expression due to a loss of
IL-17A-mediated suppression of IL-22 production in Th17 cells. Despite increased IL-22
expression, Il17a-/- mice were protected from bleomycin-induced airway inflammation,
indicating that IL-22 acts in synergy with IL-17A to promote airway inflammation.
Consistent with this, exogenous IL-22 could only promote airway inflammation when coadministered with IL-17A. Treatment of Il17a-/- mice with anti-IL-22 mAb exacerbated
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bleomycin-induced inflammation, supporting a tissue-protective role for IL-22 in the
absence of IL-17A.

Furthermore, IL-22 protected airway epithelial cells against

bleomycin-induced apoptosis, and this property was reversed with the co-administration
of IL-17A. Collectively, these data demonstrate a pathologic role for IL-22 in a model of
airway inflammation and identify that IL-17A can govern the proinflammatory/pathologic
versus tissue-protective properties of IL-22 in the lung.

4.3 Methods
4.3.1 Mice, bleomycin instillation and monoclonal antibody treatments
C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME). C57BL/6
Il17a-/- mice were kindly provided by Y. Iwakura (University of Tokyo, Tokyo, Japan).
129 Il22-/- mice were generated at Lexicon Genetics in collaboration with Pfizer and
subsequently backcrossed to Balb/cBy at the Jackson Laboratory with colony mates
used for all groups. All mice were maintained in specific pathogen-free facilities at the
University of Pennsylvania.

All protocols were approved by the University of

Pennsylvania Institutional Animal Care and Use Committee (IACUC), and all
experiments were performed according to the guidelines of the University of
Pennsylvania IACUC.

Bleomycin (NOVAPLUS, Irvine, CA) was administered

intratracheally at either a lethal high-dose of 0.009 mg/g or at a low-dose of 0.0018
mg/g. Mice were sacrificed at 8-10 days or at reaching 70% of their original weight.
Mice receiving antibody treatment were injected i.p. with 0.4 mg of either IL22-01 or an
isotype control antibody (Pfizer) every 3 days starting on day 0.

4.3.2 Isolation and analysis of lung and BAL cells
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BAL cell and lung single cell suspensions were obtained as previously described (Nair et
al., 2009). Cells were stained with antibodies to the following markers Gr-1, CD11b,
Ly6G, Ly6C, F4/80, MHCII, CD4, CD8, TCRβ, and TCRγδ (eBioscience). For analysis
of intracellular cytokine production, cells were stimulated directly ex vivo by incubation
for 4 h with 50 ng/mL PMA, 750 ng/mL ionomycin, and 10 µg/mL Brefeldin A (all
obtained from Sigma-Aldrich), or stimulated for 48 hours with soluble anti-CD3
(eBioscience) followed by analysis of cytokine secretion by ELISA. Intracellular staining
was performed using a FITC and PE-conjugated IL-17A antibodies, Alexa Fluor 488
conjugated IL-17F (eBioscience), and Alexa Fluor 647 conjugated IL22-02 antibody
(Pfizer), the latter conjugated according to manufacturer’s instructions (Molecular
Probes).

Dead cells were excluded from analysis using a violet viability stain

(Invitrogen). Flow cytometry data collection was performed on a FACSCanto II (BD
Biosciences).

Files were analyzed using FlowJo software (Tree Star Inc.).

Cytocentrifuge preparations of BAL cells were stained with H&E (Thermo Fisher
Scientific).

4.3.3 RNA isolation, cDNA preparation and RT-PCR
RNA was isolated from whole lung tissue using mechanical homogenization and TRIzol
isolation (Invitrogen), according to manufacturer’s instructions.

MLE cell RNA was

isolated using RNeasy mini kits (QIAGEN). cDNA was generated using Superscript
reverse transcription (Invitrogen). Real-time PCR (RT-PCR) was performed on cDNA
using SYBR green chemistry (Applied Biosystems) and commercially available primer
sets (QIAGEN).

Reactions were run on a real-time PCR system (ABI7500; Applied

Biosystems). Samples were normalized to β-actin and displayed as a fold induction over
naïve or untreated controls unless otherwise stated.
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4.3.4 Histological sections and pathology scoring
Lungs were inflated with 4% paraformaldehyde, embedded in paraffin, and 5-µm
sections were used for staining with H&E. Severity of bleomycin-induced pathology was
scored according to weight loss (1-10%:1; 10-15%:2; 15-20%:3; 20-25%:4; 25-30%:5),
and blind scoring of H&E-stained lung tissue sections according to the following
parameters: consolidation (1-5); fibrosis (1-5); granulocyte recruitment (1-5); lymphocyte
recruitment (1-5); for an overall score out of 25.

4.3.5 ELISA and immunofluorescence staining
Standard IL-17A sandwich ELISAs were performed using commercially available
antibodies (eBioscience). Sandwich ELISAs for IL-22 were performed using IL22-01
(Pfizer) as a capture antibody and biotin-conjugated IL22-03 (Pfizer) as a detection
antibody. Active TGFβ was measured from lung homogenates as previously described
(Huaux et al., 2003) using a commercially available ELISA kit (eBioscience).
Immunofluorescence staining was performed as previously described (Nair et al., 2009)
using a commercially available antibody for TGFβ (Santa Cruz Biotechnology, Inc.).

4.3.6 Instillation of recombinant cytokines
Recombinant cytokines IL-17A (eBioscience) and IL-22 (Pfizer) in sterile PBS were
administered intratracheally to Il17a-/- mice daily over a 3-day period at a dose of 1
µg/mouse. Mice were sacrificed on day 4 for analysis of the BAL and lung.

4.3.7 In vitro splenocyte activation
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Single cell suspensions were obtained from spleens of mice and red blood cells were
lysed. Splenocytes were then cultured with soluble anti-CD3 and anti-CD28 (1 µg/mL,
eBioscience) in the presence of 10 ng/mL rIL-6, 1 ng/mL rTGFβ, 10 ng/mL rIL-23, 10
µg/mL anti-IL-4, and 10 µg/mL anti-IFNγ. rIL-17A and rIL-22 were added to cultures at
designated concentrations. Following 3-5 days of stimulation, cells were re-stimulated
with PMA and Ionomycin in the presence of BFA for 4 hours followed by staining for
intracellular cytokines.

4.3.8 Electrophoresis and immunostaining
Analysis was performed using standard SDS-PAGE and immunoblotting techniques.
Biotin-conjugated

anti-IL-22Rα1

(R&D

Systems),

anti-Actin,

anti-phospho-STAT3

(Tyr705), and total anti-STAT3 (Cell Signaling Technology), were used as primary
antibodies followed by either streptavidin conjugated HRP (R&D Systems) or donkey
anti-rabbit conjugated streptavidin (Amersham Biosciences).

Blots were developed

using ECL detection reagents (GE Healthcare).

4.3.9 MLE cell line, in vitro apoptosis assay
The MLE cell line (ATCC#CRL-2110) was a kind gift from Dr. Michael F. Beers
(University of Pennsylvania) and maintained in RPMI media supplemented with 2% FBS,
5 µg/mL insulin, 10 µg/mL transferrin, 20 nM sodium selenite, 10 nM hydrocortisone, 10
nM β-estradiol, 10 mM HEPES, and 2 mM L-glutamine.

Following seeding and

adherence, apoptosis was induced by administration of bleomycin (2.5 U/mL) to cultures
or PBS as a control. rIL-22 (Pfizer) or rIL-17A (eBioscience) was added to cultures at
designated concentrations and incubated for approximately 8 hours before harvesting
using trypsin-EDTA (0.05%). Cell suspensions were subsequently stained for annexin V
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according to the manufacturer’s protocols (BD Biosciences). Cell cultures and paraffin
embedded lung sections were stained using the TMR red in situ cell death detection kit
(Roche) according to the manufacturer’s protocol.

4.3.10 Statistical analysis
Results represent the mean ± SEM.

Statistical significance was determined by the

Student’s t test unless noted differently in the figure legend (*, p < 0.05; **, p < 0.01; ***,
p < 0.001).

4.4 Results
4.4.1

A

Th17

cell

response

develops

during

bleomycin-induced

airway

inflammation
When administered at a high-dose, bleomycin results in airway damage and acute
inflammation, characterized by production of inflammatory mediators and infiltration of
lymphocytes and granulocytes, resulting in the disruption of lung architecture, decreased
pulmonary function and death (Huaux et al., 2003; Matute-Bello et al., 2008; Nagai et al.,
1992; Snider et al., 1978). These responses have been shown to be partially dependent
on both T cells and the cytokines IL-6 and IL-12/23p40, as depletion or genetic deletion
of any of these factors individually attenuates bleomycin-induced disease (Maeyama et
al., 2001; Saito et al., 2008; Sakamoto et al., 2002). Expression of IL-6 and IL-12/23p40
also promotes Th17 cell differentiation and survival (Bettelli et al., 2006; Mangan et al.,
2006; McGeachy et al., 2009).

However, whether Th17 cells differentiate and

extravasate to the lung following an instillation of high-dose bleomycin is unknown.
To test this, either PBS or a high-dose of bleomycin that is lethal for WT mice
was intra-tracheally instilled into C57BL/6 mice and mRNA isolated from whole lung
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tissue was analyzed for cytokines associated with Th17 cell differentiation. Although
levels of Il6, Tgfb1, and Il12b were not significantly increased, Il23a transcript was
significantly elevated in samples from bleomycin-instilled mice compared to PBS
controls (Figure 23A).

Consistent with no significant changes in Tgfb1 mRNA, no

upregulation of active TGFβ protein could be observed in the lung tissue of mice
receiving a high-dose (H.D.) of bleomycin as determined by ELISA (Figure 24A) or
immunofluorescence staining (Figure 24B) in comparison to PBS-instilled controls.
Furthermore, increased active TGFβ protein could only be observed in the lungs of mice
receiving a low-dose (L.D) of bleomycin, which is known to induce lung fibrosis (Figure
24A-B).
An increase in mRNA encoding the Th17 effector cytokines Il17a and Il22 was
observed in the lungs of bleomycin-instilled mice (Figure 25A). However, bleomycininduced inflammation was not associated with expression of IL-17F, as IL-17F could not
be detected in the lungs by real-time PCR (data not shown), or intracellular staining
(Figure 26A) compared to in vitro differentiated Th17 cells (Figure 26B).
A previous study reported that following high-dose bleomycin instillation, TCRγδ+
cells were a dominant source of IL-17A (Braun et al., 2008). To identify the cellular
sources of IL-17A following bleomycin exposure, lung cell suspensions from bleomycininstilled C57BL/6 mice were isolated, stimulated briefly ex vivo and analyzed by flow
cytometry for surface markers and intracellular cytokines. Although 21% of the total IL17A+ cells were found to be TCRγδ+ cells, TCRβ+ cells constituted 65% of the total IL17A+ cells (Figure 25B, upper left and middle).

The majority of TCRβ+ cells that

expressed IL-17A were CD4+, indicating that bleomycin induced a dominant CD4+
TCRβ+ Th17 cell response (Figure 25B, upper right).

Although unclear at present,

differences in local environment stimuli, origin of mice, or the source, dose and kinetics
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of administered bleomycin may contribute to whether TCRγδ+ or TCRαβ+ T cells are the
dominant sources of IL-17A in the airway following bleomycin exposure.
Analysis of IL-22+ cell populations revealed that pre-dominantly CD4+ TCRβ+ T
cells produced IL-22 following bleomycin exposure (Figure 25B, bottom).

Although

these data do not definitively rule out other cellular sources of IL-17A and IL-22, they
indicate that CD4+ TCRβ+ T cells are the dominant source of both cytokines following
instillation of high-dose bleomycin. To determine if the observed IL-17A+ or IL-22+ CD4+
T cell populations were increased following bleomycin exposure, total numbers of
cytokine-positive cells in the lungs were quantified. In comparison to mice receiving
PBS, mice exposed to bleomycin exhibited a significant increase in the total number of
CD4+ T cells that expressed IL-17A or IL-22 (Figure 25C), and there were significantly
elevated levels of IL-17A and IL-22 protein in supernatants of lung cultures following
polyclonal T cell stimulation (Figure 25D). To examine whether IL-17A and IL-22 were
co-expressed in CD4+ Th17 cells following exposure to bleomycin, TCRβ+ CD4+ T cells
from the bronchioalveolar lavage (BAL) and lung were analyzed by flow cytometry. In
comparison to PBS-instilled controls, bleomycin-instilled mice exhibited a significant
increase in the frequency of TCRβ+ CD4+ T cells that expressed IL-17A alone, IL-22
alone, or co-expressed IL-17A and IL-22 in the BAL (Figure 25E, top, Figure 25F).
Additionally in the lung, bleomycin-exposed WT mice exhibited a significant increase in
the frequency of TCRβ+ CD4+ T cells that expressed IL-17A alone, and a trend towards
an increase in the frequency of those that co-expressed IL-17A and IL-22 (Figure 25E,
bottom).

Collectively, these data demonstrate that following bleomycin instillation, a

CD4+ Th17 cell response develops in WT mice, characterized by expression of IL-17A
and IL-22 in the airway.
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4.4.2 Neutralization of IL-22 protects mice from bleomycin-induced airway
inflammation
IL-22 has proinflammatory and tissue-protective properties in a number of different
disease settings (Zenewicz and Flavell, 2008). To interrogate the influence of IL-22 on
acute airway damage and inflammation, bleomycin-exposed C57BL/6 mice were treated
with either isotype control or anti-IL-22 neutralizing mAb. In comparison to PBS-instilled
mice that had a BAL cellularity of 20 x 103 ± 9 x 103, bleomycin-instilled, isotype control
mAb-treated mice exhibited a marked increase in cellular recruitment to the BAL (Figure
27A).

Examination and differential quantification of H&E-stained cytocentrifuge BAL

preparations isolated from isotype control mAb treated bleomycin-instilled mice revealed
that the cellular infiltrate was composed of neutrophils (Figure 27B, white arrow),
lymphocytes and macrophages (Figure 28A). In addition, a population of Gr-1+ SSChi
neutrophils was found in dissociated lung tissue isolated from bleomycin-instilled mice
(Figure 27C). The Gr-1+ cells in the lung of bleomycin-treated WT mice were confirmed
to be neutrophils as the majority co-expressed CD11b (Figure 29A), Ly6C (Figure 29B),
Ly6G (Figure 29C), and lacked expression of F4/80 (Figure 29D) and MHCII (Figure
29E). Examination of H&E-stained lung sections from bleomycin-instilled mice revealed
leukocyte infiltration (Figure 27D, black arrows) and disruption of lung architecture
(Figure 27D, white arrows).

Associated with airway inflammation, weight loss was

observed in bleomycin-instilled mice (Figure 27E).
In contrast, administration of anti-IL-22 neutralizing mAb to bleomycin-exposed
mice resulted in a reduction in the total number of inflammatory cells infiltrating into the
BAL (Figure 27A). A marked reduction in neutrophilia was observed by microscopic
examination of BAL cell preparations (white arrows, Figure 27B, Figure 28A), and a
significant reduction in both the frequency and total number of neutrophils was observed
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by flow cytometric analysis of dissociated lung tissue in those mice receiving an anti-IL22 neutralizing mAb (Figure 27C). Histological analysis revealed that blockade of IL-22
also resulted in reduced leukocyte recruitment (Figure 27D, black arrows), and less
disruption of lung architecture (Figure 27D, white arrows). Associated with decreased
inflammation, anti-IL-22-treated mice were protected from bleomycin-induced weight
loss (Figure 27E). A pathological score combining weight loss and histological changes
revealed that blockade of IL-22 significantly protected mice from bleomycin-induced
pathology (Figure 27F).
Consistent with anti-IL-22 mAb treatment of WT mice, bleomycin-treated Il22-/mice exhibited a decrease in cell recruitment to the BAL (Figure 30A), a reduction in
airway neutrophilia (Figure 30B-C), less severe disruption in lung architecture (Figure
30D), significantly reduced weight loss (Figure 30E), and a significant reduction in
pathology scoring (Figure 30F) compared to bleomycin-exposed Il22+/+ littermate
controls.

Taken together, these data indicate that IL-22 production is pathologic in

bleomycin-induced airway inflammation, promoting inflammatory cell recruitment,
disruption of lung architecture, and weight loss.

4.4.3 Airway inflammation is reduced in Il17a-/- mice despite an increase in
bleomycin-induced IL-22 expression
IL-22 and IL-17A are co-expressed by Th17 cells, and can act cooperatively in the
induction of anti-microbial peptides and inflammatory mediators (Aujla et al., 2008; Liang
et al., 2006). To test whether the expression or functions of IL-22 in the lung were
dependent on the presence of IL-17A, bleomycin was instilled into WT and Il17a-/- mice.
Flow cytometric analysis of the BAL revealed a significant increase in the frequency of
IL-22+ CD4+ T cells from bleomycin-instilled Il17a-/- mice compared to WT mice (Figure
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31A-B). In addition, there were significantly increased levels of IL-22 in supernatants of
polyclonally-stimulated lymphocytes isolated from the lungs of bleomycin-instilled Il17a-/mice compared to WT mice (Figure 31C). To test if IL-17A regulates IL-22 expression,
splenocytes were isolated from naïve WT or Il17a-/- mice and polyclonally stimulated
under conditions permissive for Th17 cell differentiation. There was a marked increase
in both the frequency and mean fluorescent intensity (MFI) of IL-22+ CD4+ T cells in
splenocyte cultures from Il17a-/- mice compared to WT cultures (Figure 32A).
Furthermore, addition of rIL-17A to splenocyte cultures from Il17a-/- mice suppressed the
frequency and MFI of IL-22+ CD4+ T cells in a dose-dependent manner (Figure 32B),
resulting in a significant decrease in IL-22 protein levels in culture supernatants (Figure
32C). Conversely, IL-22 did not appear to regulate expression of IL-17A, as bleomycin
instilled Il22-/- mice produced equivalent levels of IL-17A to WT mice (Figure 32D), and
addition of rIL-22 to splenocyte cultures isolated from Il22-/- mice did not suppress IL-17A
production (Figure 32E).

Collectively, these results indicate that IL-17A can inhibit

expression of IL-22 in Th17 cells.
Given that the in vivo neutralization of IL-22 reduced bleomycin-induced
inflammation in WT mice, it was hypothesized that the elevated IL-22 levels in
bleomycin-instilled Il17a-/- mice would correlate with exacerbated inflammation.
However, there was a reduction in the cellularity of the BAL in Il17a-/- mice compared to
WT mice following bleomycin instillation (Figure 33A). Further, there was a marked
reduction in the bleomycin-induced neutrophil responses in the BAL of Il17a-/- mice
compared to WT mice (Figure 33B, white arrows, Figure 28B), correlating with a
significant reduction in the frequency and total number of neutrophils in the lung
parenchyma (Figure 33C). The decreased inflammatory cell recruitment in the BAL and
lung of Il17a-/- compared to WT mice was associated with reduced leukocyte infiltrates
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(Figure 33D, black arrows), less disruption of lung architecture (Figure 33D, white
arrows), and protection from bleomycin-induced weight loss (Figure 33E). Pathological
scoring confirmed that the absence of IL-17A significantly protected mice from
bleomycin-induced disease (Figure 33F), thereby demonstrating that abrogation of IL17A also protects mice from bleomycin-induced airway inflammation.
Previous studies demonstrated that IL-22 acts synergistically with IL-17A to
promote inflammation and provide protection in the context of infection with a gramnegative pathogen (Aujla et al., 2008), while administration of rIL-22 alone failed to
promote neutrophil recruitment into the airway (Liang et al., 2007). Therefore, it was
hypothesized that blockade of either IL-17A or IL-22 protected against bleomycininduced disease because the proinflammatory properties of IL-22 require synergy with
IL-17A. To test this hypothesis either rIL-17A alone, or rIL-22 alone, or rIL-17A and rIL22 in combination was intra-tracheally instilled into Il17a-/- mice. Instillation of either IL22 alone or IL-17A alone resulted in a significant increase in lung expression of Il6, but
not of the neutrophil chemoattractant Cxcl1 (Figure 34A).

Consistent with this,

instillation of either IL-17A or IL-22 alone did not result in a significant increase in
frequency (Figure 34B-C) or total number (Figure 34D) of neutrophils in the BAL or lung.
In contrast, co-administration of both IL-17A and IL-22 resulted in a significant increase
in mRNA expression encoding Il6 and Cxcl1 in the lungs of mice (Figure 34A).
Examination of the BAL and lungs revealed that mice receiving co-administration of both
IL-17A and IL-22 exhibited a significant increase in the frequency (Figure 34B-C), and
total number (Figure 34D) of neutrophils recruited to the airway.

Collectively, these

results indicate that in vivo IL-22 alone is not proinflammatory in the airway, however, IL22 can act synergistically with IL-17A to promote expression of inflammatory cytokines
and chemokines, leading to the recruitment of neutrophils to the airway.
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4.4.4 IL-22 is tissue-protective in the absence of IL-17A
As Il17a-/- mice exhibited elevated levels of IL-22 yet failed to develop bleomycin-induced
inflammation, it was hypothesized that the function of IL-22 in airway inflammation may
differ in the absence of IL-17A. To test this hypothesis, anti-IL-22 neutralizing mAb was
administered to bleomycin-instilled Il17a-/- mice. Consistent with earlier findings (Figure
33), Il17a-/- mice receiving an isotype control antibody demonstrated minimal signs of
bleomycin-induced inflammatory cell recruitment (Figure 35A-C), less disruption in lung
architecture (Figure 35D), and reduced weight loss (Figure 35E) compared to WT
controls. In contrast, administration of anti-IL-22 neutralizing mAb to bleomycin-instilled
Il17a-/- mice resulted in a significant increase in cell recruitment to the BAL (Figure 35A)
and correlated with increased neutrophilia in the BAL (Figure 35B, white arrows, Figure
28C) and lung (Figure 35C).
Microscopic examination of H&E-stained lung sections revealed increased
leukocyte infiltration (Figure 35D, black arrows) and elevated disruption in lung
architecture (Figure 35D, white arrows) in anti-IL-22 treated Il17a-/- mice. Epithelial cells
in lung tissue examined from Il17a-/- mice in which IL-22 was neutralized demonstrated
increased hyperplasia and loss of normal morphology in comparison to isotype controltreated Il17a-/- mice following bleomycin administration (Figure 35D, grey arrows),
indicating that IL-22 may influence integrity of the epithelial barrier in the absence of IL17A. Neutralization of IL-22 led to exacerbated weight loss in bleomycin-instilled Il17a-/mice compared to isotype control-treated Il17a-/- mice (Figure 35E) and pathological
scoring confirmed a significant increase in bleomycin-induced inflammation and tissue
destruction in Il17a-/- mice following blockade of IL-22 (Figure 35F). Blockade of IL-22 in
Il17a-/- mice established a level of bleomycin-induced disease comparable to that
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observed in WT mice, as no statistically significant differences in the BAL cellularity,
neutrophil recruitment, weight loss, or pathology scoring were observed between
bleomycin-treated WT and anti-IL-22 mAb-treated Il17a-/- mice (data not shown). The
loss of IL-22-mediated protection in Il17a-/- mice revealed a pathway of bleomycininduced inflammation that was independent of both IL-22 and IL-17A. Notwithstanding
this, these data indicate that IL-17A may govern the proinflammatory and pathologic
properties of IL-22 in the lung. Specifically, in the presence of IL-17A, IL-22 appears to
promote proinflammatory and pathologic outcomes, whereas in the absence of IL-17A,
IL-22 appears to confer a tissue-protective role in this model of airway damage and
inflammation.

4.4.5 IL-17A regulates IL-22-mediated protection from bleomycin-induced airway
epithelial cell apoptosis
IL-22 acts on cells of non-hematopoietic origin and has been shown to promote epithelial
cell repair mechanisms (Aujla et al., 2008; Pickert et al., 2009; Wolk et al., 2004). Given
that administration of anti-IL-22 neutralizing mAb to Il17a-/- mice increased bleomycininduced epithelial cell hyperplasia and disruption of lung alveolar architecture (Figure
35D, grey arrows), it was hypothesized that IL-22 may protect epithelial cells from
bleomycin-mediated damage.

To test this, the murine pulmonary epithelial cell line

MLE-12 was employed (Wikenheiser et al., 1993), which expressed Il22ra mRNA
transcripts (Figure 36A) and IL-22Rα protein (Figure 36B). Treatment with rIL-22 led to
STAT3 phosphorylation (Figure 36C), confirming that this cell line is responsive to IL-22.
To test whether IL-22 influenced bleomycin-induced damage, bleomycin was added to
epithelial cell cultures in the presence or absence of rIL-22. Administration of bleomycin
resulted in disrupted epithelial cell morphology and a loss of confluency as examined by
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microscopy (Figure 36D, middle panel).

These visual alterations correlated with an

induction of epithelial cell apoptosis, as determined by TUNEL staining (Figure 36E,
middle panel). However, addition of rIL-22 resulted in a striking reduction in bleomycininduced disruption of cell morphology (Figure 36D, right panel) and decreased epithelial
cell apoptosis identified by TUNEL staining (Figure 36E, right panel). To quantify the IL22 mediated protection, airway epithelial cell cultures were stained with a mAb
recognizing Annexin V and analyzed by flow cytometry. Addition of rIL-22 significantly
protected epithelial cells from bleomycin-induced apoptosis (Figure 36F-G), and this
protection was dose-dependent (Figure 36G).

IL-22-mediated protection was also

associated with significantly increased levels of mRNA transcripts encoding the antiapoptotic genes Bcl2 and Bcl2l1 in comparison to cultures that did not receive IL-22
(Figure 36H).
As IL-17A regulated the functional consequences of IL-22 expression in vivo, it
was hypothesized that IL-17A may influence IL-22-mediated protection of airway
epithelial cells from bleomycin-induced apoptosis in vitro. Analysis of airway epithelial
cells by real-time PCR and ELISA revealed the absence of IL-17A expression in PBS
and bleomycin-treated airway epithelial cells (data not shown), indicating that there was
no source of endogenous IL-17A in this system. As observed previously, administration
of rIL-22 protected epithelial cells from bleomycin-induced apoptosis (Figure 36I, 25%
increase in protection) compared to PBS controls. However, the addition of exogenous
IL-17A to cultures enhanced bleomycin-induced apoptosis of airway epithelial cells
relative to PBS controls (Figure 36I, 15% decrease in protection). Co-administration of
rIL-17A and rIL-22 to cultures prevented IL-22-mediated protection and instead
enhanced bleomycin-induced apoptosis relative to PBS controls (Figure 36I, 18%
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decrease in protection). Collectively, these results indicate that IL-17A regulates the
ability of IL-22 to protect airway epithelial cells from bleomycin-induced apoptosis.
To test whether the ability of IL-17A to regulate IL-22-mediated tissue-protection
in vivo was associated with alterations in epithelial cell apoptosis, TUNEL staining was
performed on lung sections of bleomycin-instilled WT and Il17a-/- mice that were treated
with an isotype control or with an anti-IL-22 neutralizing antibody. Bleomycin-instilled
WT mice treated with an isotype-control antibody exhibited a marked increase in
apoptotic bodies in comparison to PBS-instilled controls (Figure 36J). Consistent with a
pathologic role of IL-22 in bleomycin-induced airway inflammation, blockade of IL-22
(WT + anti-IL-22 mAb) resulted in a reduction of bleomycin-induced apoptotic bodies
throughout the lung tissue (Figure 36J). In contrast, blockade of IL-22 in the absence of
IL-17A (Il17a-/- + anti-IL-22 mAb) demonstrated a marked increase in apoptotic bodies
compared to isotype treated controls (Figure 36J).

Taken together, these results

indicate that IL-17A governs the ability of IL-22 to protect airway epithelial cells from
bleomycin-induced apoptosis in vivo.

4.5 Discussion
Although significant advances have been made in characterizing the expression of IL-22
and IL-22R and the signal transduction pathways that are activated, there are conflicting
reports on the biological consequences of IL-22 expression in murine models of
inflammation.

For example, IL-22 production can be either pathologic or tissue-

protective depending on the disease model examined (Zenewicz and Flavell, 2008).
The results of the present study demonstrate that IL-22 expression can promote
inflammation following bleomycin-induced airway inflammation. Critically, the functional
outcomes of IL-22 expression in the lung were governed by co-expression of IL-17A.
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When co-expressed in vivo, IL-17A and IL-22 acted synergistically to promote
chemokine expression, neutrophil recruitment, and airway inflammation. Conversely, in
the absence of IL-17A, IL-22 expression was no longer proinflammatory and pathologic,
but rather conferred tissue-protective functions by promoting the integrity of the epithelial
barrier. Therefore, differential spatial and temporal expression of IL-17A and IL-22 may
explain the divergent functions of IL-22 reported in different models of infection or
inflammation.
Following bleomycin exposure, a Th17 cell response developed, characterized
by expression of IL-17A and IL-22 in the lung and BAL. Previous studies have identified
that many of the factors that promote the differentiation of Th17 cells have been linked in
the pathogenesis of bleomycin-induced airway inflammation, including IL-6 and IL12/23p40 (Maeyama et al., 2001; Saito et al., 2008; Sakamoto et al., 2002). Consistent
with a proinflammatory role for Th17 cells, neutralization of either Th17 cell-associated
effector cytokine, IL-22 or IL-17A, was sufficient to provide protection against bleomycininduced airway inflammation in WT mice, suggesting that a functional synergy between
both cytokines can promote disease. Synergy between IL-22 and IL-17A has previously
been observed in vitro (Liang et al., 2006) and in vivo following infection with the
pulmonary pathogen Klebsiella pneumoniae (Aujla et al., 2008). This synergy promoted
the production of inflammatory mediators and anti-microbial peptides (Liang et al., 2006),
and was found to be beneficial for the host following pulmonary infection (Aujla et al.,
2008). However, it was also found that administration of exogenous IL-22 itself was
insufficient to promote neutrophil recruitment to the airway (Liang et al., 2007),
suggesting that IL-17A was required for the proinflammatory properties of IL-22.
Consistent with this, it was demonstrated that exogenous IL-22 is only able to promote
inflammation in the airway in the presence of IL-17A. It is possible that in mouse models
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of psoriasis, arthritis and protozoan infection, in which IL-22 was reported to be
proinflammatory (Geboes et al., 2009; Ma et al., 2008; Munoz et al., 2009; Zheng et al.,
2007), the same synergy between IL-22 and IL-17A is operating to promote
inflammation.
In the absence of IL-17A, it was found that there were increased levels of IL-22
following bleomycin instillation. This finding was consistent with previous studies that
also observed increased IL-22 mRNA in the absence of IL-17A in a murine model of
colitis (O'Connor et al., 2009), or decreased IL-22 mRNA in splenocyte cultures with the
addition of exogenous IL-17A (Smith et al., 2008; von Vietinghoff and Ley, 2009). In in
vitro studies, it was demonstrated that IL-17A could suppress the expression and
secretion of IL-22 from Th17 cells in a dose-dependent manner.

It has also been

reported that IL-17A can inhibit IL-17F expression by Th17 cells (von Vietinghoff and
Ley, 2009), suggesting a common pathway for IL-17A-mediated inhibition of Th17 cell
effector cytokine expression. However, it has not yet been determined whether IL-17A is
acting directly on the Th17 cells or through an accessory cell and further investigation
must be conducted to determine the mechanisms through which the suppression of IL22 production occurs.
Despite elevated expression of IL-22 in the absence of IL-17A, Il17a-/- mice were
not susceptible to bleomycin-induced disease, which is consistent with a loss of the
proinflammatory properties of IL-22. However, blockade of IL-22 in the absence of IL17A exacerbated bleomycin-induced disease, indicating a tissue-protective role for IL-22
in airway inflammation in the absence of IL-17A. Consistent with this hypothesis, it was
found that rIL-22 could protect airway epithelial cells from bleomycin-induced apoptosis
in both in vitro and in vivo assays. Further, IL-22-mediated protection from epithelial cell
apoptosis was reversed in the presence of IL-17A.
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Previous reports proposed a

constitutive tissue-protective function for IL-22 in murine models of IBD and hepatitis
(Pan et al., 2004; Pickert et al., 2009; Radaeva et al., 2004; Sugimoto et al., 2008;
Zenewicz et al., 2007; Zenewicz et al., 2008). However, following bleomycin-induced
airway inflammation, IL-22 exhibited a constitutive proinflammatory effect in WT mice
and was only tissue-protective in the absence of IL-17A. One possible explanation for
the constitutive proinflammatory effects of IL-22 in bleomycin-exposed WT mice in
comparison to a constitutive tissue-protective role for IL-22 reported in murine models of
inflammation in the intestine or liver may be due to differential co-expression of IL-17A
and IL-22 in distinct tissues. For example, following bleomycin instillation the majority of
IL-22-expressing cells in the lung co-expressed IL-17A and promoted inflammation. In
contrast, subsets of gut resident NK cells and skin-resident CD4+ T cells are reported to
express IL-22 but do not co-express IL-17A (Cella et al., 2009; Duhen et al., 2009;
Satoh-Takayama et al., 2008; Trifari et al., 2009). Collectively, these reports support a
model in which production of IL-22 by these cell populations in the absence of IL-17A
may be important in promoting tissue-protective responses.

Therefore, the cellular

sources, anatomical location and cytokine co-expression profile of resident and recruited
cell populations may influence the functional properties of IL-22 and provide an
explanation for the distinct functional roles of IL-22 in models of infection and
inflammation in distinct peripheral tissues.
When anti-IL-22 mAb was administered in the absence of IL-17A, bleomycininduced disease was comparable to that in WT mice and independent of IL-17A and IL22. It is possible that other Th17 cell-derived cytokines such as IL-17F or TNFα may
play a significant role in this context, as well as other non-related inflammatory cytokines
such as IFNγ, all of which have been shown to contribute to airway inflammation in other
model systems (Liang et al., 2007; Lukacs et al., 1995; Segel et al., 2003; Yang et al.,
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2008).

Additionally, a recent report identified that in a model of bleomycin-induced

fibrosis, IL-17A can act cooperatively with TGFβ to promote disease (Wilson et al.,
2010b). In the present study, the influence of IL-17A and IL-22 on bleomycin-induced
tissue damage and acute airway inflammation occurred independently of any significant
changes in production of TGFβ protein (data not shown). Notwithstanding that, future
studies in a model of fibrosis will be required to examine the potential functional
interactions between IL-17A, IL-22, and TGFβ in the development and/or progression of
disease.
Based on the in vitro and in vivo findings reported here, it could be hypothesized
that IL-17A regulates the functional consequences of IL-22 expression by three
mechanisms. First, IL-17A regulates the in vivo and in vitro expression levels of IL-22 by
inhibiting IL-22 production from

Th17 cells.

Second, IL-17A promotes the

proinflammatory properties of IL-22 by acting in synergy to induce expression of
inflammatory cytokines, chemokines and neutrophil recruitment. Third, IL-17A prevents
tissue-protective functions of IL-22 by suppressing the anti-apoptotic effects of IL-22 on
epithelial cells. Therefore, this complex regulation of IL-22 by IL-17A may underlie how
IL-22 can promote both pathologic or tissue-protective outcomes depending upon the
context in which it is expressed.
The ability of IL-22 to be either pathologic or protective, depending on the context
in which it is expressed, is a property shared by other cytokines that signal through
STAT3 including IL-6 and IL-27, which can either promote or regulate inflammation
dependent upon the cytokine milieu and regulation of signal transduction (Villarino et al.,
2004; Yasukawa et al., 2003). It is probable that the interplay between IL-17A and IL-22
signaling pathways will determine the balance between proinflammatory versus tissueprotective outcomes. IL-22 is known to signal through the STAT3 and p38 MAP Kinase
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pathways, while IL-17A signals predominantly through the NFκB pathway (Gaffen, 2009;
Kotenko et al., 2001a; Lejeune et al., 2002). The STAT3 and NFκB pathways regulate a
wide range of biologic processes including cell growth, differentiation, and apoptosis,
and complex interactions have been reported between these two transcription factors
(Alonzi et al., 2001; Bollrath and Greten, 2009; Uskokovic et al., 2007). Therefore future
investigation into the interplay between the signal transduction pathways and target
genes of both IL-17A and IL-22 will likely yield further insight into the ability of IL-17A to
regulate the functional consequences of IL-22 expression.

Notwithstanding this, the

results of the present study demonstrate that IL-22 can promote disease in a model of
airway inflammation, and support a model in which IL-17A regulates the levels of
expression, proinflammatory properties, and tissue-protective properties of IL-22,
thereby determining the functional consequences of IL-22 expression in the lung.
Differential temporal and spatial co-expression of IL-17A and IL-22 may underlie the
conflicting reports of the biological effects of IL-22 in distinct disease models, and may
offer selective therapeutic potential in treatment of Th17 cell-associated inflammatory
diseases.
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Figure 23. Th17 cell differentiation and effector cytokines are increased following
bleomycin-instillation. C57BL/6 mice were intra-tracheally instilled with PBS or
bleomycin (Bleo) and sacrificed on day 8. Lung cDNA was analyzed by RT-PCR for Il6,
Tgfb1, Il23a, and Il12b.

All data are representative of 3 or more independent

experiments with a minimum of 3-4 mice per group. Data shown are the mean ± SEM. *
p < 0.05.
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Figure 24. TGFβ protein is not upregulated in a high-dose of bleomycin-induced
damage and acute airway inflammation.

Mice were intra-tracheally administered

PBS, a high-dose (H.D.) of bleomycin, or a low-dose (L.D.) of bleomycin. (A) Following
6 days, mice were sacrificed and total lung homogenates were measured for active
TGFβ protein by ELISA. (B) Following 10 days, mice were sacrificed and lung sections
were stained for TGFβ protein by Immunofluorescence. Bar, 25 µm. Data are from 1
experiment of 3 mice per group. Data shown are the mean ± SEM. * p < 0.05, **p <
0.01.
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Figure 25.
inflammation.

A Th17 response develops following bleomycin-induced airway
C57BL/6 mice were intra-tracheally instilled with PBS or bleomycin

(Bleo) and sacrificed on day 8. (A) cDNA prepared from lungs was analyzed by RT-PCR
for Il17a and Il22 expression. (B) Live lung cells from bleomycin-instilled mice were
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analyzed for the frequency of IL-17A+ and IL-22+ T cells. Populations are sequentially
gated on total live cells (left), total cytokine positive cells (middle), and TCRβ + cells
(right). (C) Total numbers of IL-17A+ and IL-22+ CD4+ T cells obtained from the lungs of
PBS or bleomycin-treated mice. (D) Lung cell suspensions were stimulated with antiCD3 mAb for 48 hours and supernatants were analyzed for IL-17A and IL-22 secretion
by ELISA. (E) CD4+ T cells from the BAL and lung cells were analyzed for the frequency
of IL-17A+ and IL-22+ cells by flow cytometry. (F) Frequency from individual mice of IL17A+, IL-22+, and IL-17A+/IL-22+ CD4+ T cells in the BAL. All data are representative of 3
or more independent experiments with a minimum of 3-4 mice per group. Data shown
are the mean ± SEM. Significance was determined using the Mann-Whitney test. * p <
0.05.
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Figure 26. IL-17F expression is not increased following bleomycin-instillation.
C57BL/6 mice were intra-tracheally instilled with PBS or bleomycin (Bleo) and sacrificed
on day 10. (A) Total lung cells were analyzed for the frequency of IL-17F+ cells. (B)
Splenocytes from naïve WT mice were activated under Th17 permissive conditions for 4
days and analyzed for the frequency of IL-17F+ CD4+ T cells by flow cytometry. All data
are representative of 2 independent experiments with a minimum of 3-4 mice per group.
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Figure 27. Administration of anti-IL-22 monoclonal antibody protects mice from
bleomycin-induced airway inflammation. C57BL/6 mice were intra-tracheally instilled
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with bleomycin, treated with an isotype control (Iso) or anti-IL-22 (αIL-22) mAb, and
sacrificed on day 10. (A) BAL cell counts. Neutrophil infiltration was assessed by (B)
H&E staining of BAL cell cytocentrifuge preparations (neutrophils highlighted by white
arrows; Bar, 10 µm) and by (C) flow cytometry of lung cells for the frequency (left panel)
and total number (right panel) of Gr-1+ cells.

(D) H&E staining of histological lung

sections demonstrating peri-bronchial leukocyte infiltrate (black arrows), and disruption
of lung architecture (white arrows). Bar, 100 µm. (E) Weight loss of individual mice was
plotted as a percentage of starting weight. (F) Total pathology score. All data are
representative of 3 or more independent experiments with a minimum of 3-5 mice per
group. Data shown are the mean ± SEM. * p < 0.05, ** p < 0.01.
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Figure 28. Differential counts of BAL cells. Differential counts of H&E-stained BAL
cytocentrifuge preparations.

All data are representative of 3 or more independent

experiments with a minimum of 3-5 mice per group.
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Figure 29. Gr-1+ SSChi cells express surface markers consistent with neutrophils.
Gr-1+ SSChi cells elicited by intra-tracheal instillation of bleomycin express (A) CD11b,
(B) Ly6C, and (C) Ly6G, and are negative for (D) F4/80 and (E) MHCII.

Data are

representative of 2 independent experiments with a minimum of 3 mice per group.
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Figure 30. Il22-/- mice are protected from bleomycin-induced airway inflammation.
Il22+/+ and Il22-/- mice were intra-tracheally instilled with bleomycin and sacrificed on day
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5. (A) BAL cell counts. Neutrophil infiltration was assessed by (B) H&E staining of BAL
cell cytocentrifuge preparations (neutrophils highlighted with white arrows; Bar, 10 µm)
and by (C) flow cytometry of lung cells for the frequency of Gr-1+ cells. (D) H&E staining
histological lung sections demonstrating peri-bronchial leukocyte infiltrate (black arrows),
and disruption of lung architecture (white arrows). Bar, 100 µm. (E) Weight loss of
individual mice was plotted as a percentage of starting weight. (F) Pathology scoring of
mice. All data are representative of 2 independent experiments with a minimum of 5-6
mice per group. Data shown are the mean ± SEM. * p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 31. IL-17A partially regulates bleomycin-induced expression of IL-22. Wildtype (WT) and Il17a-/- mice were intra-tracheally instilled with bleomycin and sacrificed
on day 10. (A) CD4+ BAL T cells were analyzed for the frequency of IL-22+ cells by flow
cytometry. (B) Frequency of individual mice for IL-22+ CD4+ T cell increases in the BAL.
(C) Lung cell suspensions were stimulated with anti-CD3 mAb for 48 hours and
supernatants were analyzed for IL-22 secretion by ELISA. All data are representative of
2 or more independent experiments with a minimum of 3-5 mice per group. Data shown
are the mean ± SEM. Significance was determined using the Mann-Whitney test. * p <
0.05.
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Figure 32. IL-17A regulates IL-22 expression. (A) Splenocytes from naïve WT and
Il17a-/- mice were activated under Th17 permissive conditions for 4 days and analyzed
for the frequency of IL-22+ CD4+ T cells. (B) Splenocyte cultures from Il17a-/- mice were
activated under Th17 cell permissive conditions for 4 days with the addition of
designated concentrations of rIL-17A and analyzed for the frequency of IL-22+ CD4+ T
cells by flow cytometry and (C) cell-free supernatants were analyzed for IL-22 secretion
by ELISA.

(D) Wild-type (WT) and Il22-/- mice were intra-tracheally instilled with

bleomycin and sacrificed on day 5 and CD4+ BAL T cells were analyzed for the
frequency of IL-17A+ cells.

Data are representative of 2 or more independent

experiments with a minimum of 3-5 mice per group. (E) Splenocyte cultures from Il22-/mice were activated under Th17 permissive conditions for 4 days with the addition of
designated concentrations of rIL-22 and analyzed for the frequency of IL-17A+ CD4+ T
cells by flow cytometry. Data are representative of 2 or more independent experiments
with triplicate wells per condition. Data shown are the mean ± SEM. ** p < 0.01.
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Figure 33.

Il17a-/- mice are protected from bleomycin-induced pulmonary

inflammation. Wild-type (WT) or Il17a-/- mice were intra-tracheally instilled with
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bleomycin and sacrificed on day 10. (A) BAL cell counts. Neutrophil infiltration was
assessed by (B) H&E staining of BAL cell cytocentrifuge preparations (neutrophils
highlighted with white arrows; Bar, 10 µm) and by (C) flow cytometry of lung cells for the
frequency (left panel) and total number (right panel) of Gr-1+ cells. (D) H&E staining of
histological lung sections demonstrating peri-bronchial leukocyte infiltrate (black arrows),
and disruption in lung architecture (white arrows). Bar, 100 µm.

(E) Weight loss of

individual mice was plotted as a percentage of starting weight.

(F) Total pathology

score.

All data are representative of 3 or more independent experiments with a

minimum of 3-5 mice per group. Data shown are the mean ± SEM. ** p < 0.01, *** p <
0.001.
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Figure 34. IL-22 and IL-17A act synergistically to promote airway inflammation
and neutrophil recruitment.

Il17a-/- mice were intra-tracheally instilled with rIL-22

alone, rIL-17A alone, or both cytokines in combination. (A) cDNA prepared from lungs
was analyzed by RT-PCR for Il6 and Cxcl1 expression. Neutrophil infiltration was
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assessed by (B) H&E staining of BAL cell cytocentrifuge preparations (highlighting
neutrophils with white arrows; Bar, 10 µm, and by (C) flow cytometry of lung cells for the
frequency of Gr-1+ cells. (D) Total numbers of neutrophils in the BAL and lung. All data
are representative of 2 independent experiments with a minimum of 3 mice per group.
Data shown are the mean ± SEM. * p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 35. Blockade of IL-22 reverses protection of Il17a-/- mice from bleomycininduced pulmonary inflammation.

Il17a-/- mice were intra-tracheally instilled with
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bleomycin, treated with an isotype control (Iso) or anti-IL-22 (αIL-22) mAb, and sacrificed
on day 10. (A) BAL cell counts. Neutrophil infiltration was assessed by (B) H&E staining
of BAL cell cytocentrifuge preparations (highlighted by white arrows; Bar, 10 µm) and by
(C) flow cytometry of lung cells for the frequency (left panel) and total number (right
panel) of Gr-1+ cells.

(D) H&E staining of histological lung sections demonstrating

peribronchial leukocyte infiltrate (black arrows), disruption in lung architecture (white
arrows), and epithelial hyperplasia (gray arrows). Bar, 100 µm.

(E) Weight loss of

individual mice was plotted as a percentage of starting weight.

(F) Total pathology

score.

All data are representative of 3 or more independent experiments with a

minimum of 3-5 mice per group. Data shown are the mean ± SEM. * p < 0.05.
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Figure 36. IL-17A regulates the tissue-protective properties of IL-22.

(A) cDNA

prepared from MLE cells and splenocytes (Spl) was examined for the presence of Il22ra
transcripts by RT-PCR. (B) Immunoblot of MLE cell and total splenocyte (Spl) lysates
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with antibody for IL-22Rα and β-actin. (C) MLE cells were stimulated with recombinant
IL-22 (rIL-22, 10 ng/mL) for the indicated times before lysis and immunostaining for
phopho-STAT3 (pSTAT3) and total STAT3 (tSTAT3). (D) For imaging, MLE cell were
treated overnight with bleomycin in the absence (Bleo) or presence (+rIL-22) of rIL-22.
Induction of apoptosis was identified by (E) in situ TUNEL staining or (F) flow cytometry
analysis for the frequency of Annexin V+ cells. Bar, 10 µm. (G) Frequency of Annexin
V+ cells with the addition of increasing concentrations of rIL-22.

(H) cDNA from

bleomycin-treated MLE cells in the presence or absence of rIL-22 (100 ng/mL) was
prepared and analyzed for Bcl2 and Bcl2l1 transcripts by RT-PCR.

(I) Percent

protection with the addition of rIL-17A (10 ng/mL) and rIL-22 (10 ng/mL) was determined
based on the frequency of Annexin V+ cells above or below that obtained with bleomycin
alone (set at 0). (J) In situ TUNEL staining of paraffin embedded lung tissue. Red,
TUNEL; Blue, DAPI. Bar, 10 µm. Data from in vitro studies are representative of 2 or
more independent experiments with triplicate wells per condition. Data shown are the
mean ± SEM. * p < 0.05, **p < 0.01, ***p < 0.001.
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Chapter 5
Summary, Discussion and Future directions

5.1 Proximal and distal propagation of the ILC-IL-22 pathway
The recently identified ILC-IL-22 pathway is analogous with the functional properties of
CD4+ Th17 cells. Both cellular pathways require the lineage specifying transcription
factor RORγt, express the IL-23R and have the capacity to produce IL-22 (Ivanov et al.,
2006; Sonnenberg et al., 2011; Takatori et al., 2009). Both pathways are also implicated
in promoting immunity and/or inflammation at mucosal sites (Mangan et al., 2006;
Ouyang et al., 2008; Spits and Di Santo, 2010). In contrast to the Th17 cell pathway, IL22-expressing ILCs are constitutively RORγt+ and IL-23R+, and do not require TCRdependent recognition of cognate antigen in the context of MHC class II for their
development, differentiation or effector functions (Sonnenberg et al., 2011; Takatori et
al., 2009). Further, several subsets of IL-22-producing ILCs have been reported to lack
expression of the effector cytokine IL-17A distinguishing them from Th17 cells (Cella et
al., 2009; Satoh-Takayama et al., 2008; Sonnenberg et al., 2011; Spits and Di Santo,
2010). The differences between these pathways are significant, and likely account for
the functional significance of each cell population. The presented data in Chapter 2
demonstrate that ILCs are a necessary and sufficient source of IL-22 during the first 6
days following Citrobacter rodentium infection.

Kinetic analysis of IL-22 production

revealed that ILCs express IL-22 production rapidly within 2 days following infection,
while T cell production of IL-22 is not evident until day 6 post-infection, a time point at
which IL-22 is not longer essential for host protective immunity. This is likely mediated
by the ability of ILCs to immediately produce IL-22 following exposure to IL-23, in
comparison to Th17 cells which require differentiation and antigen recognition phases
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prior to inducing IL-22 expression (Sonnenberg et al., 2011). Therefore the ability of
ILCs to rapidly and directly respond to cytokine stimulation is critically important in the
context of enteric bacterial infection in which it is necessary to produce IL-22 within the
first few days of infection. In an immune-competent mouse, the likely function of rapid
IL-22 production by ILCs is to limit early bacterial dissemination and replication, to permit
sufficient time for the generation of a robust antigen-specific adaptive immune responses
to develop resulting in clearance of the pathogen and the generation of immunologic
memory. In support of this, IL-22 was no longer required for resistance to infection
following the first 6 days of infection, or at any time point following secondary challenge
with Citrobacter rodentium (unpublished data). At these stages of infection, replication
and dissemination of Citrobacter rodentium is likely controlled by IL-22-independent T
cell responses and immunoglobulin secretion.
In Chapter 2, IL-23 was found to be essential in promoting early infectioninduced production of IL-22 by ILCs and innate immunity to Citrobacter rodentium. In
addition to cytokine production, IL-23 is important in the terminal differentiation and
proliferation of Th17 cells (McGeachy et al., 2009). Although it is unclear of whether IL23 is directly promoting the terminal differentiation and proliferation of IL-22-producing
ILCs, data presented in Chapter 2 demonstrate decreased frequencies of infectioninduced ILCs and IL-22+ ILCs in IL-23-deficient mice. Previous studies have shown that
IL-23-induced proliferation was associated with IL-22 but not IL-17A production in Th17
cells (Liang et al., 2006), suggesting that IL-23-induced proliferation may be a
requirement for infection-induced expression of IL-22 by ILCs. These data collectively
suggest that IL-23 is a critical inducer of cytokine production and effector functions of
ILCs following infection.
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While the infection-induced population expansion and production of IL-22 by ILCs
were critically dependent on IL-23, no defects in ILC frequency or cytokine production
were observed in uninfected Il23a-/- mice, suggesting that the development and
differentiation of IL-22-producing ILCs in the steady state does not require IL-23.
Results presented in Chapter 3 demonstrate that the ILC-IL-22 pathway is critical in
containing commensal bacteria to intestinal and gut-associated lymphoid tissues to
maintain systemic immune cell homeostasis in the steady state. These two findings
suggest that factors other than IL-23 are regulating ILC populations and production of IL22 to contain commensal bacteria in the absence of infection. A number of additional
factors can induce the population expansion and IL-22 production by ILCs, including the
cytokines IL-1β, IL-2, IL-7 and lymphotoxin-β (Hughes et al., 2010; Ota et al., 2011;
Schmutz et al., 2009; Sonnenberg et al., 2011; Tumanov et al., 2011). Aryl hydrocarbon
receptor (AhR) agonists and microbial-derived signals may also directly influence IL-22producing ILCs (Crellin et al., 2010b; Takatori et al., 2009) and previous reports have
identified that commensal bacteria can influence ILC responses in the intestine (SatohTakayama et al., 2008; Sawa et al., 2011; Sonnenberg et al., 2011). Therefore, in the
steady state cytokine-, environmental- or commensal bacteria-dependent pathways may
regulate IL-22 expression to promote containment of intestinal commensal bacteria.
This provokes a scenario in which acquisition of commensal bacteria and/or exposure to
environmental agents induces a pathway to maintain steady state levels of ILC activation
and IL-22 production for the containment of commensal bacteria, and upon pathogenic
challenge IL-23 is expressed to rapidly enhance the ILC-IL-22 response and provide
innate immunity against pathogenic bacteria (Figure 37).
The cellular targets and effector mechanisms through which ILC-derived IL-22
promotes steady state containment of commensal bacteria and innate immunity
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following infection currently remain unclear.

IL-22R expression is thought to be

restricted to non-hematopoietic cells (Tachiiri et al., 2003; Wolk et al., 2004), suggesting
that IL-22 is acting on intestinal epithelial cells or other resident stromal cell populations.
Although unlikely, it is possible that IL-22 is acting on distal targets such as keratinocytes
or hepatocytes, or on a currently undefined IL-22R+ hematopoietic cell.

The

development of models to conditionally delete IL-22R on specific cell lineages will be
required for the identification of the cellular targets of ILC-derived IL-22 in the context of
homeostasis or infection.
The processes induced by IL-22 that promote anti-bacterial immunity in target
cell lineages also remain poorly defined. Previous studies demonstrated that IL-22 could
elicit expression of RegIIIγ, a secreted C-type lectin anti-microbial peptide, in epithelial
cell lineages (Cash et al., 2006; Zheng et al., 2008).

Further, administration of

exogenous RegIIIγ could partially limit host morbidity of Citrobacter rodentium-infected
IL-22-deficient mice (Zheng et al., 2008), implicating induction of anti-microbial peptides
as one mechanism of IL-22-induced innate immunity.

RegIIIγ has been reported to

preferentially bind and kill gram-positive bacteria (Cash et al., 2006). As Citrobacter
rodentium is a gram-negative bacterium, this suggests that either RegIIIγ has an
unknown anti-microbial specificity for Citrobacter rodentium, or that gram-positive
commensal bacteria are also playing a role in the pathogenesis of Citrobacter rodentium
infection. IL-22 also induces expression of several other mediators that may promote
containment of commensal bacteria and provide innate immunity. Specifically, IL-22 can
induce epithelial cell expression of mucin proteins (Sugimoto et al., 2008), which aid in
the formation of mucus layers in the intestine. Previous studies have demonstrated that
mice deficient in mucin genes exhibit increased commensal bacteria-driven intestinal
inflammation and increased susceptibility to Citrobacter rodentium infection (Bergstrom
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et al., 2010; Johansson et al., 2008). IL-22 also induces expression of inflammatory
cytokines and chemokines by epithelial cells that have been implicated in neutrophil
recruitment to the intestine and control of bacterial replication (Aujla et al., 2008; Wang
et al., 2010), as well as genes involved in tissue-protection and repair of the epithelium
in numerous models of intestinal inflammation (Aujla et al., 2008; Pickert et al., 2009;
Sugimoto et al., 2008; Zenewicz et al., 2008). Finally, IL-22 and ILCs are implicated in
the induction, organization and maintenance of intestinal cryptopatches (CPs) and
isolated lymphoid follicles (ILFs) (Eberl et al., 2004; Ota et al., 2011; Tsuji et al., 2008).
These processes involve interactions of lymphotoxin-β on the surface of RORγt+ ILCs
with the lymphotoxin-β receptor on intestinal epithelial cells (Ota et al., 2011; Tsuji et al.,
2008; Tumanov et al., 2011; Wang et al., 2010). This is a process that depends on the
presence of commensal bacteria (Bouskra et al., 2008), and is capable of promoting
innate immunity (Ota et al., 2011) and supporting the generation of mucosal IgA (Tsuji et
al., 2008). Further investigation will be required to determine the proximal and distal
mechanisms of the ILC-IL-22 pathway in the context of homeostasis and infection.
Based on current knowledge it is likely that multiple factors outlined above are involved.
Taken together, studies presented in this thesis and previously published reports
illustrate a pathway in which cytokine, environmental and microbial factors regulate the
generation and magnitude of an ILC-IL-22 response to propagate numerous
downstream mediators required for the containment of commensal bacteria in the steady
state and the induction of innate immunity following exposure to bacterial pathogens
(Figure 37).

5.2 Regulation of IL-22 expression and function by proinflammatory
cytokines
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The results presented in Chapter 4 demonstrate that IL-17A can regulate the
proinflammatory pathologic versus tissue-protective functions of IL-22.

When co-

expressed in vivo, IL-17A and IL-22 synergistically promoted inflammation. However, in
the absence of IL-17A, IL-22 was no longer proinflammatory, but rather IL-22 promoted
tissue-protective responses.

This may be a regulatory feature shared by other

proinflammatory cytokines as it has also been found that IL-22 can synergistically or
additively promote inflammation when co-administered with the IL-17F, TNFα or
oncostatin-M (Aujla et al., 2008; Eyerich et al., 2009; Guilloteau et al., 2010; Liang et al.,
2006). The data presented in Chapter 4 are the first to offer a potential explanation to
reconcile recent reports identifying both proinflammatory and tissue-protective functions
for IL-22 in murine models of immunity and inflammation. For example, IL-22 was found
to promote pathologic inflammation in mouse models of psoriasis, arthritis, Toxoplasma
gondii infection and CD45RBlow T cell-induced colitis (Geboes et al., 2009; Kamanaka et
al., 2011; Ma et al., 2008; Munoz et al., 2009; Zheng et al., 2007), while IL-22 was also
found to provide tissue-protection in mouse models of fibrosis, gram-negative bacterial
infection, hepatitis, DSS-induced colitis and CD45RBhi T cell-induced colitis (Aujla et al.,
2008; Pan et al., 2004; Pickert et al., 2009; Radaeva et al., 2004; Simonian et al., 2010;
Sugimoto et al., 2008; Zenewicz et al., 2007; Zenewicz et al., 2008; Zheng et al., 2008).
Therefore the differential functions of IL-22 in these published studies may be partially
explained by context-dependent differences in the temporal or spatial expression of
proinflammatory cytokines, thus regulating the functional outcome of IL-22 expression.
In future studies it will be important to examine the co-expression and kinetics of IL-22
production with proinflammatory cytokines in murine models and human diseases.
In addition to regulating the functional outcomes of the IL-22-IL-22R pathway,
data presented in Chapter 4 suggest that IL-17A may also regulate expression levels of
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IL-22. This finding is important as it suggests that cytokines synergistically promoting
inflammation with IL-22 may also be actively suppressing IL-22 expression, and
therefore also regulating or self-limiting inflammation. It remains unclear whether other
proinflammatory cytokines shown to synergistically promote inflammation with IL-22,
such as IL-17F, TNFα or oncostatin-M (Aujla et al., 2008; Eyerich et al., 2009; Guilloteau
et al., 2010; Liang et al., 2006), can also regulate expression of IL-22. Further, these
synergistic and inhibitory influences on IL-22 expression or function may not always be
pathologic. For example, synergistic induction of neutrophil recruiting chemokines and
anti-microbial peptides by IL-22 and IL-17A is beneficial in the context of a bacterial
infection (Aujla et al., 2008), and in other contexts it may be important to limit excessive
IL-22-driven tissue repair processes by co-expression of IL-17A.
The cellular targets and mechanisms through which IL-17A influences the
function and expression of IL-22 currently remain unclear. As discussed in Chapter
1.2.2, IL-22 is recognized by the IL-22R1 and IL-10R2 subunits expressed
predominantly of non-hematopoietic cells (Kotenko et al., 2001a; Xie et al., 2000).

IL-

17A is recognized by the high affinity IL-17RA subunit expressed ubiquitously in
hematopoietic and non-hematopoietic cells, and the low affinity IL-17RC subunit
expressed at lower levels in hematopoietic cells and at higher levels in nonhematopoietic cells (Gaffen, 2009; Kuestner et al., 2007; Yao et al., 1995).

This

suggests that IL-17A may regulate the proinflammatory versus tissue-protective
functions of IL-22 by acting on the same non-hematopoietic cellular target (Figure 38).
Consistent with this, IL-17A and IL-22 can synergistically upregulate expression of
proinflammatory genes on primary epithelial cells or cell lines (Aujla et al., 2008;
Boniface et al., 2005; Eyerich et al., 2009; Liang et al., 2010; Wolk et al., 2006), and in
Chapter 4 it was demonstrated that IL-17A can directly inhibit the ability of IL-22 to
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protect epithelial cells from bleomycin-induced apoptosis. This is likely mediated by
interactions between the signaling pathways of IL-22 and IL-17A.

IL-22 signals via

STAT3 and the p38 MAP Kinase pathways, while IL-17A signals predominantly through
the NFκB pathway (Gaffen, 2009; Kotenko et al., 2001a; Lejeune et al., 2002), and
previous studies have suggested that these two signal transduction pathways may
interact to differentially influence gene transcription (Alonzi et al., 2001; Bollrath and
Greten, 2009; Uskokovic et al., 2007). The mechanisms through which IL-17A limits
expression of IL-22 are less clear. It is possible that IL-17A is either acting directly on
the cellular source of IL-22 to inhibit expression, or that IL-17A is acting indirectly via an
accessory hematopoietic or non-hematopoietic cell to influence IL-22 expression by
production of secondary mediators (Figure 38). Additional studies will be required to
determine the direct interactions between the IL-17A and IL-22 signal transduction
pathways that influence the functional differences in gene expression of proinflammatory
versus tissue-reparative mediators, as well as the pathways by which IL-17A can
negatively influence the production of IL-22.
Although the mechanisms through which IL-17A influences the function and
expression of IL-22 remain unclear, these findings may have important implications for
delineating the functions IL-22-producing cell populations.

It has recently been

appreciated that there are innate and adaptive sources of IL-22 that do not co-express
IL-17A. For example, Th17 cells, Tc17 cell, NKT cells, γδ T cells and some subsets of
IL-22-producing ILCs co-express IL-17A and IL-22, while Th22 cells, Tc22 cells and
most subsets of IL-22-producing ILCs express IL-22 but not IL-17A (Colonna, 2009;
Sonnenberg et al.; Spits and Di Santo, 2010).
suggests

that

cell

populations

that

The data presented in Chapter 4

co-express

IL-17A

and

IL-22

would

be

proinflammatory, while populations that express IL-22 in the absence of IL-17A may
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promote non-inflammatory tissue-protection.

This is consistent with recent findings

demonstrating proinflammatory roles for Th17 cells and an ILC population that coexpresses IL-17A and IL-22 in intestinal inflammation (Ahern et al., 2010; Buonocore et
al., 2010; Ouyang et al., 2008; Sonnenberg et al., 2011), while ILCs and T cells which
only express IL-22 may promote tissue repair and immunity (Cella et al., 2009; Eyerich
et al., 2009; Satoh-Takayama et al., 2008; Sawa et al., 2011; Sonnenberg et al., 2011).
It would also be predicted in comparison to IL-17A co-expressing cells, those that lack
IL-17A expression would produce higher levels of IL-22. This could be beneficial in the
context of immunity and tissue repair, and supports data in Chapter 2 and Chapter 3 in
which IL-22-producing ILCs but not Th17 cells are essential in promoting IL-22dependent intestinal immunity and homeostasis. However, IL-22-producing cells could
also promote inflammatory diseases in which high levels of IL-22 are detrimental to the
host response, such as in psoriasis, in which it has recently been identified that
increased frequencies of Th22 cells are present in the peripheral blood and skin of
psoriatic patients (Eyerich et al., 2009; Kagami et al., 2010).

Future studies are

necessary to clarify the factors that promote the development and effector functions of
IL-22 and IL-17A co-expressing cells versus cell populations that express either of the
cytokines. One candidate that may be involved is the aryl hydrocarbon receptor (AhR)
as it has previously been found to be essential for IL-22 production but not IL-17A
(Veldhoen et al., 2008). Collectively, published studies and data presented in this thesis
suggest that co-expression of IL-17A may dictate the expression and functions of IL-22,
and thus control the balance between immunity, inflammation and tissue-repair at
mucosal sites.

5.3 Therapeutic manipulation of the ILC-IL-22 pathway in human disease
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Data presented in Chapter 2 and Chapter 3 of this thesis identify a critical role of the
ILC-IL-22 pathway in promoting innate immunity and tissue homeostasis in the intestine,
and Chapter 4 implicates a critical role for IL-22 in airway inflammation and tissue-repair
in murine hosts. Further, data in Chapter 3 identified the constitutive presence of IL-22producing ILCs in the GALT and intestinal tissues from healthy human donors.

A

number of other studies have also identified IL-22 producing ILCs in lymphoid and
mucosal tissues of humans (Cella et al., 2009; Cupedo et al., 2009; Hughes et al.,
2009). Further, the IL-22 pathway has been found to be impaired or dysregulated in
numerous human diseases, including IBD, HIV, psoriasis, atopic dermatitis, arthritis,
cystic fibrosis and cancer (Brand et al., 2006; Liu et al., 2007; Shen et al., 2009;
Thompson et al., 2010; Wolk et al., 2007). Although no therapies currently exist to
directly target ILCs or IL-22, these data collectively suggest that therapeutic
manipulation of the ILC-IL-22 pathway may be technically feasible and beneficial in the
context of numerous chronic human diseases.
Although not directly targeting IL-22, some clinical trials may be indirectly
affecting this pathway, such as the neutralization of IL-23 and IL-12 activity with a mAb
that binds to the common p40 subunit of these cytokines (Cua et al., 2003; Langrish et
al., 2004). It would be predicted that treatment with this mAb could limit IL-23-induced
IL-22 expression. Results of these clinical trials demonstrated that treatment with antiIL-12/23p40 mAb provided beneficial outcomes in patients with active Crohn’s disease
and psoriasis (Kauffman et al., 2004; Mannon et al., 2004). Although the outcomes of
these clinical trials are likely not solely due to impairment of IL-22 expression, they
provide some proof-of-principle that targeting the IL-22-IL-22R pathway may be a viable
option in the treatment of certain human inflammatory diseases. It is possible that the
generation of therapies that selectively target the IL-22-IL-22R pathway will be more
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beneficial than those that target IL-12 and IL-23, permitting direct intervention in tissue
immunity, inflammation and repair.
Data presented in Chapter 2 of this thesis suggest that promoting the ILC-IL-22
pathway during enteric bacterial infection could be utilized to drive host protective
immunity. This could be accomplished by directly administering IL-22R agonists, agents
that would stimulate an IL-22+ ILC-response or direct administration of downstream
effector molecules to promote innate immunity. In the absence of adaptive immunity,
this ILC-IL-22 pathway is capable of limiting replication and translocation of pathogenic
bacteria, thus promoting host survival for several weeks beyond initial infection.
Therefore, therapeutic manipulation of the ILC-IL-22 pathways may be of particular
importance in the treatment of patients with an impaired adaptive immune response
such as AIDS, transplant-recipient and cancer patients, which often have a high rate or
morbidity and mortality from secondary bacterial infections (Bonnet et al., 2007; Lewden
et al., 2008; Wallace et al., 1993), and would benefit from an enhanced innate immune
response.
.

In addition to pathogenic bacteria, data presenting in Chapter 3 demonstrate the

importance for the ILC-IL-22 pathway in promoting containment of commensal bacteria
to the GALT and intestinal tissues and limiting disruption of systemic immune cell
homeostasis. Loss of containment of commensal bacteria and induction of systemic
inflammation are hallmarks and potentially contributing factors to the pathogenesis of
numerous chronic human diseases including HIV infection, IBD, hepatitis and cancer
(Brenchley et al., 2006; Lescut et al., 1990; McGuckin et al., 2009; Parlesak et al., 2000;
Chin et al., 2007; Douek et al., 2009; Fava and Danese, 2011; Sandler et al., 2011a;
Sandler et al., 2011b).

This suggests that targeting the ILC-IL-22 pathway may be

beneficial in these chronic inflammatory diseases. Results presented in Chapter 3 show
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that exogenous administration of IL-22 limits peripheral dissemination of commensal
bacteria and associated byproducts.

Further, one recent report identified that

exogenous IL-7 is able to enhance tissue-protection and promote viral clearance in
chronically infected mice (Pellegrini et al., 2011). Although it was proposed that multiple
mechanisms were involved in this beneficial outcome, one mechanism included
increased expression of IL-22 (Pellegrini et al., 2011). IL-7 can promote expansion of IL22-producing ILCs (Meier et al., 2007; Schmutz et al., 2009), and therefore this may be
one possible therapeutic pathway to promote ILC-IL-22 responses in the treatment of
chronic inflammatory diseases.

Although it is not directly known whether ILC-IL-22

responses are disrupted in chronic human diseases, promotion of ILC-IL-22 responses
will likely aid in limiting dissemination of commensal bacteria and preventing disruption
of systemic immune cell homeostasis, thus limiting systemic inflammation and promoting
immunity and tissue-protection in chronic human diseases.
Data presented in Chapter 4 of this thesis suggest that one method of targeting
the IL-22 pathway may be through manipulation of regulatory cytokines such as IL-17A.
IL-17A was found to promote the proinflammatory functions and limit the tissueprotective functions and expression levels of IL-22.

Therefore it may be useful to

promote or limit IL-17A expression depending on the desired functions of IL-22. In the
context of infection, it may be useful to promote expression of IL-17A to synergistically
enhance IL-22-driven neutrophil recruitment and anti-microbial peptide expression (Aujla
et al., 2008; Liang et al., 2006; Zheng et al., 2008). In contrast, it may be beneficial to
inhibit IL-17A in chronic inflammatory diseases to increase expression of IL-22 and limit
the proinflammatory functions and thus promoting the tissue-protective functions of IL22. However, the in vivo manipulation of IL-22 may be more challenging, given that
other inflammatory cytokines may also influence the functions of IL-22 (Aujla et al., 2008;
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Eyerich et al., 2009; Guilloteau et al., 2010; Liang et al., 2006). Therefore it may also be
valuable to further characterize the IL-17A and IL-22 dual-expressing cell populations
versus IL-22 single-expressing cellular populations.

For example, Powrie and

colleagues recently characterized increases in IL-17A+IL-22- and IL-17A-IL-22+ ILC
populations in patients with different forms of IBD (Geremia et al., 2011), and other
groups have identified the presence of Th22 cells and Th17 cells in several human
diseases (Eyerich et al., 2009; Kagami et al., 2010; Nograles et al., 2009; Shen et al.,
2009).

Future investigation into the cell lineage relationships, developmental

requirements, activation pathways and plasticity of these cellular populations will be
beneficial in profiling chronic inflammatory diseases in patients. Further, this information
will aid in identification of therapeutic targets to promote or inhibit IL-22-producing
populations that co-express or lack IL-17A expression. Collectively, published studies
and data presented in this thesis suggest that targeting the ILC-IL-22 pathway, or other
factors that regulate IL-22 expression such as IL-17A, may be beneficial and permit a
shift in the balance of immunity, inflammation and tissue homeostasis in numerous
chronic human diseases.

5.4 Concluding remarks
The data presented in this thesis demonstrate critical roles for ILCs and IL-22 in the
regulation of immunity, inflammation and tissue homeostasis at mucosal sites. Chapter
2 identified a necessary and sufficient role for IL-22-producing ILCs in innate immunity to
an enteric bacterial pathogen of mice. Chapter 3 identified a critical role for IL-22 and
ILCs in promoting containment of commensal bacteria, limiting their peripheral
dissemination and as a result, maintaining systemic immune cell homeostasis in the
periphery.

Chapter 4 identified IL-17A as a critical regulator of the expression and
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functions of IL-22 in the context of inflammation and tissue-protection. Collectively, the
findings presented in this thesis advance the understanding of the biology of IL-22 and
innate lymphoid cells, demonstrate the existence of novel immunoregulatory networks,
and identify novel targets that may be utilized in the treatments of chronic diseases to
increase protective immunity, limit chronic inflammation and maintain tissue homeostasis
at mucosal sites.
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Figure 37. The ILC-IL-22 pathway in intestinal immunity and homeostasis. In the
steady state, it is unclear whether the ILC-IL-22 pathway is regulated by cytokines,
commensal microbial signals or environmental signals to promote expression of IL-22
and contain commensal bacteria to the intestine. Follow infection, IL-23 production by
accessory cells promotes infection-induced IL-22 production by ILCs to promote rapid
innate immunity.
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Figure 38. IL-17A influences the function and expression of IL-22.

Proposed

mechanism of how IL-17A regulates the function and expression levels of IL-22 in innate
and adaptive immune cell populations.

171

Bibliography
Abt, M.C., and Artis, D. (2009). The intestinal microbiota in health and disease: the
influence of microbial products on immune cell homeostasis. Curr Opin Gastroenterol
25, 496-502.
Ahern, P.P., Schiering, C., Buonocore, S., McGeachy, M.J., Cua, D.J., Maloy, K.J., and
Powrie, F. (2010). Interleukin-23 drives intestinal inflammation through direct activity on
T cells. Immunity 33, 279-288.
Alam, M.S., Maekawa, Y., Kitamura, A., Tanigaki, K., Yoshimoto, T., Kishihara, K., and
Yasutomo, K. (2010). Notch signaling drives IL-22 secretion in CD4+ T cells by
stimulating the aryl hydrocarbon receptor. Proc Natl Acad Sci U S A 107, 5943-5948.
Alonzi, T., Maritano, D., Gorgoni, B., Rizzuto, G., Libert, C., and Poli, V. (2001).
Essential role of STAT3 in the control of the acute-phase response as revealed by
inducible gene inactivation [correction of activation] in the liver. Mol Cell Biol 21, 16211632.
Artis, D. (2008). Epithelial-cell recognition of commensal bacteria and maintenance of
immune homeostasis in the gut. Nat Rev Immunol 8, 411-420.
Aujla, S.J., Chan, Y.R., Zheng, M., Fei, M., Askew, D.J., Pociask, D.A., Reinhart, T.A.,
McAllister, F., Edeal, J., Gaus, K., et al. (2008). IL-22 mediates mucosal host defense
against Gram-negative bacterial pneumonia. Nat Med 14, 275-281.
Awasthi, A., Riol-Blanco, L., Jager, A., Korn, T., Pot, C., Galileos, G., Bettelli, E.,
Kuchroo, V.K., and Oukka, M. (2009). Cutting edge: IL-23 receptor gfp reporter mice
reveal distinct populations of IL-17-producing cells. J Immunol 182, 5904-5908.
172

Barbalat, R., Ewald, S.E., Mouchess, M.L., and Barton, G.M. (2011). Nucleic acid
recognition by the innate immune system. Annu Rev Immunol 29, 185-214.
Bard, J.D., Gelebart, P., Anand, M., Amin, H.M., and Lai, R. (2008). Aberrant expression
of IL-22 receptor 1 and autocrine IL-22 stimulation contribute to tumorigenicity in ALK+
anaplastic large cell lymphoma. Leukemia 22, 1595-1603.
Bergstrom, K.S., Kissoon-Singh, V., Gibson, D.L., Ma, C., Montero, M., Sham, H.P.,
Ryz, N., Huang, T., Velcich, A., Finlay, B.B., et al. (2010). Muc2 protects against lethal
infectious colitis by disassociating pathogenic and commensal bacteria from the colonic
mucosa. PLoS Pathog 6, e1000902.
Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T.B., Oukka, M., Weiner, H.L., and
Kuchroo, V.K. (2006). Reciprocal developmental pathways for the generation of
pathogenic effector TH17 and regulatory T cells. Nature 441, 235-238.
Bollrath, J., and Greten, F.R. (2009). IKK/NF-kappaB and STAT3 pathways: central
signalling hubs in inflammation-mediated tumour promotion and metastasis. EMBO Rep
10, 1314-1319.
Boniface, K., Bernard, F.X., Garcia, M., Gurney, A.L., Lecron, J.C., and Morel, F. (2005).
IL-22 inhibits epidermal differentiation and induces proinflammatory gene expression
and migration of human keratinocytes. J Immunol 174, 3695-3702.
Boniface, K., Guignouard, E., Pedretti, N., Garcia, M., Delwail, A., Bernard, F.X., Nau,
F., Guillet, G., Dagregorio, G., Yssel, H., et al. (2007). A role for T cell-derived interleukin
22 in psoriatic skin inflammation. Clin Exp Immunol 150, 407-415.

173

Bonnet, F., Chene, G., Thiebaut, R., Dupon, M., Lawson-Ayayi, S., Pellegrin, J.L., Dabis,
F., and Morlat, P. (2007). Trends and determinants of severe morbidity in HIV-infected
patients: the ANRS CO3 Aquitaine Cohort, 2000-2004. HIV Med 8, 547-554.
Bonneville, M., O'Brien, R.L., and Born, W.K. (2010). Gammadelta T cell effector
functions: a blend of innate programming and acquired plasticity. Nat Rev Immunol 10,
467-478.
Bouskra, D., Brezillon, C., Berard, M., Werts, C., Varona, R., Boneca, I.G., and Eberl, G.
(2008). Lymphoid tissue genesis induced by commensals through NOD1 regulates
intestinal homeostasis. Nature 456, 507-510.
Brand, S., Beigel, F., Olszak, T., Zitzmann, K., Eichhorst, S.T., Otte, J.M., Diepolder, H.,
Marquardt, A., Jagla, W., Popp, A., et al. (2006). IL-22 is increased in active Crohn's
disease and promotes proinflammatory gene expression and intestinal epithelial cell
migration. American Journal of Physiology - Gastrointestinal & Liver Physiology 290,
G827-838.
Buonocore, S., Ahern, P.P., Uhlig, H.H., Ivanov, II, Littman, D.R., Maloy, K.J., and
Powrie, F. (2010). Innate lymphoid cells drive interleukin-23-dependent innate intestinal
pathology. Nature 464, 1371-1375.
Burnet, F.M. (1968). Evolution of the immune process in vertebrates. Nature 218, 426430.
Cash, H.L., Whitham, C.V., Behrendt, C.L., and Hooper, L.V. (2006). Symbiotic bacteria
direct expression of an intestinal bactericidal lectin. Science 313, 1126-1130.

174

Cella, M., Fuchs, A., Vermi, W., Facchetti, F., Otero, K., Lennerz, J.K., Doherty, J.M.,
Mills, J.C., and Colonna, M. (2009). A human natural killer cell subset provides an innate
source of IL-22 for mucosal immunity. Nature 457, 722-725.
Cella, M., Otero, K., and Colonna, M. (2010). Expansion of human NK-22 cells with IL-7,
IL-2, and IL-1beta reveals intrinsic functional plasticity. Proc Natl Acad Sci U S A 107,
10961-10966.
Chang, Y.J., Kim, H.Y., Albacker, L.A., Baumgarth, N., McKenzie, A.N., Smith, D.E.,
Dekruyff, R.H., and Umetsu, D.T. (2011). Innate lymphoid cells mediate influenzainduced airway hyper-reactivity independently of adaptive immunity. Nat Immunol 12,
631-638.
Cheroutre, H., and Madakamutil, L. (2005). Mucosal effector memory T cells: the other
side of the coin. Cell Mol Life Sci 62, 2853-2866.
Chin, K.F., Kallam, R., O'Boyle, C., and MacFie, J. (2007). Bacterial translocation may
influence the long-term survival in colorectal cancer patients. Dis Colon Rectum 50, 323330.
Ciric, B., El-behi, M., Cabrera, R., Zhang, G.-X., and Rostami, A. (2009). IL-23 drives
pathogenic IL-17-producing CD8+ T cells. Journal of Immunology 182, 5296-5305.
Colin, E.M., Asmawidjaja, P.S., van Hamburg, J.P., Mus, A.M., van Driel, M., Hazes,
J.M., van Leeuwen, J.P., and Lubberts, E. (2010). 1,25-dihydroxyvitamin D3 modulates
Th17 polarization and interleukin-22 expression by memory T cells from patients with
early rheumatoid arthritis. Arthritis Rheum 62, 132-142.

175

Colonna, M. (2009). Interleukin-22-producing natural killer cells and lymphoid tissue
inducer-like cells in mucosal immunity. Immunity 31, 15-23.
Crellin, N.K., Trifari, S., Kaplan, C.D., Cupedo, T., and Spits, H. (2010a). Human
NKp44+IL-22+ cells and LTi-like cells constitute a stable RORC+ lineage distinct from
conventional natural killer cells. J Exp Med 207, 281-290.
Crellin, N.K., Trifari, S., Kaplan, C.D., Satoh-Takayama, N., Di Santo, J.P., and Spits, H.
(2010b). Regulation of cytokine secretion in human CD127(+) LTi-like innate lymphoid
cells by Toll-like receptor 2. Immunity 33, 752-764.
Crosby, L.M., and Waters, C.M. (2010). Epithelial repair mechanisms in the lung. Am J
Physiol Lung Cell Mol Physiol 298, L715-731.
Cua, D.J., Sherlock, J., Chen, Y., Murphy, C.A., Joyce, B., Seymour, B., Lucian, L., To,
W., Kwan, S., Churakova, T., et al. (2003). Interleukin-23 rather than interleukin-12 is the
critical cytokine for autoimmune inflammation of the brain. Nature 421, 744-748.
Cupedo, T., Crellin, N.K., Papazian, N., Rombouts, E.J., Weijer, K., Grogan, J.L., Fibbe,
W.E., Cornelissen, J.J., and Spits, H. (2009). Human fetal lymphoid tissue-inducer cells
are interleukin 17-producing precursors to RORC+ CD127+ natural killer-like cells. Nat
Immunol 10, 66-74.
de Jong, A., Pena-Cruz, V., Cheng, T.Y., Clark, R.A., Van Rhijn, I., and Moody, D.B.
(2010). CD1a-autoreactive T cells are a normal component of the human alphabeta T
cell repertoire. Nat Immunol 11, 1102-1109.

176

De Luca, A., Zelante, T., D'Angelo, C., Zagarella, S., Fallarino, F., Spreca, A., Iannitti,
R.G., Bonifazi, P., Renauld, J.C., Bistoni, F., et al. (2010). IL-22 defines a novel immune
pathway of antifungal resistance. Mucosal Immunol.
Doisne, J.M., Soulard, V., Becourt, C., Amniai, L., Henrot, P., Havenar-Daughton, C.,
Blanchet, C., Zitvogel, L., Ryffel, B., Cavaillon, J.M., et al. (2010). Cutting edge: Crucial
role of IL-1 and IL-23 in the innate IL-17 response of peripheral lymph node NK1.1invariant NKT cells to bacteria. J Immunol 186, 662-666.
Douek, D.C., Roederer, M., and Koup, R.A. (2009). Emerging concepts in the
immunopathogenesis of AIDS. Annu Rev Med 60, 471-484.
Duerkop, B.A., Vaishnava, S., and Hooper, L.V. (2009). Immune responses to the
microbiota at the intestinal mucosal surface. Immunity 31, 368-376.
Duerr, R.H., Taylor, K.D., Brant, S.R., Rioux, J.D., Silverberg, M.S., Daly, M.J.,
Steinhart, A.H., Abraham, C., Regueiro, M., Griffiths, A., et al. (2006). A genome-wide
association study identifies IL23R as an inflammatory bowel disease gene. Science 314,
1461-1463.
Duhen, T., Geiger, R., Jarrossay, D., Lanzavecchia, A., and Sallusto, F. (2009).
Production of interleukin 22 but not interleukin 17 by a subset of human skin-homing
memory T cells. Nat Immunol 10, 857-863.
Dumoutier, L., de Meester, C., Tavernier, J., and Renauld, J.C. (2009). New activation
modus of STAT3: a tyrosine-less region of the interleukin-22 receptor recruits STAT3 by
interacting with its coiled-coil domain. J Biol Chem 284, 26377-26384.

177

Dumoutier, L., Lejeune, D., Colau, D., and Renauld, J.C. (2001). Cloning and
characterization of IL-22 binding protein, a natural antagonist of IL-10-related T cellderived inducible factor/IL-22. J Immunol 166, 7090-7095.
Dumoutier, L., Louahed, J., and Renauld, J.C. (2000a). Cloning and characterization of
IL-10-related T cell-derived inducible factor (IL-TIF), a novel cytokine structurally related
to IL-10 and inducible by IL-9. J Immunol 164, 1814-1819.
Dumoutier, L., Van Roost, E., Colau, D., and Renauld, J.C. (2000b). Human interleukin10-related

T

cell-derived

inducible

factor:

molecular

cloning

and

functional

characterization as an hepatocyte-stimulating factor. Proc Natl Acad Sci U S A 97,
10144-10149.
Eberl, G. (2005). Inducible lymphoid tissues in the adult gut: recapitulation of a fetal
developmental pathway? Nat Rev Immunol 5, 413-420.
Eberl, G., and Littman, D.R. (2004). Thymic origin of intestinal alphabeta T cells revealed
by fate mapping of RORgammat+ cells. Science 305, 248-251.
Eberl, G., Marmon, S., Sunshine, M.J., Rennert, P.D., Choi, Y., and Littman, D.R.
(2004). An essential function for the nuclear receptor RORgamma(t) in the generation of
fetal lymphoid tissue inducer cells. Nat Immunol 5, 64-73.
Eisenring, M., vom Berg, J., Kristiansen, G., Saller, E., and Becher, B. (2010). IL-12
initiates tumor rejection via lymphoid tissue-inducer cells bearing the natural cytotoxicity
receptor NKp46. Nat Immunol 11, 1030-1038.
Eyerich, S., Eyerich, K., Pennino, D., Carbone, T., Nasorri, F., Pallotta, S., Cianfarani,
F., Odorisio, T., Traidl-Hoffmann, C., Behrendt, H., et al. (2009). Th22 cells represent a
178

distinct human T cell subset involved in epidermal immunity and remodeling. J Clin
Invest 119, 3573-3585.
Fava, F., and Danese, S. (2011). Intestinal microbiota in inflammatory bowel disease:
friend of foe? World J Gastroenterol 17, 557-566.
Frank, D.N., and Pace, N.R. (2008). Gastrointestinal microbiology enters the
metagenomics era. Curr Opin Gastroenterol 24, 4-10.
Fujita, H., Nograles, K.E., Kikuchi, T., Gonzalez, J., Carucci, J.A., and Krueger, J.G.
(2009). Human Langerhans cells induce distinct IL-22-producing CD4+ T cells lacking IL17 production. Proc Natl Acad Sci U S A 106, 21795-21800.
Gaffen, S.L. (2009). Structure and signalling in the IL-17 receptor family. Nat Rev
Immunol 9, 556-567.
Geboes, L., Dumoutier, L., Kelchtermans, H., Schurgers, E., Mitera, T., Renauld, J.-C.,
and Matthys, P. (2009). Proinflammatory role of the Th17 cytokine interleukin-22 in
collagen-induced arthritis in C57BL/6 mice. Arthritis & Rheumatism 60, 390-395.
Geremia, A., Arancibia-Carcamo, C.V., Fleming, M.P., Rust, N., Singh, B., Mortensen,
N.J., Travis, S.P., and Powrie, F. (2011). IL-23-responsive innate lymphoid cells are
increased in inflammatory bowel disease. J Exp Med 208, 1127-1133.
Goto, M., Murakawa, M., Kadoshima-Yamaoka, K., Tanaka, Y., Nagahira, K., Fukuda,
Y., and Nishimura, T. (2009). Murine NKT cells produce Th17 cytokine interleukin-22.
Cellular Immunology 254, 81-84.

179

Guilloteau, K., Paris, I., Pedretti, N., Boniface, K., Juchaux, F., Huguier, V., Guillet, G.,
Bernard, F.X., Lecron, J.C., and Morel, F. (2010). Skin Inflammation Induced by the
Synergistic Action of IL-17A, IL-22, Oncostatin M, IL-1{alpha}, and TNF-{alpha}
Recapitulates Some Features of Psoriasis. J Immunol.
Guo, H., and Topham, D.J. (2010). IL-22 production by pulmonary natural killer cells and
the potential role of IL-22 during primary influenza infection. J Virol.
Hamada, H., Garcia-Hernandez, M.d.l.L., Reome, J.B., Misra, S.K., Strutt, T.M.,
McKinstry, K.K., Cooper, A.M., Swain, S.L., and Dutton, R.W. (2009). Tc17, a unique
subset of CD8 T cells that can protect against lethal influenza challenge. Journal of
Immunology 182, 3469-3481.
Harrington, L.E., Mangan, P.R., and Weaver, C.T. (2006). Expanding the effector CD4
T-cell repertoire: the Th17 lineage. Current Opinion in Immunology 18, 349-356.
Hill, D.A., and Artis, D. (2010). Intestinal bacteria and the regulation of immune cell
homeostasis. Annu Rev Immunol 28, 623-667.
Holland, S.M., DeLeo, F.R., Elloumi, H.Z., Hsu, A.P., Uzel, G., Brodsky, N., Freeman,
A.F., Demidowich, A., Davis, J., Turner, M.L., et al. (2007). STAT3 mutations in the
hyper-IgE syndrome. N Engl J Med 357, 1608-1619.
Holt, P.G., Strickland, D.H., Wikstrom, M.E., and Jahnsen, F.L. (2008). Regulation of
immunological homeostasis in the respiratory tract. Nat Rev Immunol 8, 142-152.
Hooper, L.V., and Gordon, J.I. (2001). Commensal host-bacterial relationships in the gut.
Science 292, 1115-1118.

180

Hooper, L.V., and Macpherson, A.J. (2010). Immune adaptations that maintain
homeostasis with the intestinal microbiota. Nat Rev Immunol 10, 159-169.
Huaux, F., Liu, T., McGarry, B., Ullenbruch, M., and Phan, S.H. (2003). Dual roles of IL-4
in lung injury and fibrosis. J Immunol 170, 2083-2092.
Hughes, T., Becknell, B., Freud, A.G., McClory, S., Briercheck, E., Yu, J., Mao, C.,
Giovenzana, C., Nuovo, G., Wei, L., et al. (2010). Interleukin-1beta selectively expands
and sustains interleukin-22+ immature human natural killer cells in secondary lymphoid
tissue. Immunity 32, 803-814.
Hughes, T., Becknell, B., McClory, S., Briercheck, E., Freud, A.G., Zhang, X., Mao, H.,
Nuovo, G., Yu, J., and Caligiuri, M.A. (2009). Stage 3 immature human natural killer cells
found in secondary lymphoid tissue constitutively and selectively express the TH 17
cytokine interleukin-22. Blood 113, 4008-4010.
Hurme, M., and Sihvola, M. (1984). High expression of the Thy-1 antigen on natural killer
cells recently derived from bone marrow. Cell Immunol 84, 276-284.
Ikeuchi, H., Kuroiwa, T., Hiramatsu, N., Kaneko, Y., Hiromura, K., Ueki, K., and Nojima,
Y. (2005). Expression of interleukin-22 in rheumatoid arthritis: potential role as a
proinflammatory cytokine. Arthritis Rheum 52, 1037-1046.
Ivanov, II, McKenzie, B.S., Zhou, L., Tadokoro, C.E., Lepelley, A., Lafaille, J.J., Cua,
D.J., and Littman, D.R. (2006). The orphan nuclear receptor RORgammat directs the
differentiation program of proinflammatory IL-17+ T helper cells. Cell 126, 1121-1133.

181

Johansson, M.E., Phillipson, M., Petersson, J., Velcich, A., Holm, L., and Hansson, G.C.
(2008). The inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of
bacteria. Proc Natl Acad Sci U S A 105, 15064-15069.
Kagami, S., Rizzo, H.L., Lee, J.J., Koguchi, Y., and Blauvelt, A. (2010). Circulating Th17,
Th22, and Th1 cells are increased in psoriasis. J Invest Dermatol 130, 1373-1383.
Kamanaka, M., Huber, S., Zenewicz, L.A., Gagliani, N., Rathinam, C., O'Connor, W., Jr.,
Wan, Y.Y., Nakae, S., Iwakura, Y., Hao, L., et al. (2011). Memory/effector (CD45RB(lo))
CD4 T cells are controlled directly by IL-10 and cause IL-22-dependent intestinal
pathology. J Exp Med 208, 1027-1040.
Kauffman, C.L., Aria, N., Toichi, E., McCormick, T.S., Cooper, K.D., Gottlieb, A.B.,
Everitt, D.E., Frederick, B., Zhu, Y., Graham, M.A., et al. (2004). A phase I study
evaluating the safety, pharmacokinetics, and clinical response of a human IL-12 p40
antibody in subjects with plaque psoriasis. J Invest Dermatol 123, 1037-1044.
Kisand, K., Boe Wolff, A.S., Podkrajsek, K.T., Tserel, L., Link, M., Kisand, K.V., Ersvaer,
E., Perheentupa, J., Erichsen, M.M., Bratanic, N., et al. (2010). Chronic mucocutaneous
candidiasis in APECED or thymoma patients correlates with autoimmunity to Th17associated cytokines. J Exp Med 207, 299-308.
Kleinschek, M.A., Boniface, K., Sadekova, S., Grein, J., Murphy, E.E., Turner, S.P.,
Raskin, L., Desai, B., Faubion, W.A., de Waal Malefyt, R., et al. (2009). Circulating and
gut-resident human Th17 cells express CD161 and promote intestinal inflammation. J
Exp Med 206, 525-534.

182

Kotenko, S.V., Izotova, L.S., Mirochnitchenko, O.V., Esterova, E., Dickensheets, H.,
Donnelly, R.P., and Pestka, S. (2001a). Identification of the functional interleukin-22 (IL22) receptor complex: the IL-10R2 chain (IL-10Rbeta ) is a common chain of both the IL10 and IL-22 (IL-10-related T cell-derived inducible factor, IL-TIF) receptor complexes. J
Biol Chem 276, 2725-2732.
Kotenko, S.V., Izotova, L.S., Mirochnitchenko, O.V., Esterova, E., Dickensheets, H.,
Donnelly, R.P., and Pestka, S. (2001b). Identification, cloning, and characterization of a
novel soluble receptor that binds IL-22 and neutralizes its activity. J Immunol 166, 70967103.
Kreymborg, K., Etzensperger, R., Dumoutier, L., Haak, S., Rebollo, A., Buch, T.,
Heppner, F.L., Renauld, J.C., and Becher, B. (2007). IL-22 is expressed by Th17 cells in
an IL-23-dependent fashion, but not required for the development of autoimmune
encephalomyelitis. J Immunol 179, 8098-8104.
Kuang, D.M., Peng, C., Zhao, Q., Wu, Y., Zhu, L.Y., Wang, J., Yin, X.Y., Li, L., and
Zheng, L. (2010). Tumor-activated monocytes promote expansion of IL-17-producing
CD8+ T cells in hepatocellular carcinoma patients. J Immunol 185, 1544-1549.
Kuestner, R.E., Taft, D.W., Haran, A., Brandt, C.S., Brender, T., Lum, K., Harder, B.,
Okada, S., Ostrander, C.D., Kreindler, J.L., et al. (2007). Identification of the IL-17
receptor related molecule IL-17RC as the receptor for IL-17F. J Immunol 179, 54625473.
Langrish, C.L., McKenzie, B.S., Wilson, N.J., de Waal Malefyt, R., Kastelein, R.A., and
Cua, D.J. (2004). IL-12 and IL-23: master regulators of innate and adaptive immunity.
Immunological Reviews 202, 96-105.
183

Lefrancois, L., and Puddington, L. (2006). Intestinal and pulmonary mucosal T cells:
local heroes fight to maintain the status quo. Annu Rev Immunol 24, 681-704.
Lejeune, D., Dumoutier, L., Constantinescu, S., Kruijer, W., Schuringa, J.J., and
Renauld, J.C. (2002). Interleukin-22 (IL-22) activates the JAK/STAT, ERK, JNK, and p38
MAP kinase pathways in a rat hepatoma cell line. Pathways that are shared with and
distinct from IL-10. J Biol Chem 277, 33676-33682.
Lewden, C., May, T., Rosenthal, E., Burty, C., Bonnet, F., Costagliola, D., Jougla, E.,
Semaille, C., Morlat, P., Salmon, D., et al. (2008). Changes in causes of death among
adults infected by HIV between 2000 and 2005: The "Mortalite 2000 and 2005" surveys
(ANRS EN19 and Mortavic). J Acquir Immune Defic Syndr 48, 590-598.
Ley, R.E., Peterson, D.A., and Gordon, J.I. (2006). Ecological and evolutionary forces
shaping microbial diversity in the human intestine. Cell 124, 837-848.
Li, J., Tomkinson, K.N., Tan, X.Y., Wu, P., Yan, G., Spaulding, V., Deng, B., AnnisFreeman, B., Heveron, K., Zollner, R., et al. (2004). Temporal associations between
interleukin

22

and

the

extracellular

domains

of

IL-22R

and

IL-10R2.

Int

Immunopharmacol 4, 693-708.
Liang, S.C., Long, A.J., Bennett, F., Whitters, M.J., Karim, R., Collins, M., Goldman, S.J.,
Dunussi-Joannopoulos, K., Williams, C.M., Wright, J.F., et al. (2007). An IL-17F/A
heterodimer protein is produced by mouse Th17 cells and induces airway neutrophil
recruitment. J Immunol 179, 7791-7799.

184

Liang, S.C., Nickerson-Nutter, C., Pittman, D.D., Carrier, Y., Goodwin, D.G., Shields,
K.M., Lambert, A.J., Schelling, S.H., Medley, Q.G., Ma, H.L., et al. (2010). IL-22 induces
an acute-phase response. J Immunol 185, 5531-5538.
Liang, S.C., Tan, X.Y., Luxenberg, D.P., Karim, R., Dunussi-Joannopoulos, K., Collins,
M., and Fouser, L.A. (2006). Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells
and cooperatively enhance expression of antimicrobial peptides. J Exp Med 203, 22712279.
Liu, H., Huang, K., Wu, Y., Lin, N., Li, J., and Tu, Y. (2007). The expression of
interleukin-22 and S100A7, A8, A9 mRNA in patients with psoriasis vulgaris. Medical
Sciences 27, 605-607.
Logsdon, N.J., Jones, B.C., Josephson, K., Cook, J., and Walter, M.R. (2002).
Comparison of interleukin-22 and interleukin-10 soluble receptor complexes. J Interferon
Cytokine Res 22, 1099-1112.
Luci, C., Reynders, A., Ivanov, II, Cognet, C., Chiche, L., Chasson, L., Hardwigsen, J.,
Anguiano, E., Banchereau, J., Chaussabel, D., et al. (2009). Influence of the
transcription factor RORgammat on the development of NKp46+ cell populations in gut
and skin. Nat Immunol 10, 75-82.
Lukacs, N.W., Strieter, R.M., Chensue, S.W., Widmer, M., and Kunkel, S.L. (1995). TNFalpha mediates recruitment of neutrophils and eosinophils during airway inflammation. J
Immunol 154, 5411-5417.
Ma, H.L., Liang, S., Li, J., Napierata, L., Brown, T., Benoit, S., Senices, M., Gill, D.,
Dunussi-Joannopoulos, K., Collins, M., et al. (2008). IL-22 is required for Th17 cell185

mediated pathology in a mouse model of psoriasis-like skin inflammation. J Clin Invest
118, 597-607.
Maaser, C., Housley, M.P., Iimura, M., Smith, J.R., Vallance, B.A., Finlay, B.B.,
Schreiber, J.R., Varki, N.M., Kagnoff, M.F., and Eckmann, L. (2004). Clearance of
Citrobacter rodentium requires B cells but not secretory immunoglobulin A (IgA) or IgM
antibodies. Infect Immun 72, 3315-3324.
Macpherson, A.J., and Harris, N.L. (2004). Interactions between commensal intestinal
bacteria and the immune system. Nat Rev Immunol 4, 478-485.
Maeyama, T., Kuwano, K., Kawasaki, M., Kunitake, R., Hagimoto, N., and Hara, N.
(2001). Attenuation of bleomycin-induced pneumopathy in mice by monoclonal antibody
to interleukin-12. Am J Physiol Lung Cell Mol Physiol 280, L1128-1137.
Mangan, P.R., Harrington, L.E., O'Quinn, D.B., Helms, W.S., Bullard, D.C., Elson, C.O.,
Hatton, R.D., Wahl, S.M., Schoeb, T.R., and Weaver, C.T. (2006). Transforming growth
factor-beta induces development of the T(H)17 lineage. Nature 441, 231-234.
Mannon, P.J., Fuss, I.J., Mayer, L., Elson, C.O., Sandborn, W.J., Present, D., Dolin, B.,
Goodman, N., Groden, C., Hornung, R.L., et al. (2004). Anti-interleukin-12 antibody for
active Crohn's disease. N Engl J Med 351, 2069-2079.
Martin, B., Hirota, K., Cua, D.J., Stockinger, B., and Veldhoen, M. (2009). Interleukin-17producing gammadelta T cells selectively expand in response to pathogen products and
environmental signals. Immunity 31, 321-330.
Mathers, C.D., Boerma, T., and Ma Fat, D. (2009). Global and regional causes of death.
Br Med Bull 92, 7-32.
186

Matute-Bello, G., Frevert, C.W., and Martin, T.R. (2008). Animal models of acute lung
injury. Am J Physiol Lung Cell Mol Physiol 295, L379-399.
McGeachy, M.J., Chen, Y., Tato, C.M., Laurence, A., Joyce-Shaikh, B., Blumenschein,
W.M., McClanahan, T.K., O'Shea, J.J., and Cua, D.J. (2009). The interleukin 23 receptor
is essential for the terminal differentiation of interleukin 17-producing effector T helper
cells in vivo. Nat Immunol 10, 314-324.
McInnes, I.B., and Schett, G. (2007). Cytokines in the pathogenesis of rheumatoid
arthritis. Nat Rev Immunol 7, 429-442.
Mebius, R.E. (2003). Organogenesis of lymphoid tissues. Nat Rev Immunol 3, 292-303.
Mebius, R.E., Rennert, P., and Weissman, I.L. (1997). Developing lymph nodes collect
CD4+CD3- LTbeta+ cells that can differentiate to APC, NK cells, and follicular cells but
not T or B cells. Immunity 7, 493-504.
Medzhitov, R. (2007). Recognition of microorganisms and activation of the immune
response. Nature 449, 819-826.
Meier, D., Bornmann, C., Chappaz, S., Schmutz, S., Otten, L.A., Ceredig, R., AchaOrbea, H., and Finke, D. (2007). Ectopic lymphoid-organ development occurs through
interleukin 7-mediated enhanced survival of lymphoid-tissue-inducer cells. Immunity 26,
643-654.
Milner, J.D., Brenchley, J.M., Laurence, A., Freeman, A.F., Hill, B.J., Elias, K.M., Kanno,
Y., Spalding, C., Elloumi, H.Z., Paulson, M.L., et al. (2008). Impaired T(H)17 cell
differentiation in subjects with autosomal dominant hyper-IgE syndrome. Nature 452,
773-776.
187

Minegishi, Y., Saito, M., Tsuchiya, S., Tsuge, I., Takada, H., Hara, T., Kawamura, N.,
Ariga, T., Pasic, S., Stojkovic, O., et al. (2007). Dominant-negative mutations in the
DNA-binding domain of STAT3 cause hyper-IgE syndrome. Nature 448, 1058-1062.
Monticelli, L.A., Sonnenberg, G.F., Abt, M.C., Alenghat, T., Ziegler, C.G., Doering, T.A.,
Angelosanto, J.M., Laidlaw, B.J., Yang, C.Y., Sathaliyawala, T., et al. (2011). Innate
lymphoid cells promote lung-tissue homeostasis after infection with influenza virus. Nat
Immunol.
Moore, K.W., de Waal Malefyt, R., Coffman, R.L., and O'Garra, A. (2001). Interleukin-10
and the interleukin-10 receptor. Annu Rev Immunol 19, 683-765.
Moyron-Quiroz, J.E., Rangel-Moreno, J., Hartson, L., Kusser, K., Tighe, M.P.,
Klonowski, K.D., Lefrancois, L., Cauley, L.S., Harmsen, A.G., Lund, F.E., et al. (2006).
Persistence and responsiveness of immunologic memory in the absence of secondary
lymphoid organs. Immunity 25, 643-654.
Mukherjee, S., Vaishnava, S., and Hooper, L.V. (2008). Multi-layered regulation of
intestinal antimicrobial defense. Cell Mol Life Sci 65, 3019-3027.
Munoz, M., Heimesaat, M.M., Danker, K., Struck, D., Lohmann, U., Plickert, R.,
Bereswill, S., Fischer, A., Dunay, I.R., Wolk, K., et al. (2009). Interleukin (IL)-23
mediates

Toxoplasma

gondii-induced

immunopathology

in

the

gut

via

matrixmetalloproteinase-2 and IL-22 but independent of IL-17. J Exp Med.
Nagai, A., Aoshiba, K., Ishihara, Y., Inano, H., Sakamoto, K., Yamaguchi, E., Kagawa,
J., and Takizawa, T. (1992). Administration of alpha 1-proteinase inhibitor ameliorates
bleomycin-induced pulmonary fibrosis in hamsters. Am Rev Respir Dis 145, 651-656.
188

Ness-Schwickerath, K.J., Jin, C., and Morita, C.T. (2010). Cytokine requirements for the
differentiation and expansion of IL-17A- and IL-22-producing human Vgamma2Vdelta2 T
cells. J Immunol 184, 7268-7280.
Nograles, K.E., Zaba, L.C., Shemer, A., Fuentes-Duculan, J., Cardinale, I., Kikuchi, T.,
Ramon, M., Bergman, R., Krueger, J.G., and Guttman-Yassky, E. (2009). IL-22producing "T22" T cells account for upregulated IL-22 in atopic dermatitis despite
reduced IL-17-producing TH17 T cells. Journal of Allergy & Clinical Immunology 123,
1244-1252.e1242.
Nurieva, R., Yang, X.O., Martinez, G., Zhang, Y., Panopoulos, A.D., Ma, L., Schluns, K.,
Tian, Q., Watowich, S.S., Jetten, A.M., et al. (2007). Essential autocrine regulation by IL21 in the generation of inflammatory T cells. Nature 448, 480-483.
O'Connor, W., Jr., Kamanaka, M., Booth, C.J., Town, T., Nakae, S., Iwakura, Y., Kolls,
J.K., and Flavell, R.A. (2009). A protective function for interleukin 17A in T cell-mediated
intestinal inflammation. Nat Immunol 10, 603-609.
Ota, N., Wong, K., Valdez, P.A., Zheng, Y., Crellin, N.K., Diehl, L., and Ouyang, W.
(2011). IL-22 bridges the lymphotoxin pathway with the maintenance of colonic lymphoid
structures during infection with Citrobacter rodentium. Nat Immunol 12, 941-948.
Ouyang, W., Kolls, J.K., and Zheng, Y. (2008). The biological functions of T helper 17
cell effector cytokines in inflammation. Immunity 28, 454-467.
Pan, H., Hong, F., Radaeva, S., and Gao, B. (2004). Hydrodynamic gene delivery of
interleukin-22 protects the mouse liver from concanavalin A-, carbon tetrachloride-, and
Fas ligand-induced injury via activation of STAT3. Cell Mol Immunol 1, 43-49.
189

Pellegrini, M., Calzascia, T., Toe, J.G., Preston, S.P., Lin, A.E., Elford, A.R., Shahinian,
A., Lang, P.A., Lang, K.S., Morre, M., et al. (2011). IL-7 engages multiple mechanisms to
overcome chronic viral infection and limit organ pathology. Cell 144, 601-613.
Pene, J., Chevalier, S., Preisser, L., Venereau, E., Guilleux, M.H., Ghannam, S., Moles,
J.P., Danger, Y., Ravon, E., Lesaux, S., et al. (2008). Chronically inflamed human
tissues are infiltrated by highly differentiated Th17 lymphocytes. J Immunol 180, 74237430.
Pestka, S., Krause, C.D., Sarkar, D., Walter, M.R., Shi, Y., and Fisher, P.B. (2004).
Interleukin-10 and related cytokines and receptors. Annu Rev Immunol 22, 929-979.
Philpott, D.J., and Girardin, S.E. (2004). The role of Toll-like receptors and Nod proteins
in bacterial infection. Mol Immunol 41, 1099-1108.
Pickert, G., Neufert, C., Leppkes, M., Zheng, Y., Wittkopf, N., Warntjen, M., Lehr, H.-A.,
Hirth, S., Weigmann, B., Wirtz, S., et al. (2009). STAT3 links IL-22 signaling in intestinal
epithelial cells to mucosal wound healing. Journal of Experimental Medicine 206, 14651472.
Possot, C., Schmutz, S., Chea, S., Boucontet, L., Louise, A., Cumano, A., and Golub, R.
(2011). Notch signaling is necessary for adult, but not fetal, development of
RORgammat(+) innate lymphoid cells. Nat Immunol 12, 949-958.
Puel, A., Doffinger, R., Natividad, A., Chrabieh, M., Barcenas-Morales, G., Picard, C.,
Cobat, A., Ouachee-Chardin, M., Toulon, A., Bustamante, J., et al. (2010).
Autoantibodies

against

IL-17A,

IL-17F,

190

and

IL-22

in

patients

with

chronic

mucocutaneous candidiasis and autoimmune polyendocrine syndrome type I. J Exp Med
207, 291-297.
Radaeva, S., Sun, R., Pan, H.N., Hong, F., and Gao, B. (2004). Interleukin 22 (IL-22)
plays a protective role in T cell-mediated murine hepatitis: IL-22 is a survival factor for
hepatocytes via STAT3 activation. Hepatology 39, 1332-1342.
Randall, T.D. (2010). Bronchus-associated lymphoid tissue (BALT) structure and
function. Adv Immunol 107, 187-241.
Rangel-Moreno, J., Carragher, D.M., de la Luz Garcia-Hernandez, M., Hwang, J.Y.,
Kusser, K., Hartson, L., Kolls, J.K., Khader, S.A., and Randall, T.D. (2011). The
development of inducible bronchus-associated lymphoid tissue depends on IL-17. Nat
Immunol 12, 639-646.
Reiner, S.L. (2007). Development in motion: helper T cells at work. Cell 129, 33-36.
Res, P.C., Piskin, G., de Boer, O.J., van der Loos, C.M., Teeling, P., Bos, J.D., and
Teunissen, M.B. (2010). Overrepresentation of IL-17A and IL-22 producing CD8 T cells
in lesional skin suggests their involvement in the pathogenesis of psoriasis. PLoS One 5,
e14108.
Rock, J.R., and Hogan, B.L. (2011). Epithelial progenitor cells in lung development,
maintenance, repair, and disease. Annu Rev Cell Dev Biol 27, 493-512.
Rubtsov, Y.P., and Rudensky, A.Y. (2007). TGFbeta signalling in control of T-cellmediated self-reactivity. Nat Rev Immunol 7, 443-453.

191

Saenz, S.A., Noti, M., and Artis, D. (2010). Innate immune cell populations function as
initiators and effectors in Th2 cytokine responses. Trends Immunol 31, 407-413.
Saito, F., Tasaka, S., Inoue, K., Miyamoto, K., Nakano, Y., Ogawa, Y., Yamada, W.,
Shiraishi, Y., Hasegawa, N., Fujishima, S., et al. (2008). Role of interleukin-6 in
bleomycin-induced lung inflammatory changes in mice. Am J Respir Cell Mol Biol 38,
566-571.
Sakamoto, H., Zhao, L.H., Jain, F., and Kradin, R. (2002). IL-12p40(-/-) mice treated with
intratracheal bleomycin exhibit decreased pulmonary inflammation and increased
fibrosis. Exp Mol Pathol 72, 1-9.
Sandler, N.G., Koh, C., Roque, A., Eccleston, J.L., Siegel, R.B., Demino, M., Kleiner,
D.E., Deeks, S.G., Liang, T.J., Heller, T., et al. (2011a). Host Response to Translocated
Microbial Products Predicts Outcomes of Patients with HBV or HCV infection.
Gastroenterology.
Sandler, N.G., Wand, H., Roque, A., Law, M., Nason, M.C., Nixon, D.E., Pedersen, C.,
Ruxrungtham, K., Lewin, S.R., Emery, S., et al. (2011b). Plasma levels of soluble CD14
independently predict mortality in HIV infection. J Infect Dis 203, 780-790.
Sanos, S.L., Bui, V.L., Mortha, A., Oberle, K., Heners, C., Johner, C., and Diefenbach,
A. (2009). RORgammat and commensal microflora are required for the differentiation of
mucosal interleukin 22-producing NKp46+ cells. Nat Immunol 10, 83-91.
Satoh-Takayama, N., Lesjean-Pottier, S., Vieira, P., Sawa, S., Eberl, G., Vosshenrich,
C.A., and Di Santo, J.P. (2010). IL-7 and IL-15 independently program the differentiation

192

of intestinal CD3-NKp46+ cell subsets from Id2-dependent precursors. J Exp Med 207,
273-280.
Satoh-Takayama, N., Vosshenrich, C.A., Lesjean-Pottier, S., Sawa, S., Lochner, M.,
Rattis, F., Mention, J.J., Thiam, K., Cerf-Bensussan, N., Mandelboim, O., et al. (2008).
Microbial flora drives interleukin 22 production in intestinal NKp46+ cells that provide
innate mucosal immune defense. Immunity 29, 958-970.
Sawa, S., Cherrier, M., Lochner, M., Satoh-Takayama, N., Fehling, H.J., Langa, F., Di
Santo, J.P., and Eberl, G. (2010). Lineage Relationship Analysis of ROR{gamma}t+
Innate Lymphoid Cells. Science, science.1194597.
Sawa, S., Lochner, M., Satoh-Takayama, N., Dulauroy, S., Berard, M., Kleinschek, M.,
Cua, D., Di Santo, J.P., and Eberl, G. (2011). RORgammat(+) innate lymphoid cells
regulate intestinal homeostasis by integrating negative signals from the symbiotic
microbiota. Nat Immunol 12, 320-326.
Scandella, E., Bolinger, B., Lattmann, E., Miller, S., Favre, S., Littman, D.R., Finke, D.,
Luther, S.A., Junt, T., and Ludewig, B. (2008). Restoration of lymphoid organ integrity
through the interaction of lymphoid tissue-inducer cells with stroma of the T cell zone.
Nat Immunol 9, 667-675.
Schenten, D., and Medzhitov, R. (2011). The control of adaptive immune responses by
the innate immune system. Adv Immunol 109, 87-124.
Schmechel, S., Konrad, A., Diegelmann, J., Glas, J., Wetzke, M., Paschos, E., Lohse,
P., Goke, B., and Brand, S. (2008). Linking genetic susceptibility to Crohn's disease with

193

Th17 cell function: IL-22 serum levels are increased in Crohn's disease and correlate
with disease activity and IL23R genotype status. Inflamm Bowel Dis 14, 204-212.
Schmidt, C., Giese, T., Ludwig, B., Mueller-Molaian, I., Marth, T., Zeuzem, S., Meuer,
S.C., and Stallmach, A. (2005). Expression of interleukin-12-related cytokine transcripts
in inflammatory bowel disease: elevated interleukin-23p19 and interleukin-27p28 in
Crohn's disease but not in ulcerative colitis. Inflamm Bowel Dis 11, 16-23.
Schmutz, S., Bosco, N., Chappaz, S., Boyman, O., Acha-Orbea, H., Ceredig, R., Rolink,
A.G., and Finke, D. (2009). Cutting edge: IL-7 regulates the peripheral pool of adult ROR
gamma+ lymphoid tissue inducer cells. J Immunol 183, 2217-2221.
Schnyder, B., Lima, C., and Schnyder-Candrian, S. (2010). Interleukin-22 is a negative
regulator of the allergic response. Cytokine 50, 220-227.
Sebti, S.M., Mignano, J.E., Jani, J.P., Srimatkandada, S., and Lazo, J.S. (1989).
Bleomycin hydrolase: molecular cloning, sequencing, and biochemical studies reveal
membership in the cysteine proteinase family. Biochemistry 28, 6544-6548.
Segel, M.J., Izbicki, G., Cohen, P.Y., Or, R., Christensen, T.G., Wallach-Dayan, S.B.,
and Breuer, R. (2003). Role of interferon-gamma in the evolution of murine bleomycin
lung fibrosis. Am J Physiol Lung Cell Mol Physiol 285, L1255-1262.
Sekikawa, A., Fukui, H., Suzuki, K., Karibe, T., Fujii, S., Ichikawa, K., Tomita, S., Imura,
J., Shiratori, K., Chiba, T., et al. (2010). Involvement of the IL-22/REG Ialpha axis in
ulcerative colitis. Lab Invest 90, 496-505.

194

Shen, H., Goodall, J.C., and Hill Gaston, J.S. (2009). Frequency and phenotype of
peripheral blood Th17 cells in ankylosing spondylitis and rheumatoid arthritis. Arthritis &
Rheumatism 60, 1647-1656.
Shen, L., and Turner, J.R. (2006). Role of epithelial cells in initiation and propagation of
intestinal inflammation. Eliminating the static: tight junction dynamics exposed. Am J
Physiol Gastrointest Liver Physiol 290, G577-582.
Shiomi, H., Masuda, A., Nishiumi, S., Nishida, M., Takagawa, T., Shiomi, Y., Kutsumi,
H., Blumberg, R.S., Azuma, T., and Yoshida, M. (2010). Gamma interferon produced by
antigen-specific CD4+ T cells regulates the mucosal immune responses to Citrobacter
rodentium infection. Infect Immun 78, 2653-2666.
Simmons, C.P., Clare, S., Ghaem-Maghami, M., Uren, T.K., Rankin, J., Huett, A.,
Goldin, R., Lewis, D.J., MacDonald, T.T., Strugnell, R.A., et al. (2003). Central role for B
lymphocytes and CD4+ T cells in immunity to infection by the attaching and effacing
pathogen Citrobacter rodentium. Infect Immun 71, 5077-5086.
Simmons, C.P., Goncalves, N.S., Ghaem-Maghami, M., Bajaj-Elliott, M., Clare, S.,
Neves, B., Frankel, G., Dougan, G., and MacDonald, T.T. (2002). Impaired resistance
and enhanced pathology during infection with a noninvasive, attaching-effacing enteric
bacterial pathogen, Citrobacter rodentium, in mice lacking IL-12 or IFN-gamma. J
Immunol 168, 1804-1812.
Simonian, P.L., Wehrmann, F., Roark, C.L., Born, W.K., O'Brien, R.L., and Fontenot,
A.P. (2010). gammadelta T cells protect against lung fibrosis via IL-22. J Exp Med 207,
2239-2253.

195

Smith, E., Stark, M.A., Zarbock, A., Burcin, T.L., Bruce, A.C., Vaswani, D., Foley, P., and
Ley, K. (2008). IL-17A inhibits the expansion of IL-17A-producing T cells in mice through
"short-loop" inhibition via IL-17 receptor. J Immunol 181, 1357-1364.
Snider, G.L., Hayes, J.A., and Korthy, A.L. (1978). Chronic interstitial pulmonary fibrosis
produced in hamsters by endotracheal bleomycin: pathology and stereology. Am Rev
Respir Dis 117, 1099-1108.
Sonnenberg, G.F., Fouser, L.A., and Artis, D. (2010). Functional biology of the IL-22-IL22R pathway in regulating immunity and inflammation at barrier surfaces. Adv Immunol
107, 1-29.
Sonnenberg, G.F., Fouser, L.A., and Artis, D. (2011). Border patrol: regulation of
immunity, inflammation and tissue homeostasis at barrier surfaces by IL-22. Nat
Immunol 12, 383-390.
Spahn, T.W., Ross, M., von Eiff, C., Maaser, C., Spieker, T., Kannengiesser, K.,
Domschke, W., and Kucharzik, T. (2008). CD4+ T cells transfer resistance against
Citrobacter rodentium-induced infectious colitis by induction of Th 1 immunity. Scand J
Immunol 67, 238-244.
Spits, H., and Di Santo, J.P. (2010). The expanding family of innate lymphoid cells:
regulators and effectors of immunity and tissue remodeling. Nat Immunol.
Stockinger, B., and Veldhoen, M. (2007). Differentiation and function of Th17 T cells.
Current Opinion in Immunology 19, 281-286.

196

Sugimoto, K., Ogawa, A., Mizoguchi, E., Shimomura, Y., Andoh, A., Bhan, A.K.,
Blumberg, R.S., Xavier, R.J., and Mizoguchi, A. (2008). IL-22 ameliorates intestinal
inflammation in a mouse model of ulcerative colitis. J Clin Invest 118, 534-544.
Sutton, C.E., Lalor, S.J., Sweeney, C.M., Brereton, C.F., Lavelle, E.C., and Mills, K.H.
(2009). Interleukin-1 and IL-23 induce innate IL-17 production from gammadelta T cells,
amplifying Th17 responses and autoimmunity. Immunity 31, 331-341.
Suzuki, K., Kawamoto, S., Maruya, M., and Fagarasan, S. (2010). GALT: organization
and dynamics leading to IgA synthesis. Adv Immunol 107, 153-185.
Tachiiri, A., Imamura, R., Wang, Y., Fukui, M., Umemura, M., and Suda, T. (2003).
Genomic structure and inducible expression of the IL-22 receptor alpha chain in mice.
Genes & Immunity 4, 153-159.
Takatori, H., Kanno, Y., Chen, Z., and O'Shea, J.J. (2008). New complexities in helper T
cell fate determination and the implications for autoimmune diseases. Modern
Rheumatology 18, 533-541.
Takatori, H., Kanno, Y., Watford, W.T., Tato, C.M., Weiss, G., Ivanov, II, Littman, D.R.,
and O'Shea, J.J. (2009). Lymphoid tissue inducer-like cells are an innate source of IL-17
and IL-22. J Exp Med 206, 35-41.
Tato, C.M., and Cua, D.J. (2008). Reconciling id, ego, and superego within interleukin23. Immunol Rev 226, 103-111.
Thompson, C.L., Plummer, S.J., Tucker, T.C., Casey, G., and Li, L. (2010). Interleukin22 genetic polymorphisms and risk of colon cancer. Cancer Causes Control 21, 11651170.
197

Trifari, S., Kaplan, C.D., Tran, E.H., Crellin, N.K., and Spits, H. (2009). Identification of a
human helper T cell population that has abundant production of interleukin 22 and is
distinct from T(H)-17, T(H)1 and T(H)2 cells. Nat Immunol 10, 864-871.
Tsuji, M., Suzuki, K., Kitamura, H., Maruya, M., Kinoshita, K., Ivanov, II, Itoh, K., Littman,
D.R., and Fagarasan, S. (2008). Requirement for lymphoid tissue-inducer cells in
isolated follicle formation and T cell-independent immunoglobulin A generation in the
gut. Immunity 29, 261-271.
Tumanov, A.V., Koroleva, E.P., Guo, X., Wang, Y., Kruglov, A., Nedospasov, S., and Fu,
Y.X. (2011). Lymphotoxin controls the IL-22 protection pathway in gut innate lymphoid
cells during mucosal pathogen challenge. Cell Host Microbe 10, 44-53.
Umezawa, H. (1965). Bleomycin and other antitumor antibiotics of high molecular
weight. Antimicrob Agents Chemother (Bethesda) 5, 1079-1085.
Uskokovic, A., Dinic, S., Mihailovic, M., Grigorov, I., Ivanovic-Matic, S., Bogojevic, D.,
Grdovic,

N.,

Arambasic,

J.,

Vidakovic,

M.,

Martinovic,

V.,

et

al.

(2007).

STAT3/NFkappaB interplay in the regulation of alpha2-macroglobulin gene expression
during rat liver development and the acute phase response. IUBMB Life 59, 170-178.
van de Pavert, S.A., and Mebius, R.E. (2010). New insights into the development of
lymphoid tissues. Nat Rev Immunol 10, 664-674.
Veldhoen, M., Hirota, K., Christensen, J., O'Garra, A., and Stockinger, B. (2009). Natural
agonists for aryl hydrocarbon receptor in culture medium are essential for optimal
differentiation of Th17 T cells. J Exp Med 206, 43-49.

198

Veldhoen, M., Hirota, K., Westendorf, A.M., Buer, J., Dumoutier, L., Renauld, J.C., and
Stockinger, B. (2008). The aryl hydrocarbon receptor links TH17-cell-mediated
autoimmunity to environmental toxins. Nature 453, 106-109.
Villarino, A.V., Huang, E., and Hunter, C.A. (2004). Understanding the pro- and antiinflammatory properties of IL-27. J Immunol 173, 715-720.
Volpe, E., Servant, N., Zollinger, R., Bogiatzi, S.I., Hupe, P., Barillot, E., and Soumelis,
V. (2008). A critical function for transforming growth factor-beta, interleukin 23 and
proinflammatory cytokines in driving and modulating human T(H)-17 responses.[see
comment]. Nature Immunology 9, 650-657.
Volpe, E., Touzot, M., Servant, N., Marloie-Provost, M.A., Hupe, P., Barillot, E., and
Soumelis, V. (2009). Multiparametric analysis of cytokine-driven human Th17
differentiation reveals a differential regulation of IL-17 and IL-22 production. Blood 114,
3610-3614.
von Vietinghoff, S., and Ley, K. (2009). IL-17A controls IL-17F production and maintains
blood neutrophil counts in mice. J Immunol 183, 865-873.
Vonarbourg, C., Mortha, A., Bui, V.L., Hernandez, P.P., Kiss, E.A., Hoyler, T., Flach, M.,
Bengsch, B., Thimme, R., Holscher, C., et al. (2010). Regulated expression of nuclear
receptor RORgammat confers distinct functional fates to NK cell receptor-expressing
RORgammat(+) innate lymphocytes. Immunity 33, 736-751.
Wallace, J.M., Rao, A.V., Glassroth, J., Hansen, N.I., Rosen, M.J., Arakaki, C., Kvale,
P.A., Reichman, L.B., and Hopewell, P.C. (1993). Respiratory illness in persons with

199

human immunodeficiency virus infection. The Pulmonary Complications of HIV Infection
Study Group. Am Rev Respir Dis 148, 1523-1529.
Wang, Y., Koroleva, E.P., Kruglov, A.A., Kuprash, D.V., Nedospasov, S.A., Fu, Y.X., and
Tumanov, A.V. (2010). Lymphotoxin beta receptor signaling in intestinal epithelial cells
orchestrates innate immune responses against mucosal bacterial infection. Immunity 32,
403-413.
Wei, C.C., Ho, T.W., Liang, W.G., Chen, G.Y., and Chang, M.S. (2003). Cloning and
characterization of mouse IL-22 binding protein. Genes Immun 4, 204-211.
Wikenheiser, K.A., Vorbroker, D.K., Rice, W.R., Clark, J.C., Bachurski, C.J., Oie, H.K.,
and Whitsett, J.A. (1993). Production of immortalized distal respiratory epithelial cell
lines from surfactant protein C/simian virus 40 large tumor antigen transgenic mice. Proc
Natl Acad Sci U S A 90, 11029-11033.
Wilson, M.S., Feng, C.G., Barber, D.L., Yarovinsky, F., Cheever, A.W., Sher, A., Grigg,
M., Collins, M., Fouser, L., and Wynn, T.A. (2010a). Redundant and pathogenic roles for
IL-22 in mycobacterial, protozoan, and helminth infections. J Immunol 184, 4378-4390.
Wilson, M.S., Madala, S.K., Ramalingam, T.R., Gochuico, B.R., Rosas, I.O., Cheever,
A.W., and Wynn, T.A. (2010b). Bleomycin and IL-1{beta}-mediated pulmonary fibrosis is
IL-17A dependent. J Exp Med.
Wilson, N.J., Boniface, K., Chan, J.R., McKenzie, B.S., Blumenschein, W.M., Mattson,
J.D., Basham, B., Smith, K., Chen, T., Morel, F., et al. (2007). Development, cytokine
profile and function of human interleukin 17-producing helper T cells.[see comment].
Nature Immunology 8, 950-957.
200

Wolk, K., Kunz, S., Asadullah, K., and Sabat, R. (2002). Cutting edge: immune cells as
sources and targets of the IL-10 family members? J Immunol 168, 5397-5402.
Wolk, K., Kunz, S., Witte, E., Friedrich, M., Asadullah, K., and Sabat, R. (2004). IL-22
increases the innate immunity of tissues. Immunity 21, 241-254.
Wolk, K., and Sabat, R. (2006). Interleukin-22: A novel T- and NK-cell derived cytokine
that regulates the biology of tissue cells. Cytokine & Growth Factor Reviews 17, 367380.
Wolk, K., Witte, E., Hoffmann, U., Doecke, W.D., Endesfelder, S., Asadullah, K., Sterry,
W., Volk, H.D., Wittig, B.M., and Sabat, R. (2007). IL-22 induces lipopolysaccharidebinding protein in hepatocytes: a potential systemic role of IL-22 in Crohn's disease.
Journal of Immunology 178, 5973-5981.
Wolk, K., Witte, E., Wallace, E., Docke, W.D., Kunz, S., Asadullah, K., Volk, H.D., Sterry,
W., and Sabat, R. (2006). IL-22 regulates the expression of genes responsible for
antimicrobial defense, cellular differentiation, and mobility in keratinocytes: a potential
role in psoriasis. Eur J Immunol 36, 1309-1323.
Xie, M.H., Aggarwal, S., Ho, W.H., Foster, J., Zhang, Z., Stinson, J., Wood, W.I.,
Goddard, A.D., and Gurney, A.L. (2000). Interleukin (IL)-22, a novel human cytokine that
signals through the interferon receptor-related proteins CRF2-4 and IL-22R. J Biol Chem
275, 31335-31339.
Xu, W., Presnell, S.R., Parrish-Novak, J., Kindsvogel, W., Jaspers, S., Chen, Z., Dillon,
S.R., Gao, Z., Gilbert, T., Madden, K., et al. (2001). A soluble class II cytokine receptor,

201

IL-22RA2, is a naturally occurring IL-22 antagonist. Proc Natl Acad Sci U S A 98, 95119516.
Yamamoto-Furusho, J.K., Miranda-Perez, E., Fonseca-Camarillo, G., Sanchez-Munoz,
F., Dominguez-Lopez, A., and Barreto-Zuniga, R. (2010). Colonic epithelial upregulation
of interleukin 22 (IL-22) in patients with ulcerative colitis. Inflamm Bowel Dis.
Yang, X.O., Chang, S.H., Park, H., Nurieva, R., Shah, B., Acero, L., Wang, Y.H.,
Schluns, K.S., Broaddus, R.R., Zhu, Z., et al. (2008). Regulation of inflammatory
responses by IL-17F. J Exp Med 205, 1063-1075.
Yang, X.O., Panopoulos, A.D., Nurieva, R., Chang, S.H., Wang, D., Watowich, S.S., and
Dong, C. (2007). STAT3 regulates cytokine-mediated generation of inflammatory helper
T cells. J Biol Chem 282, 9358-9363.
Yao, Z., Fanslow, W.C., Seldin, M.F., Rousseau, A.M., Painter, S.L., Comeau, M.R.,
Cohen, J.I., and Spriggs, M.K. (1995). Herpesvirus Saimiri encodes a new cytokine, IL17, which binds to a novel cytokine receptor. Immunity 3, 811-821.
Yasukawa, H., Ohishi, M., Mori, H., Murakami, M., Chinen, T., Aki, D., Hanada, T.,
Takeda, K., Akira, S., Hoshijima, M., et al. (2003). IL-6 induces an anti-inflammatory
response in the absence of SOCS3 in macrophages. Nat Immunol 4, 551-556.
Yokoyama, W.M., Kim, S., and French, A.R. (2004). The dynamic life of natural killer
cells. Annu Rev Immunol 22, 405-429.
Yoshimura, A., Naka, T., and Kubo, M. (2007). SOCS proteins, cytokine signalling and
immune regulation. Nat Rev Immunol 7, 454-465.

202

Zenewicz, L.A., and Flavell, R.A. (2008). IL-22 and inflammation: leukin' through a glass
onion. Eur J Immunol 38, 3265-3268.
Zenewicz, L.A., Yancopoulos, G.D., Valenzuela, D.M., Murphy, A.J., Karow, M., and
Flavell, R.A. (2007). Interleukin-22 but not interleukin-17 provides protection to
hepatocytes during acute liver inflammation. Immunity 27, 647-659.
Zenewicz, L.A., Yancopoulos, G.D., Valenzuela, D.M., Murphy, A.J., Stevens, S., and
Flavell, R.A. (2008). Innate and adaptive interleukin-22 protects mice from inflammatory
bowel disease. Immunity 29, 947-957.
Zheng, Y., Danilenko, D.M., Valdez, P., Kasman, I., Eastham-Anderson, J., Wu, J., and
Ouyang, W. (2007). Interleukin-22, a T(H)17 cytokine, mediates IL-23-induced dermal
inflammation and acanthosis. Nature 445, 648-651.
Zheng, Y., Valdez, P.A., Danilenko, D.M., Hu, Y., Sa, S.M., Gong, Q., Abbas, A.R.,
Modrusan, Z., Ghilardi, N., de Sauvage, F.J., et al. (2008). Interleukin-22 mediates early
host defense against attaching and effacing bacterial pathogens. Nat Med 14, 282-289.
Zhou, L., Ivanov, II, Spolski, R., Min, R., Shenderov, K., Egawa, T., Levy, D.E., Leonard,
W.J., and Littman, D.R. (2007). IL-6 programs T(H)-17 cell differentiation by promoting
sequential engagement of the IL-21 and IL-23 pathways. Nat Immunol 8, 967-974.
Zhu, J., Yamane, H., and Paul, W.E. (2010). Differentiation of effector CD4 T cell
populations (*). Annu Rev Immunol 28, 445-489.

203

